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ABSTRACT: Most mitochondrial proteins are transported from the cytosol into the or-
ganelle. Due to the division of mitochondria into an outer and inner membrane, an inter-
membrane space and a matrix, an elaborated system for recognition and transport of
preproteins has evolved. The translocase of the outer mitochondrial membrane (TOM) and
the translocases of the inner mitochondrial membrane (TIM) mediate these processes.
Receptor proteins on the cytosolic face of mitochondria recognize the cargo proteins and
transfer them to the general import pore (GIP) of the outer membrane. Following the
passage of preproteins through the outer membrane they are transported with the aid of the
TIM23 complex into either the matrix, inner membrane, or intermembrane space. Some
preprotein families utilize the TIM22 complex for their insertion into the inner membrane.
The identification of protein components, which are involved in these transport processes,
as well as significant insights into the molecular function of some of them, has been
achieved in recent years. Moreover, we are now approaching anew erain which elaborated
techniques have aready alowed and will enable us to gather information about the TOM
and TIM complexes on an ultrastructural level.
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I. INTRODUCTION boundaries are preserved. However, al-

though membranes are essential, they alone
are not sufficient to maintain the function of
Compartmentation within any given cell  an organelle. A well-defined set of proteins

is a prerequisite for maintaining a large must be present within the organelle to fa-
variety of anabolic and/or catabolic bio- cilitate its biochemical function. As all or-
chemical pathways in parallel. This is espe- ganelles in lower and higher eukaryotic cells
cially true for eukaryotic cells, which have  are at best genetically semiautonomous and
evolved membrane enclosed organelles. An depend on proteins that are nuclear encoded,
important idea relating to the inheritance of another problem arose: What determines the
these entities came from George Palade, subcellular localization of a protein and how
who proposed that membranes are not s the transport to its destination facilitated.
formedde novabut rather arise from preex- A novel idea directly relating to this prob-
isting ones following division of the mem-  |em was formulated by @ther Blobel. The
branes. This important model explains to  so-called signal hypothesis suggests that
some extent the way in which organelle proteins carry information within their se-
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quence or structure that encodes informa-
tion as to where this protein should be trans-
ported?*This model implies that other com-
ponents will assist in the recognition and
delivery of the cargo. Moreover, the trans-
location of these proteins across the mem-
brane barrier must be facilitated by special-
ized proteins within the membrane that are
able to form hydrophilic pores. These pro-
teinaceous channels are the gates for pro-
tein entry into a membrane-enclosed com-
partment. All these proposals have now been
supported by experimental evidence.
Mitochondrial research has played an
important role for our understanding of the
nature of protein transport. Together with
work on bacterial protein secretion and trans-
location of preproteins into the endoplasmic
reticulum the analysis of how proteins are
targeted to and translocated into mitochon-
dria has significantly contributed to our
understanding of the basic mechanisms that
underlie these transport processes. In the
last 2 decades targeting signals on mito-
chondrial proteins have been identified, re-
ceptors on the outer membrane of mito-

Il. POSTTRANSLATIONAL
IMPORT AND CYTOSOLIC
FACTORS

Mitochondria are believed to have de-
scended from an endosymbiotic procaryote.
Through evolution this endosymbiont has
turned into an essential cellular organelle
and has lost most of its genetic information
to the nucleus during this process. Accord-
ingly, only a small number of mitochondrial
proteins are encoded and synthesized within
the mitochondrion itself, while the other
approximately 99% are nuclear encoded and
synthesized on cytosolic ribosomes. It is a
generally accepted view that these proteins
are released from the ribosome and trans-
ported to and into mitochondria in a post-
translational mannéri® However, even
thoughin vitro import of most mitochon-
drial proteins tested occurs posttrans-
lationally, we cannot exclude the possibility
that cotranslational import occursvivoin
special cases.!?

After or during the completion of syn-

chondria have been found as well as a general thesis the newly made mitochondrial
import pore (GIP). Only recently have com- preproteins are bound by cytosolic factors.
ponents of the inner membrane been identi- This interaction is necessary to protect pro-
fied that participate in protein sorting and teins from aggregation and to keep them in
translocation to and across the inner mem- an unfolded or partly folded conformation,
brane. Besides these membrane resident which is essential for the subsequent trans-
protein complexes the translocation of pro- location process. Proteins that assist mito-
teins into the matrix requires the assistance chondrial protein import in a general man-
of heat shock proteins in the matrix. The nerinclude members of the cytosolic Hsp70

components that participate in protein trans-
port into mitochondria have been shown to
be well conserved among lower and higher
eukaryotes:’

This article aims to provide an over-
view on protein transport into mitochon-
dria. A major aspect will be attributed to the
work done orBaccharomyces cerevisiaed
Neurosporarassa both of which have been
and still are the model organisms for most
analyses in the field.

family.1314 They have also been implicated
in other protein transport pathways. Other
cytosolic factors have been described that
seem to specifically assist mitochondrial
proteins and may even patrticipate in the
targeting process. Among these are MSF
(mitochondrial import stimulating factor)
and PBF (presequence binding factor).
Heterodimeric MSF is an ATPase that
belongs to the growing family of 14-3-3
proteins. MSF was isolated from rat liver
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cytosol by means of affinity chromatogra-
phy on presequence peptides. Additional
studies demonstrated that MSF stimulates
import of proteins into mitochondria as well
as dissociating aggregated mitochondrial
preproteins, restoring their import compe-
tencel® Furthermore, there is evidence that
precursor-bound rat MSF can bind to yeast
Tom37 and the receptor Tom70 on the out-
side of the mitochondrial membratte.

In contrast to MSF, the properties of
PBF have not been well defined. It was
initially identified as a reticulocyte lysate
protein that binds to the precursor of rat
ornithine carbamoyltransferase (OTC) and
stimulates its import into mitochondria!8
The current view is that PBS cooperates
with Hsp70 in maintaining proteins in an
import competent conformatigi!8

At this point it is necessary to mention
that, while functional data for both MSF
and PBF has been obtainedinnvitro im-
port reactions, ann vivo role in protein
transport to mitochondria remains to be es-
tablished.

lll. TARGETING SIGNALS FOR
MITOCHONDRIAL PROTEINS

Amino acid sequences that are suffi-
cient and necessary to direct a protein into
mitochondria are considered to represent
mitochondrial targeting signals. These sig-
nals were studied in great detail early in the
history of mitochondrial protein transport
and have been the topic of a number of
reviews!®?! The general experimental ap-
proach taken in order to study whether a
sequence functions as a targeting signal is

tochondrial signal sequence. Beside DHFR-
fusion proteins other reporters have also
been applied, among theBegalactosidase

or invertasé®>26however, DHFR has a num-
ber of advantages and thus is used most
often. Due to these studies two types of
targeting signals have been discriminated:
amino-terminal matrix targeting signals and
internal targeting signals.

A. Matrix Targeting Signals

Virtually all proteins that are destined for
the mitochondrial matrix possess a matrix
targeting signal at their amino-terminus,
which is often referred to as a presequence.
Presequences usually consist of 15 to 30
amino acid segments that are rich in posi-
tively charged and often hydroxylated amino
acids (Figure 1). Moreover, they are
predicted to have the capacity to form
amphipathia-helices?’-?° The recent NMR
solution structure of the cytosolic domain of
rat Tom20 bound to the presequence of rat
aldehyde dehydrogenase has demonstrated
that the receptor bound presequence is in-
deed in a-helical conformatiori® This find-
ing together withn vitro binding dat&t indi-
cate that the secondary structure of the
presequence is a prerequisite for productive
association with the receptors. In these ex-
periments the presequence of cytochrome ¢
oxidase subunit IV (pCoxIV) could compete
with presequence-containing preproteins for
binding to Tom20 and Tom22. In contrast a
peptide with a similar charge to pCoxIV but
lacking a hydrophobic face was more or less
unable to compete for binding to the recep-
tors. Most presequences are cleaved off by a

to fuse it to a passenger protein such as the specific peptidase in the mitochondrial ma-

cytosolic protein dihydrofolate reductase
(DHFR) from mousé?-2* The normally cy-

tosol localized DHFR is then directed to a
mitochondrial subcompartment by the mi-
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trix once the presequence has reached this
compartment. However, there are some ex-
ceptions such as rhodanésejitochondrial
thiolase3® the B-subunit of the human elec-

RIGHTS



‘gords auriquiawidul 8yl ol uidloid ainrew ayl sasesjal pue [eubis Bunios ay) JO WealSUMOpP SaAed|d aJeds auriquuswWISIUI 3Y)
ul pareoo| asepndad v "aousanbas Bunabire) xurew ay) puiyaq (aull paysep) asuanbas Buos e Ales adeds aueiquiawiiaiul 3yl 10} paunsap suidloid
‘1o [eubis ay1 sanes|d asepndad Buissasoid paleoo| Xurew v rXurew ayl ojul pue xajdwod £ZINIL Y1 01 uidioid syl s10841p (3or|q ul paulispun) reubis
Bunabue) xLrew v 'snuiwIal-oulwe JIsy} Ul uoirewojul Bunabie) ureluod suislold [felipuoyd0liw 1SO “sulsioid [eLpuoydoiw Jo sasuanbasald 'T 34N9I4

241s buissasoud 250ds aubuqwawJ4uT ﬁ
2}1s 2bpAD2|> asppiydad buissasoud x1uioW R %
[pubis buigtog — — 0 mmmm------ ¥ SYTISOSI TUMSLTISHANIDIIASSYIDTH
+ ++ + + +
_Gﬁm_m mz_._.NmLO.—. XIJ40W e q _&_N.—.Oe_ﬁ S/24 23Sal1Y 4SDA

) !

|||||||||| H YAYLTISAVATILSYLIOVVVADVIATIOLTIIDSASYVOLYLSAASASTLIOYMANSTINS AW
- + + + +

q- + ++

15 awouyo04ho 4spag

!

||||| d NAIOONHMNTIAVASSLVVIIVOAYTVIMSOLYNISAOIASASAIALSD AVIIINTILISVITIVYEONMSIMTIAIANTH
- + + + + + o+ + + +

|ﬁ +++ - - + -+

2q 2wWouy204A) 4SDIL

...... ATOADSOAGADATANIAWS THYNITVVANTIININS T
+ + + + ++ + +

(2spjAwpquposupuy auiy4iudo) 210 40y

|||||||| VASTTIYSTIDIIVLS TYVIATH
+ +  ++ +

(aspuaboupAyap apAyapip) HQTY 40

*Ajuo asn feucssed 1o
ZT/SO/TO U0 9ET 7€ '€9T 68 AQ W0o'8./eay} festjewioul woly papeojumod ABojolg xenos (oA pue A1siusyoolg uismaingy [eanL

295

ir

RIGHTS



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

tron transfer flavoproteift, and chaperonin
103538A| of these preproteins contain amino-

teins. A more detailed description of the
carrier transport and recognition process is

terminal presequences that are not processedgiven below.

after import.

B. Internal Targeting Signals

A number of proteins that are delivered
to mitochondria, among these the mitochon-
drial carrier protein family? do not contain
amino-terminal targeting signals. Elucida-
tion of the topogenic signals responsible for
the import of this protein family has drawn
much attention. One family member, the
ADP/ATP carrier (AAC), has been the
“guinea pig for most targeting studies.
However, the experimental approaches that
had been employed successfully to study
the targeting of presequence-containing pro-
teins were generally unsuitable for the car-
rier proteins because mutations within the
core of the protein can easily affect the struc-
ture and/or function of the protein. Never-
theless, experimental evidence indicates that
targeting information resides in the amino-
as well as the carboxy-terminus of ARE?
but the signal within these segments has
still not been defined. Using a novel experi-
mental approach in which binding of re-
combinant mitochondrial receptor domains
to an immobilized peptide library was em-
ployed Brix et at® were able to gather new
information. Using 13 mer peptides of the
phosphate carrier, they were able to identify
a number of interacting sequence motifs
within the primary sequence. Both charged
and uncharged peptides of the carrier bound
to the receptors. This result was in contrast
to previous models that indicate that charged
patches within the carrier sequence most
likely represent the topogenic signals. In
summary, these experiments indicate that a
complex targeting and recognition process
underlies the transport of the carrier pro-
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IV. THE TOM COMPLEX

A. Import Receptors on the
Outer Mitochondrial Membrane

The existence of targeting signals on
mitochondrial proteins implies a require-
ment for a machinery that specifically rec-
ognizes them. Outer mitochondrial mem-
brane proteins that possess hydrophilic
domains exposed to the cytosol mediate this
function (Table 1). The import receptors are
at least transiently associated with the gen-
eral import pore (GIP) through which pro-
teins are eventually imported. The associa-
tion between receptors and the GIP is
mandatory for the transition from recogni-
tion of the cargo proteins to the subsequent
translocation process. However, given the
fact that yeast cells remain viable if any one
of the outer membrane receptors is lost,
then there must be either redundancy and or
backup recognition occurring at the
preprotein recognition step.

The three Tom proteins on the mito-
chondrial outer membrane, Tom20, Tom22,
and Tom70, represent without doubt the prin-
cipal receptors for the two types of mito-
chondrial preproteins (Figure 2). Tom20 was
firstidentified inN. crassaAntibodies raised
against an ~20 kDa outer membrane protein
efficiently inhibited the import of a variety
of mitochondrial preproteins except for the
ADP/ATP carrier (AAC)Y*42 The homo-
logue fromS.cerevisiaewvas later identified
by a similar approactf. Tom20 is a mem-
brane protein that spans the outer mitochon-
drial membrane once and has a type | topol-
ogy with the major, carboxy-terminal portion
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of the protein protruding into the cytogéf*
The NMR structure of a portion of the
carboxy-terminal domain of Tom20 in com-
plex with a presequence peptide was re-
cently determined (for review see Ref. 21).
This finding represents the most direct dem-
onstration that Tom20 binds to two turns of
the a-helix formed by the presequence.
Moreover, it showed that only one side of
the presequence was in contact with the
shallow binding pocket. This finding might
explain how a large variety of presequences,
with heterogeneous primary but most likely
similar secondary structure, are able to fit
into the same binding site.

Tom20 physically associates with
Tom224>46Moreover, Tom20 plays a criti-
cal role in the biogenesis of Tom22ead-
ing to significantly reduced amounts of
Tom22 in mitochondria from mutant yeast
cells lacking Tom20tom2Q4).484° Accord-
ingly, some of the protein transport defects
observed irom2@ mitochondria might be
indirectly caused by the reduction of Tom22.
Tom22 was initially identified ilN. crassa
in a screen with antibodies directed against
a 22-kDa outer membrane prot@irand
subsequently inS. cerevisiaeby genetic
means'®51:52 [n contrast to Tom20 and
Tom70, Tom22 is a type || membrane pro-
tein that consists of a small carboxy-termi-
nal domain that protrudes into the inter-
membrane space and a larger cytosolic
domain. The cytosolic portion interacts with
presequence®:® Initial studies suggested
that Tom22 is essential for cell viabil-
ity, 485253 however, recently van Wilpe et
al* were able to generate viabiem22\
cells using a gentle procedure. The main
functional difference between Tom20 and
Tom22 is that Tom22 is a structural compo-
nent of the GIP® while Tom20 only weakly
associates with this complé&Moreover,
it is generally believed that the two recep-
tors recognize different surfaces of the
amphipathic presequence. While Tom20

binds to the presequence via hydrophobic
interactions®3 Tom22 seems to associate
via electrostatic interactiorslt is the cur-
rent view that preproteins with amino-ter-
minal presequences are initially recognized
by Tom20 and subsequently handed over to
Tom?22 (Figure 2) from which the preprotein
is subsequently fed into the GIP. Another
important aspect of Tom22 function is that
it not only affects the import of preproteins
with amino-terminal targeting signals but
also of those with internal signafs® As
Tom70 is the primary receptor for proteins
with internal targeting signaf§,Tom22 re-
ceives the proteins from Tom70 and medi-
ates their transfer into the GIP.

In addition to cytosolic receptor do-
mains, that form the so-callegis binding
site, a requirement for taans binding site
has been demonstratidvitro>® and shown
to contribute to the transfer of proteins across
the outer membrane. Tom22 not only acts
on the cytosolic face of the mitochondrial
membrane, but in addition is considered to
form thetransbinding site in the intermem-
brane space, at the GIP exit Sité8A num-
ber of negative charges on the carboxy-
terminal domain of Tom22 are believed to
represent the region that binds to the posi-
tive charges of the presequence as they
emerge from the pore.

The third receptor molecule is the type
| membrane protein Tom70. Like Tom20, it
consists of a large cytosolic domain that
participates in recognition of preproteins.
Tom70 was initially identified in
S. cerevisiaeas a 70-kDa protein of un-
known function?®®® Subsequent work on
the N. crassahomologue, and on the yeast
protein itself demonstrated an involvement
in protein transport especially for preproteins
with internal targeting signals such as the
ADP/ATP carrier (AAC) or the phosphate
carrier®-%4 Direct binding of the AAC
to Tom70 has been demonstrated by
crosslinking2556265and byin vitro binding
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studies’1 6667 While Tom20 was initially
shown to possess some affinity for proteins
with internal targeting informatiof, it is
now clear that Tom70 is the primary recep-
tor for these proteins. However, work by
Hines et aP® indicated that Tom70 is also
involved in import of -ATPasef-subunit
and cytochrome,. This finding indicates
that even though mitochondrial receptor
proteins favor binding to certain subgroups
of preproteins, they do have overlapping
preprotein specificity and hence function.

An additional interesting feature of
Tom70 is its ability to dimerize via its mem-
brane anchor (Figure 8% Only recently
Wiedemann et & demonstrated that the
Tom70 homo-dimer is a functional unit that
associates with AAC during import. This
process is described in detail in a separate
section below.

B. Additional Surface-Exposed
Tom Proteins

An additional protein that was origi-
nally implicated in import into mitochon-
dria is Tom3770 It was identified in a ge-
netic screen for cells with a defect in
phospholipid synthesis. Further analysis of
the nonessential membrane protein Tom37
indicated that a lack of Tom3%Mm372)) is
synthetically lethal in combination with
tom7Q or tom2Q\. Moreover, these early
studies identified a physical association
between Tom70 and Tom37 (Figure 3) and
an involvement in protein import. However,
more recent experiments demonstrated that
Toma37 is only peripherally associated with
the mitochondrial membrane and does not
stably associate with Tom70. In addition,
protein import intotom37 mitochondria
was not affecte® In summary, the role of
Toma37 in protein transport into mitochon-
dria has not been resolved.

300

Tom72 was identified by computer
searches of the yeast genome that revealed
an ORF encoding a protein with significant
sequence identity to Tom7072 Although
Tom72 loosely associates with the Tom
machinery significant sorting defects have
not been attributed to the loss of Tom72.

To reiterate, the receptors Tom20,
Tom22, and Tom70 are not functionally
fully distinct entities. Instead, they are
very dynamic components that form
subcomplexes, which associate with the
GIP and with each other (Figure 3). In-
deed, using different approaches a number
of interactions between the receptors them-
selves as well as receptors and GIP have
been found (Figure 3). Some of these inter-
actions are weak or transient and indicate
that the TOM complex is not a stable func-
tional unit. In contrast, it needs to be dy-
namic with regard to association and dis-
sociation of its components in order to
fulfill its function.

V. THE GENERAL IMPORT PORE
(GIP)

As described above Tom22 is the cen-
tral receptor to which both Tom20 and
Tom70 feed their cargo. In contrast to
Tom70 and Tom20, Tom22 is stably asso-
ciated with Tom40 and the small Toms:
Tomb5, Tom6, and Tom7 (Figures 2 and 3).
Together these five proteins form a 400-
kDa comple&* termed the general import
pore (GIP).

A. Tom40 Represents the
Protein-Conducting Channel

Tom40 is the major component of the
GIP and is the only truly essential Tom
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* Co-IP
o XL

¥
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FIGURE 3. Protein interactions between subunits of the TOM complex. Summary of biochemical
and genetic approaches that demonstrate interactions among the individual Tom proteins. Chemi-
cal crosslinking (XL), coimmunoprecipitation (Co-IP), blue native PAGE and direct binding (bndg)
have been used to define TOM subcomplexes and to determine their constituents. In addition,
genetic means such as two-hybrid analyses (two-hybrid) and suppressor screens (suppressor)
have been applied successfully.
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component (Figure 2). It was initially iden-
tified by crosslinking using a mitochon-
drial transport intermediate as b&i#Anti-
bodies raised against mitochondrial outer
membrane proteins, including Tom40, were
employed to isolate the genes encoding
these proteins from expression librarie®.

An intimate involvement of Tom40 in pro-
tein transport was also demonstrated, as its
function was essential for the translocation
of all proteins tested. Sequence analyses
indicates that Tom40 has the capacity to
span the outer mitochondrial membrane
several times ag-strands’® Hill et al.”’
were able to reconstitute recombinant
Tom40 into lipid membranes and demon-
strate via electrophysiological methods that
it forms cation-selective channels. Accord-
ing to these studies the diameter of the
Tom40 channel is approximately 2 The
channel thus would be sufficient to accom-
modate am-helical peptide or even a pro-
tein loop. The size estimation from poly-
mer-exclusion experiments as demonstrated
by Hill et al’” is corroborated by experi-
ments in which rigid compounds of de-
fined size were chemically crosslinked to
preproteins that were subsequently assayed
for their ability to be imported®

Electrophysiological experiments also
revealed that the reconstituted Tom40 chan-
nel was mainly in an open state. In con-
trast, when Tom40 was isolated from yeast
cells together with associated GIP compo-
nents and reconstituted into lipid mem-
branes, it was primarily in a closed state,
indicating that the associated Tom proteins
regulate the channel activity of Tom40.
Tom22 seems to be important for this regu-
lation because the translocation channel
isolated fromtom22A cells was mainly in
an open staté.

Together, this set of data is in agree-
ment with the idea that Tom40 forms the
protein-conducting channel of the outer
mitochondrial membrane.
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B. The Small Tom Proteins

In addition to Tom22 and Tom40, three
small Tom proteins have been identified:
Tom5, Tom6, and Tom7. Tomband
Tom7° were identified by co-precipitation
with Tom40. In contrast, Tom6 was found
by genetic means as a suppressortoirat0
yeast mutant:82Even though they are rela-
tively small proteins they all span the outer
mitochondrial membrane (Figure 2) and are
tightly associated with Tom40 (Figure ).

1. Tom5 — As Close As It Gets
to the Pore

Tom5 plays an important role at the
entry site of the outer membrane transloca-
tion channel. While Tomb5 itself is dispens-
able for yeast cell viability, every double
deletion combination between Tom5 and
any of the receptors is synthetically letfal.
Moreover, Tomb5 is required for the import
of both preproteins with amino-terminal
presequences and with internal targeting
information, respectively. In experiments
that addressed where Tom5 acts in the cas-
cade of recognition events for preproteins
at the outer mitochondrial membrane,
Dietmeier et al® could demonstrate that its
function succeeded that of Tom70, Tom20,
and Tom22. This finding implies that Tom5
receives preproteins from Tom22 and deliv-
ers them to Tom40 (Figure 2). It has been
known for a while that after removal of the
cytosolic receptor domains by mild trypsin
treatment, preproteins can still be imported,
although with reduced efficiencéy. This
phenomenon was terméthypass impoit
because the import pathway seemed to cir-
cumvent the need for preprotein receptors
and lead to direct insertion into the GP?
Analysis oftomXA mitochondria revealed
that the supposed receptor independent
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import of preproteins is largely dependent
on Tom57° Further, Tom5 was shown to be
unaffected by trypsin treatment conditions
that efficiently removes the cytosolic do-
mains of Tom20, Tom70, and TomZ2ZThe
amino-terminal domain of Tom5, which is
exposed to the cytosol, is rich in negative
charges and could potentially bind to in-
coming mitochondrial proteins. The physi-
cal interaction between Tom5 and mitochon-
drial preproteing supports a direct function
of Tom5 in the recognition and or transport
of preproteins within the GIP.

2. Tom6 and Tom7 Are Involved
in the Dynamics of the GIP

The small Tom proteins Tom6 and Tom7
are not essential for cell viability and the
deletion of either leads only to mild import
defectsin vitro. A clue to the function of
both proteins came from detailed analyses
of the composition and size of the GIP.

As mentioned previously, the GIP is a
400-kDa protein complex as judged by blue
native gel electrophoresisTom40, Tom22,
Tom5, Tom6, and Tom7 are components of
the GIP complex (Figure 3). Analysis of the
GIP complex intom6&A mitochondria indi-
cated that the absence of Tom6 leads to de-
stabilization of this protein complex, trans-
forming the 400-kDa complex into a smaller
complex with a molecular mass of 100 KBa.
The 100-kDa complex contains Tom40,
Tomb5, and Tom7, but is devoid of Tom22.
Interestingly,in vitro import of Tom6 into
tom&A mitochondria and thus into the 100-
kDa complex leads to partial restoration of
the 400-kDa comple$ This information
supports the idea that the GIP is a very dy-
namic protein complex in which Tom6 pro-
motes the association between Tom22 and
Tom40. Tomé6 is not just a structural compo-
nent of the GIP but actively participates in

complex dynamics as it is not just the pres-
ence of Tom6 that is required for association
between Tom22 and Tom40 but its activity.
After solubilization of the outer membrane
with the detergent Triton-X100, a stable com-
plex can be detected that still contains Tom22
and Tom40 but lacks Ton$.

Tom7, however, seems to have the op-
posite activity compared with Tom6. The
current data indicate that the deletion of
Tom7 stabilizes the 400-kDa complex and
also causes a tighter association between
Tom22 and Tom4€ The action of Tom7
seems to be important for the transport of
outer membrane proteins. While deletion of
TOM7 does not have severe effects on most
mitochondrial proteins tested, import of
porin into the outer membrane was drasti-
cally reduced in these ceflsPerhaps Tom7
itself enhances the dynamic interactions
between GIP complex components and thus
allows the lateral exit of proteins out of the
GIP. Recently, it has been shown that the
Tom6/Tom7-mediated dynamics within the
TOM complex are especially important for
the biogenesis of the TOM compl&When
analyzing the assembly of Tom40 Model et
al 8¢ found that Tom40 is first transported
across the outer mitochondrial membrane.
During this process it associates with Tom5
and forms a protein complex of 250 kDa on
the intermembrane space side of the outer
membrane. Subsequently, a 100-kDa-inter-
mediate-sized Tom40/Tom5 complex as-
sembles into which Tomé is recruited. This
complex serves as an acceptor for Tom22
and Tom?7. The association of Tom22 and
Tom7 leads to the maturation of the 100-
kDa complex into the 400-kDa TOM com-
plex. The action of Tom6 and Tom7 is criti-
cal for the binding of incoming Tom40 to
preexisting TOM components. Therefore,
the small Tom proteins participate in the
dissociation of TOM complexes and release
of Tom22 as well as in promoting the asso-
ciation of Tom40 with Tom22.
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VI. A GLIMPSE AT THE TOM
COMPLEX

Using a histidine tagged version of
Tom22, Kiinkele et aP’ were able to purify
the TOM complex fromN. crassa mito-
chondria. The isolated protein complex con-
tained Tom40, Tom22, Tom20, Tom70,
Tom6, and Tom7 (Tom5 has not yet been
identified inN. crassa. Following insertion
of the TOM complex in liposomes channel
properties were detected in the bilayer as
determined by electrophysiological meth-
ods. The TOM complex also supported re-
sidual translocation activity. Moreover, elec-
tron micrographs reveal that the purified
TOM complex has a diameter of about 240
and contains up to three stain-filled pits.
These pits might represent the translocation
pores formed by Tom40 within the com-
plex. The estimated pore width of these struc-
tures was calculated to be around &0
which is in agreement with the electrophysi-
ological estimations obtained for recombi-
nant Tom407 In a later study Ahting et al.
88 jsolated a TOM core complex that lacked
Tom20 and Tom70 after treatment with the
detergent dodecyl maltoside. In contrast to
the complete TOM complex, this partial
complex, which represents the GIP, formed
double but not triple stain-filled ring struc-
tures. The orientation of the complex and
the distribution of Tom proteins within this
structure are yet to be determined.

VII. DRIVING PROTEINS
ACROSS THE OUTER
MEMBRANE

The forces responsible for driving pro-
teins across the outer membrane are not
known for sure. Only one model, which is
in agreement with experimental data, has

304

been put forward to explain the underlying
mechanism. The so-callethcid chain
hypothesi$ suggests that the outer mem-
brane receptor domains represent a cascade
of binding sites for mitochondrial prese-
guences. According to this model the bind-
ing affinity of a given presequence for Tom
components increases along the import path-
way whereby the first component of the
pathway, has the lowest affinity for the
presequence and the last component has the
highest. Acidic patches on the receptor do-
mains of Tom70, Tom20, Tom22, and Tom5
as well as the intermembrane space domains
of Tom40 and Tom22 could well represent
elements to which presequences or internal
targeting signals associ&te?° Work by
Komiya et al$ who analyzed the binding
affinities of presequences to the different
receptors, is in accordance with the idea of
a sequential increase in binding affinity.
However, the recent finding that amino-ter-
minal presequences bind to Tom20 via hy-
drophobic forces rather than by electrostatic
ones®3lis a restraint on the model and in-
dicates that a more complex cascade of af-
finities underlies the process. Still, the prin-
cipal idea of increasing strengths of
interaction could be a means to translocate
the protein.

Alterations in the conformation of
Tom40 have been suggested to provide an
additional force to move a protein through
the outer membran®. Binding of the
presequence to Tom40 seems to induce
changes within Tom40 as judged by
crosslinking experiments. It is conceivable
that different conformational states lead to
the presentation of new preprotein binding
sites within the pore. Such a mechanism
would potentially represent a means to trans-
port a protein through the channel. Meisinger
et al?® showed that a preprotein accumu-
lated in the TOM channel is not kept in the
channel by ionic forces, but by urea-sensi-
tive interactions such as hydrogen bonds
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and hydrophobic interactions. We propose
to extend théacid chain hypothesido the
“binding chain hypothesisthe TOM ma-
chinery provides multiple binding sites
for preproteins, including each type of
noncovalent interactions, and thus guides
preproteins across the outer membrane.
Once a protein destined for the matrix,

in the process becausdaen40mutant did
not affect porin transport. This issue was
revisited recently by Krimmer et &Using
both S. cerevisia@andN. crassamitochon-
dria and a very detailed set of analyses, they
found that the biogenesis of porin strongly
depends on Tom20, Tom22, Tom5, and
Tom7. Moreover, they were able to dem-

inner membrane, or intermembrane space onstrate that saturating amounts of matrix

has emerged from the channel, it is acces-

sible to components of the intermembrane

targeted precursor proteins could compete
with porin import, suggesting that porin

space or inner membrane that assist subse- also utilizes the GIP. The finding that a

quent transport steps. The participating

number of newtom40alleles are affected

forces and components of these processesin porin biogenesis corroborates this con-

are described in greater detail in the follow-
ing sections.

VIII. BIOGENESIS OF THE
OUTER MEMBRANE PROTEIN
PORIN

In contrast to the transport of mitochon-
drial matrix proteins, little is known about
transport and insertion of mitochondrial
outer membrane proteins. With regard to its
transport mechanism, one interesting and
controversial preprotein is the outer mem-
brane protein porin. Porin is the most abun-
dant mitochondrial outer membrane protein
of yeast. It forms a pore in the membrane,
which allows the diffusion of small mol-

clusion. Finally, Krimmer et &l were
able to chemically crosslink porin to
Tom20, Tom22, and Tom40 demonstrat-
ing a physical association with receptors
and the GIP.

It seems reasonable to conclude that
porin is indeed imported via the general
import pathway utilizing outer membrane
receptors as well as the GIP.

IX. TRANSLOCATION
MACHINERIES OF THE INNER
MITOCHONDRIAL MEMBRANE

The transport pathways for most, if not
all, mitochondrial proteins merge at the
level of the GIP. After exit from the GIP,

ecules across the membrane. Porin does notthe transport pathways for different pro-
possess any obvious targeting signals. There teins diverge and one of two translocation

is ample evidence indicating that porin re-
quires Tom20 for its transpdft#? °2-9How-
ever, whether other receptors and the GIP
are also involved is a controversial topic.
While some groups found indications for
the involvement of receptors and the GIP in
porin transport>7°.80.9gthers reported that
only Tom20 is required for membrane in-
sertion and assembly of porin into lipo-
somes® Schleiff et aP®> also presented data
that indicated that Tom40 was not involved

machines of the inner mitochondrial mem-
brane interacts with the incoming cargo.
The TIM23 complex, which is also termed
the preprotein translocase, mediates the
transport of mitochondrial proteins that pos-
sess an amino-terminal presequence. A
second protein complex termed the TIM22
complex or the carrier translocase is impli-
cated in the transport of mitochondrial
membrane proteins that contain internal tar-
geting information.
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A. The TIM23 Complex

Identification of outer membrane import
components was primarily achieved by bio-

and Tim17?° (Table 2). Tim23 and Tim17
are homologous proteins, yet they are not
able to substitute for each other function-
ally because deletion of either one is le-
thal for yeast cell8%1%3Both proteins re-

chemical approaches, as described in the sec- side in the mitochondrial inner membrane
tions above. In contrast, components of the and are predicted to span the membrane

TIM23 complex were identified by genetic
screens irB. cerevisieaWhy genetic means
were the right choice to identify components
of the mitochondrial inner membrane in-
volved in protein transport becomes obvious
if one compares the relative amounts of Tim
and Tom components. 8 cerevisiadom40

four times. This leads to a topology in
which both the amino- and carboxy-ter-
mini are exposed to the intermembrane
spacet® In contrast to these two mem-
brane proteins Tim44 is mainly located
on the matrix side of the mitochondrial
inner membrane and peripherally associ-

and Tom22 are present at a concentration of ates with the translocation machinery (Fig-

approximately 200 to 300 pmol/mg mito-

ure 4)105-107 There is clear experimental

chondrial protein. The associated receptors evidence indicating that all three proteins
Tom20 and Tom70 are less abundant than are involved in protein translocation.

the GIP constituents but still make up 60 to
70 pmol/mg mitochondrial protein. In con-
trast, the TIM23 complex constitutes only 15
to 20 pmol/mg mitochondrial protethThus,
the total yield of Tim proteins from mito-
chondria in any biochemical purification pro-
cedure is significantly lower than that found
for the Tom proteins, making the identifica-
tion of such proteins very difficult.

The two genetic screens that were suc-
cessfully utilized to identify components
involved in mitochondrial import were based

Antibodies raised against Tim23
and Tim44 inhibit protein import into
mitoplastst??104105 |n addition, Tim17,
Tim23, and Tim44 could be crosslinked
to preproteins in transip#106.108,109

Tim23 and Tim17 form a protein com-
plex in the inner membrane that can be
extracted from mitochondria under mild
detergent conditions. Using blue native gel
electrophoresis as a means to analyze pro-
tein complexes, Dekker et&lwere able to
show that the Tim23-17 complex migrates

on positive selection schemes. In one case a at approximately 90 kDa. These studies also

cytosolic enzyme was mistargeted to the
mitochondrial matrix by attachment of a
mitochondrial presequence. Subsequently,
mutants were selected in which the fusion
protein remained in its original location,
namely, the cytosol and thus was not im-
ported into mitochondrigé% The second
screen was applied for the detection of
mutants temperature sensitive for growth at
37°C. These temperature conditional mu-
tants were analyzed subsequently for their
ability to import the precursor of thsub-
unit of the F-ATPase at 2% vs. 37C.101
Tim proteins that were identified by
these screens were Tim&4Tim23 100.102
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showed that in a temperature-conditional
allele of TIM23 (tim23-2)the 90-kDa com-
plex is destabilized. This effect reduces
the import of cleavable mitochondrial
preproteins. Accordingly, the TIM23 com-
plex is intimately involved in the transport
of presequence-containing proteins. The
formation of the 90 kDa complex seems to
be mediated by the transmembrane domains
of Tim23 and Tim17°In agreement with
this finding, it is a substitution of one amino
acid within the first putative transmembrane
domain of Tim23 that leads to the destabi-
lization of the complex intim23-2 mito-
chondria8?
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It is the current view that Tim23 and
Tim17 form the 90-kDa complex in a 1:1
ratio 1°°11However, at this point one can-
not exclude the possibility that other pro-
teins also participate in the TIM23 com-
plex. Indeed, studies indicate the existence
of additional proteins that are associated
with the TIM23 complex, although none of
them have been identified. In one case pro-
teins of 14 and 33 kDa were fouHdIn a
separate study another two proteins with
apparent molecular masses of 20 and 55
kDa, respectively, have been describéd.
Therefore, it is possible that new compo-
nents of the TIM23 complex await identifi-
cation. Another interesting observation in
this respect is the existence of low amounts
of a 140- and 240-kDa form of the TIM23
complexg Both complexes were identified
using blue native PAGE analyses of digito-
nin solubilized mitochondria. As both com-
plexes seem to be labile, a detailed analysis
of their constituents has not yet been ac-
complished.

Besides the involvement of Tim23 and
Tim17 in protein import, their localization
to the inner membrane and their participa-
tion in a common complex, not much is
known about the function of these proteins.
In contrast to Tim17, Tim23 possesses an
amino-terminal extension of about 100
amino acids that is essential for its func-
tion.*191t is believed to serve as a preprotein
binding site for incoming preproteins as it is

ing channel in the inner mitochondrial mem-
brane. When preproteins are absent, the
channel is closed due to association of the
Tim23 amino-termini mediated by the mem-
brane potential across the mitochondrial
membrane. Accordingly, this membrane
potential dependent dimerization and
preprotein induced dissociation regulates the
gating of the pore and the impermeability of
the inner membrane to small molecules and
protons. The association of an incoming
preprotein with Tim23 triggers its dissocia-
tion and induces an opening of the translo-
cation channel. Even though this represents
an attractive hypothesis, the molecular na-
ture of the channel through the inner mem-
brane is yet to be defined. Studies on OEP16,
an amino acid transporter of chloroplast outer
envelopes that has significant sequence simi-
larity to Tim23 and Tim17, indicate that
this protein alone is sufficient to form
porest+116 Accordingly, we must take into
consideration the possibility that Tim23 or
Tim17, respectively, might be sufficient to
form channels in the inner membrane. Lohret
et alll’ utilized electrophysiological mea-
surements on mitochondrial membranes to
characterize the so-called multiple conduc-
tance channel (MCC). The MCC suppos-
edly represents the protein conducting pore.
In these studies evidence is presented that
indicates that antibodies directed against
Tim23 inhibit the MCC activity. Moreover,
they find that the activity of the MCC is

accessible in the intermembrane space and altered in &im23mutant, while its sensitiv-

binds to presequenciesvitro (Figure 4)66:113
Interestingly, there are indications that
Tim23 forms homodimers via its amino-
terminal segmenit®'*Moreover, the dimer-
ization of Tim23 seems to be positively
regulated by the mitochondrial membrane
potentialin vivo. Dissociation is triggered
by binding of a presequence to Tim23A
model was devised based on these experi-
ments that suggests Tim23 together with
Tim17 forms abona fideprotein-conduct-

ity to mitochondrial presequences is not sig-
nificantly affectedt!” In conclusion, the au-
thors suggest that the MCC is the pore
through which precursor proteins are im-
ported, while Tim23 contributes to its regu-
lation.

In summary, the component(s) that form
the translocation pore of the presequence
translocase are not definitively known, al-
though, in our opinion, there is strong evi-
dence that Tim23 is a participant.
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B. The 600-kDa TOM/TIM
Supercomplex

Biochemical studies have demonstrated
that the inner compartments of mitochon-
dria (inner membrane and matrix) alone have
all the prerequisites for the translocation of
cleavable precursor proteins. For example,
a number of precursor proteins can be di-
rectly transported across the inner mem-
brane of mitoplasts. Mitoplasts are gener-
ated by selective disruption of the outer
mitochondrial membrane under low osmotic
conditions!18119 In addition, a preprotein
that is arrested in transit across the inner
membrane in mitoplasts leads to a molecu-
lar weight shift of the 90-kDa TIM23 core
complex to a 130-kDa compléx.

As described previously, the number of
TIM23 complexes is significantly lower than
that of TOM complexes. When an excess of
pure preprotein destined for the mitochon-
drial matrix is imported into mitochondria
in vitro, but arrested in transit by a tightly
folded carboxy-terminal domain, a 600-kDa
supercomplex can be detected following
separation by blue native gel electrophore-
sis® The supercomplex contains all of
Tim23 and Tim17, the precursor protein as
well as a significant portion of Tom compo-
nents. Under these conditions the preprotein
spans both outer and inner mitochondrial
membrane and thus connects TIM and TOM
complexes in a stable manner. Work by
Rassow et ak° showed that approximately
50 amino acids are sufficient to span the
TOM/TIM machinery, suggesting that the
polypeptide in transit is in an extended con-
formation. The fact that this TOM/TIM
complex can only be generated after
preprotein import suggests that stable asso-
ciations between TIM and TOM complexes
do not existin vivo. There is ample evi-
dence indicating that inner and outer mem-
branes are in close proximity during protein
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translocation but do not form a continuous
channel®1?1122Donzeau et ak3 reported
recently that the amino-terminus of Tim23
also spans the outer mitochondrial mem-
brane. Based on protease protection experi-
ments they suggested that the first ~20 amino
acids of Tim23 are exposed to the cytosol.
Thus, Tim23 could potentially form a physi-
cal connection between outer and inner
membranes. However, an association of
Tim23 with the TOM complex could not be
demonstrateé®* We conclude that Tim23
most likely does not recruit the TOM com-
plex actively into contact sites.

C. Protein Sorting to the
Intermembrane Space

Preproteins with amino-terminal target-
ing signals destined for the mitochondrial
matrix, inner membrane, and intermembrane
space utilize the TIM23 complex for sort-
ing. The sorting of soluble intermembrane
space proteins such as cytochromeaihd
inner membrane proteins like cytochrome
c, have drawn much attention. Both
proteins contain a bipartite cleavable
presequence (Figure 1) that is composed of
an amino-terminal matrix targeting signal,
which directs them to the TIM23 complex,
and an adjacent hydrophobic sorting signal.

Two different models have been put
forward to describe the sorting process of
these proteins.

The “conservative sortifgmodel sug-
gests that the preprotein is completely trans-
located into the matrix and subsequently
exported from the matrix into the mem-
brane or intermembrane spaéé&-12°

The alternative model is termed the
“Stop transfer modélnd proposes that the
sorting signal leads to an arrest in the trans-
location process across the inner membrane.
The membrane protein subsequently diffuses
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laterally out of the pore and soluble inter-

membrane space bound segments
are cleaved off by a specialized pro-

tease’Z_O,ISO-132

A variation of this scheme that also takes
aspects of the conservative sorting mecha-
nism into consideration was suggested by
Gartner et al*3for the sorting of cytochrome
b,. Cytochrome bis initially directed by its
matrix targeting signal into the channel of
the inner membrane. Here the sorting path-
way separates from that of matrix proteins.
The mature part of the protein subsequently
forms a loop structure that also inserts into
the sorting apparatus that could potentially
be involved in the completion of transloca-
tion of the mature part across the outer mem-
brane. Afterward the matrix processing pep-
tidase cleaves off the sorting signal. The
mature part is subsequently released into
the intermembrane space.

At this point it is generally believed that
both mechanisms could apply. While it is
unlikely that cytochromefand ¢ are com-
pletely transported across the inner mem-
brane and thus represent examples of a stop-
transfer-like process, subunit 9 of the
F/ATPase is sorted by a conservative mecha-
nism. In this regard the function of the Oxal
protein is of special interest. Oxal is a
nuclear-encoded protein that spans the in-
ner mitochondrial membrane five tim&s.
Recent analyses of the molecular function
of Oxal have shown that it is involved in
the export of amino-termini of imported pro-
teins to the intermembrane space. After pro-
cessing of subunit 9 of thgATPase by the
mitochondrial processing peptidase the
amino-terminus undergoes an Oxal depen-
dent export across the inner membréxiéss
Moreover, Oxal is required for its own
import into the inner membrane of mito-
chondrid®® and as shown recently mediates
membrane insertion of mitochondrially en-
coded inner membrane prote#i$Homo-
logues of Oxal have been identified in chlo-

roplast$®7-139and in prokaryotes and seem
to fulfill similar functions. YidC was shown

to mediate the membrane insertion of Sec-
independent proteins like the M13 virus
procoat protein. Furthermore, the membrane
insertion of Sec-dependent membrane pro-
teins seems to be affected after depletion of
YidC, suggesting some kind of relationship
between the Sec pathway and Yit!4?

D. The Membrane Potential ( Ay)

The membrane potential across the in-
ner membrane is critical for import of
preproteins into the matrix, the inner mem-
brane and for those intermembrane space
proteins that utilize the TIM23 complex for
sorting. Initial studies utilizing ionophores
or inhibitors of the respiratory chain dem-
onstrated that the membrane potential (nega-
tive on the matrix side) is crucial for import
but not for the association of precursor pro-
teins with the receptoig3144 Taking the
net positive charge of mitochondrial
presequences into consideration, it was sug-
gested that the membrane potential gener-
ates an electrophoretic force on preproteins
that results in their insertion into the pore
and partial translocation until they emerge
on the matrix side of the membrane. Itis the
electrical component of the electrochemical
proton gradient across the inner membrane
that generates the required force for protein
import1#4 Work by Martin et al*> demon-
strated that presequences with a different
net positive charge have distinct require-
ments for the membrane potential, support-
ing the model of an electrophoretic effect.
As already described (Section IX.AM
additionally influences the oligomerization
of Tim23 and thus the gating of the chan-
ne|.6,113

Recent experiments indicate that the
influence ofAY on protein transport might
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be more complex than originally anticipated.
Using the bipartite presequence of cyto-
chromeb, (Figure 1), Geissler et &°
showed that th&y-dependence of protein
import was not only influenced by the ma-
trix-targeting signal, but also the sorting

sequence. The presence of the sorting se-

quence lowered thAy-dependence in an
unexpected manner, not influenced by the

sequent work indicated that under low-salt
conditions a complex of Tim23, Tim17, and
Tim44 could be founép?

What is the role of Tim44 in protein
translocation? It acts as a membrane anchor
for the mitochondrial heat shock protein
Hsp70 (mHsp70/ Sscl) (Figure 43148150
MtHsp70 is essential for cell viability and
represents the only clear energy-requiring

charges in the sorting sequence or the actual protein of the translocation machin-

sorting function. An amino acid alteration
in the sorting sequence that enhanced the
conformational flexibility of this segment
stimulated import of the mutant preprotein.
We propose that the sorting sequence forms
a loop in the inner membrane and thereby
facilitates translocation. Thus, it is likely
that theAy requirement of mitochondrial
protein import cannot be explained by a
single mechanism alone.

E. Tim44 and Hsp70 Act Together
in Protein Translocation

As mentioned above, the essential pro-
tein Tim44 was the first component of the
import machinery identified in a genetic
screerf? In addition, a biochemical approach
aimed at identifying translocation compo-
nents on the inner face of mitochondrial
membranes led to the detection of a 45-kDa
protein that turned out to be Tim4%.147.148
Tim44 comes into contact with prese-
quence¥>1%put is not a component of the
import channel itsef*° During import only,
minute amounts of Tim44 are found in as-
sociation with the 600-kDa TOM-TIM com-
plex8

Tim44 is peripherally associated with
the inner face of the translocation machin-
ery (Figure 4) and is therefore carbonate
extractablé%150Using co-immunoprecipi-
tation, Bdmer et al>! demonstrated an as-
sociation between Tim23 and Tim44. Sub-
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ery 108153154 MtHsp70 binds to unfolded
preproteins as they emerge from the trans-
location channel on the matrix side of the
inner membrane. Following initial binding,
cycles of ATP hydrolysis by mtHsp70 are
required to complete the translocation of
the polypeptidé®> Recent analyses by
Krimmer et al®*® show that the physical
interaction between Tim44 and mtHsp70
occurs via the ATPase domain of mtHsp70.
A segment of Tim44 with low sequence
similarity to so-called J domains has been
implicated as a mtHsp70 binding stt@!>’

It is generally believed that mtHsp70 binds
to Tim44 in the ATP-bound state and that
ATP is subsequently hydrolyzé:161 Pre-
cursor-associated mtHsp70 then binds its
co-chaperone Mgel, which promotes the
reaction cycle of Hsp70 and subsequently
the release of ADPL161-165Thys, the essen-
tial protein Mgel acts as a nucleotide ex-
change factor for mtHsp70. An additional
binding site for mtHsp70 on the TIM23
core complex has also been repottédt
was suggested that Tim17 or a closely asso-
ciated as yet unidentified protein contrib-
uted to this binding site. Nevertheless, a
function for this association has not yet been
found.

In order to explain how mtHsp70 par-
ticipates in the translocation process, two
models have been proposed. However, de-
spite a large number of experiments that
have been performed in order to support or
exclude one or the other model a generally
accepted definite proof for either is still
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missing. The models are called tiBrown-

ian ratchét or “trapping model and the
“import motot or “pulling” model. Both
models have been reviewed extensively in
recent yearg}%114166.167gnd therefore we
only introduce the basic ideas behind the
models.

According to the' Brownian ratchétor
“trapping model the preprotein can move
forward and backward in the TOM and TIM
channels driven by Brownian motion. If
mtHsp70 binds to the incoming polypep-
tide, it will abrogate the backward move-
ment of the protein. This trapping increases
the likelihood of forward movement of the
precursor. If the preprotein moves further
forward into the matrix another mtHsp70
can bind to it and also prevent backslid-
ing.168.169In this scenario Tim44 serves as a
means to position mtHsp70 close to the
matrix entry site. Mgel is required to regen-
erate mtHsp70 for new rounds of preprotein
association.

The“import motof' or “pulling model
suggests that mtHsp70 plays a more active
role in transport. The mtHsp70 that is bound
to Tim44 binds to the incoming preprotéif.
ATP hydrolysis by mtHsp70 leads to a con-
formational change within the molecule such
that a force is generated that pulls the
preprotein into the matri%8 According to
this view Tim44 serves as a membrane an-
chor to support force generation by mtHsp70.
There is experimental evidence indicating
that the Tim44— mtHsp70 association is
critical for import*”179The most important
aspect of the pulling model is the generation
of a force that can help to unfold protein
domains on the opposite side of the mem-
brane, because the preprotein has to be un-
folded in order to pass through the pore.

At this point it seems likely that both
mechanisms, pulling as well as trapping,
occurin vivo,!"®17tand that the combination
of both is involved in efficient preprotein
translocation.

F. The Carrier Translocase

There is ample evidence indicating that
the requirements for the import of preproteins
with internal targeting signals differs from
that of preproteins with presequences. As
described above, preproteins with internal
signals utilize Tom70 as their primary recep-
tor on the outer face of mitochondria (Figure
2).5561-6367.172Degpite  differential receptor
requirements, both transport pathways sub-
sequently merge at the level of the GIP and
then diverge again following passage of the
preprotein through the translocation pore. This
later point is indicated by the fact that the
intermembrane space domain of Tom22 is
expendable for the import of AA®173 In
addition, under conditions where saturating
amounts of precursor protein are arrested in
transit through the TOM and TIM23 ma-
chinery the import of AAC remains unaf-
fected®® Accordingly, AAC does not utilize
the TIM23 complex for its transport, and
therefore an independent mechanism must
exist.

1. The TIM22 Complex

Sequence analysis of the yeast genome
led to the identification of Tim22 because it
displayed significant sequence similarity to
Tim23 and Tim17274 Like these two known
proteins, Tim22 is predicted to form multiple
membrane spans and also behaves as an inte-
gral membrane protein in biochemical analy-
ses (Table 3). The disruption d1M22 is
lethal to yeast cells, and in mitochondria with
reduced levels of Tim22 the import of
preproteins with internal targeting signals like
AAC and the phosphate carrier PiC is signifi-
cantly affected’* Further support for a direct
role in transport of these proteins comes from
the finding that AAC could be chemically
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crosslinked to Tim22. Tim22 is found in a
high-molecular-weight complex that migrates
at approximately 300 kDa on both blue native
gel electrophoresis and gel filtration (Figure
5).175176 Additional constituents of this com-
plex were subsequently identified (Table 3).
Tim54 was recognized in a two-hybrid screen
for interacting partners of the outer mitochon-
drial membrane protein Mmm21 which is im-
plicated in mitochondrial inheritané&.Cur-
rently, there is no information regarding the
significance of this potentiah vivo interac-
tion. However, Tim54 is an essential integral
inner mitochondrial membrane protdimyitro
import studies indicate that like Tim22 it is
required for the import of inner mitochondrial
membrane preproteins with internal targeting
signals. Coimmunoprecipitation experiments
indicate that all of Tim22 associates with
Tim54 while there is an excess of Tim54,
which is free of Tim22/” However, using
blue native gel electrophoresis virtually all of
Tim54 is found in the 300-kDa compl&g:.17°
In addition, physical association between
Tim22 and Tim54 is supported by genetic
experiments in which overexpression of Tim22
suppresses a temperature-sensitive growth
defect oftim54-1177

In addition to Tim54 and Tim22, two
other proteins Tim12 and Tim18 (Table 3)
are found in the 300-kDa complex (Figure
5). Tim12 was identified as a suppressor of
mitochondrial splicing mutant&? A detailed
analysis of théim12-1temperature condi-
tional allelé8! or strains with reduced
amounts of Tim12% indicated an involve-
ment in carrier protein transport. Moreover,
Tim12 could be crosslinked to preproteiffs.
Tim12 localizes to the intermembrane space
side of the inner mitochondrial membrane
and associates with Tim22 as well as Tim10
(see below). Like Tim22 and Tim54, the
function of Tim12 is essential for cell vi-
ability.

Tim18 is the only known component of
the carrier translocase that is dispens-
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able!8179Two independent approaches led
to the identification of Tim18. In a bio-
chemical experiment in which Tim54 was
immunoprecipitated, Tim18 was found as a
coprecipitating factot’® Moreover, a ge-
netic screen for suppressors of tme54-1
mutant led to the identification of an open
reading frame encoding Tim1t8.Tim18 is
an integral membrane protein that poten-
tially spans the inner mitochondrial mem-
brane several times. Topology analyses in-
dicate that the carboxy-terminus of Tim18
localizes to the intermembrane space. After
solubilization with mild detergents, Tim18
was found in association with the 300-kDa
carrier complex, while the deletion of Tim18
shifts the molecular mass of the complex to
approximately 250 kD&2'82Furthermore,
the deletion offiIM18 was found to be syn-
thetically lethal in combination with tem-
perature conditional mutations in Tim54,
Tim9, and Tim1078

Surprisingly, very little is known about
the molecular function that can be attrib-
uted to these components. The structural
similarity of Tim22 with Tim23 or Tim17
can be interpreted as an indication that it
contributes to the formation of a transloca-
tion pore in the carrier translocase com-
plex!# Binding of preproteins to Tim12
suggests that it is involved in the process of
protein recognition and/or insertion. How-
ever, the function of Tim54 and Tim18 re-
mains unclear.

2. The Tiny Tims

In addition to the membrane-associated
components that form the 300-kDa TIM22
complex of the inner membrane, four soluble
factors have been found that assist carrier
protein transport. These proteins form two
70-kDa oligomers in the intermembrane
space, one of which is formed by Tim9 and
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Tim10 and the other by Tim8 and Tim13
(Table 3).

Tim9 was identified by two indepen-
dent approaches. Koehler et'&lfound it

as an extragenic suppressor of the tempera-

ture-sensitiveim10-1allele, while Adam et
al.18 found that it co-precipitated together
with Tim10 and Tim12. Tim10, the partner
of Tim9, was previously identified, like
Tim12, as a factor that suppressed defects
in RNA splicing!®* Analysis of theim10-1
mutant indicated, however, that it was actu-
ally involved in protein transpott>81Both
Tim9 and Tim10 are essential for yeast cells
and together form a heterooligomer that is
most likely built from three subunits of each
of the two proteing®183A common feature

of Tim9, Tim10, and Tim12 is that each
subunit contains four cysteine residues that
most likely participate in the formation of a
metal binding sité’>Zinc has been extracted
from Tim10 and Tim127> Only small
amounts of Tim9 and Tim10 are found in
association with Tim12 on the membrane,
while the majority of the oligomer remains
soluble (Figure 5).

Tim8 and Tim13 display features simi-
lar to the Tim9/Tim10 complex. Subunits of
Tim8 and Tim13 associate to form a 70-
kDa heterooligomer in the intermembrane

A more detailed description of the func-
tion of the small Tims is given below.

3. Biogenesis of Carrier Proteins

The carrier proteins are a large family
of abundant polytopic mitochondrial inner
membrane proteins. They have a tripartite
structure comprised of three homologous
modules of approximately 100 amino acids
each. Each module contains two transmem-
brane segments connected by a matrix fac-
ing loop. Consequently, the amino- and
carboxy-termini extend into the intermem-
brane space. In contrast to the import of
precursor proteins with amino-terminal tar-
geting sequences, the carrier proteins con-
tain internal targeting information, and they
are imported by different import pathways.

The import of carrier proteins was ana-
lyzed in detail over a decade ago and dis-
sected into five different operational stages,
mainly based on energetic requirements
(Figure 6). After synthesis on cytosolic poly-
somes, the highly hydrophobic and thus ag-
gregation prone precursors are bound by
cytosolic factors maintaining them in an
import competent state (termed stage |, dis-

space and both contain the cysteine residues cussed in Section Il). The carrier precursors

required for metal binding?® In contrast to
the other small Tim proteins, both Tim8 and
Tim13 are nonessential for cell viability.
However, they are synthetically lethal to-
gether with temperature-sensitive mutations
in TIM10, and biochemically they associate
with minute amounts of Tim9. One espe-
cially interesting aspect of Tim8 and Tim13
is the fact that they were identified due to
sequence similarity with Tim9, 10, and 12.
Moreover, they are homologous to the hu-
man deafness dystonia syndrome proteins
DDP1 and DDP28 DDP1 has been impli-
cated in the rare X-linked human disease
called Mohr-Tranebjaerg syndrome.

are targeted to the outer membrane and can
be arrested on outer membrane receptors in
the absence of ATP (stage 1#}:*¥"In the
presence of ATP the precursor is partially
translocated across the outer mitochondrial
membrane to the intermembrane space (stage
[II) (Figure 6). This stage has been defined
biochemically as an intermediate in the trans-
port pathway at which the carrier protein is
not accessible to proteases added from the
outer side of mitochondria. It was suggested
that this situation would represent a stage
where most of the carrier protein is located
within the channel across the outer mem-
brane. Only in the presence of a membrane
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Cytosolic
-~ chaperone

Carrier Stage I
preprotein

Stage 11
Cytosol

Intermembrane Stage s \\>

space

trix .
Matri Assembled carrier

Stage V -

FIGURE 6. Protein transport of a carrier protein. Biochemically, the transport of the AAC (ADP/ATP
carrier) has been divided into distinct steps.t®6:187 After synthesis the preprotein associates with
cytosolic chaperones and subsequently binds to proteinaceous components at the outer surface of
mitochondria (Stage | and Il). ATP hydrolysis is required for the subsequent transfer of AAC into
the outer membrane pore (Stage lll). At this stage most of the protein is transferred to the trans site
of the membrane, and thus is no longer sensitive to externally added proteases. The membrane
potential (Ay) is required for the exit of the preprotein out of Stage Ill and into Stage IV. Stage IV
is defined as being the membrane insertion step, although only a kinetic intermediate has been
found. The final stage (Stage V) is the assembly into the active dimer in the inner membrane. IM,
inner membrane. OM, outer membrane; IMS, intermembrane space; IM, inner membrane.
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potential across the inner membrane is the
carrier protein inserted into the inner mem-
brane (stage 1V where it subsequently
dimerizes to its functional form (stage V.
Only in the last few years were the com-
ponents of the import apparatus for carrier
proteins identified and more recently mo-
lecular details of the import of carrier pro-
teins determined. There are conflicting re-
ports describing the targeting signals of
carrier proteins, but taken together mito-
chondrial targeting signals have been iden-
tified in all modules of the carrier pro-
teins38:39.18%-19peptide binding assays using
the receptor domain of Tom70 revealed that
carrier proteins contain multiple binding sites
in individual modules’® The carrier
proteins are recognized mainly by the re-
ceptor Tom702%83 however, they are still
imported in its absence but with strongly
reduced efficiency? In the absence of ATP,
every module of a carrier protein can be
crosslinked exclusively to a Tom70 dirffer
(Figure 7). In the presence of ATP, the pre-
cursor is transferred module by module to
the GIP% Tom5 seems to be very important
for the transfer of carrier proteins from
Tom70 to the GIP, as indicated by a strong
import defect in the deletion strain, whereas
deletion of Tom20 or Tom22 independently
cause only mild import defects?85279The
import of carrier proteins can be blocked at
the GIP if they are fused to dihydrofolate
reductase (DHFR), a tightly folded protein
domain. In the presence of the competitive
inhibitor methotrexate (MTX), unfolding of
DHFR is blocked, therefore inhibiting com-
plete import>1°2 Under these conditions,
the carrier proteins are partially translocated
through the GIP and into the intermem-

blocked togethef Accordingly, carrier pro-
teins seem to initiate translocation across
the outer membrane with an internal seg-
ment, for example, an internal loop. How-
ever, whether one, two, or even three loops
of the carrier protein span the Tom40 chan-
nel” at one time and if these loops utilize
one or more of the potential three channels
seen within the TOM complé&is currently
not known and will be a challenging issue
to address in the future. With regard to the
physical association of the carrier with the
TOM complex Wiedemann et @were able

to demonstrate that the stability of the ar-
rested precursor complex at the general
import pore depends on the number of car-
rier modules. In the presence of ATP the
carrier precursors are partially translocated
into the hydrophilic intermembrane space.
The translocation of carrier proteins across
the outer membrane does not depend on the
IMS domain of Tom228 in contrast to the
import of proteins with amino-terminal
presequences. Carrier proteins utilize only
the soluble Tim9/Tim10 complex. Further-
more, each module of the carrier interacts
specifically with the Tim9/Tim10 com-
plex1% It seems that at this stage carrier
proteins have already been sorted to the
TIM22 insertion complex, as they can be
crosslinked to Tim12, a peripheral compo-
nent of the inner membrane TIM22 com-
plex1” However, they are not inserted into
the membrane in the absence of a mem-
brane potential. In the presence/af the
carrier proteins are inserted into the inner
membrane. This process is mediated by
the TIM22 complex, although we do not
know any details about the specific function
of the individual complex components.

brane space, as demonstrated by crosslinking Crosslinking indicates that the carrier pro-

to the intermembrane space Tim9/Tim10
complex. Interestingly, this translocation
intermediate was detected for carrier pro-
teins blocked with DHFR at either terminus
individually or even when both ends were

tein interacts with Tim22 during import
Finally, carrier proteins assemble with pre-
existing subunits and form functional
dimers®>18Full integrity of all three carrier
modules is a prerequisite for dimerization,
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Cytosolic
~ chaperone

Carrier Stage I
preprotein

Cytosol

Intermembrane

Space Stage IIT \I;

Assembled carrier

Matrix Stage V Stage IV

FIGURE 7. Protein transport of a carrier protein and its components. The chaperone associated
AAC preprotein (Stage 1) is bound by Tom70 on the outer mitochondrial membrane (Stage Il) . Each
module of AAC associates with a dimer of Tom70 — six Tom70 molecules per AAC. The AAC
preprotein is transported via Tom22 to the GIP and inserts into the pore in a loop structure. Tim9
and Tim10 associate with the regions of the loop that appear in the intermembrane space (Stage
). After completion of the translocation process, the tiny Tim bound AAC is transported to the inner
membrane. Tim9 and Tim10 bind together with their cargo to the TIM22 complex, which mediates
the insertion of the preprotein into the inner membrane (Stage 1V). Eventually, the released AAC
assembles into a dimer (Stage V). OM, outer membrane; IMS, intermembrane space; IM, inner
membrane.
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only the termini extending into the inter-
membrane space can be deléted.

In summary, we believe that multiple in-
teractions of hydrophobic inner membrane
proteins with components of the import appa-
ratus are essential to keep them in an import
competent form. Precursor proteins must be
transferred from their cytosolic chaperones to
the general import pore. Tom70 acts as a re-
ceptor for carrier targeting signals and by bind-
ing to all individual carrier modules it may in
addition simultaneously function as a chaper-
one, preventing precursor aggregation during
transfer to the general import pore. The pre-
cursor is then transferred from Tom70 to the
general import pore in a stepwise manner,
module by module. In the hydrophilic inter-

the precursors of Tim17, 23, and 22 lack a
presequence and therefore utilize internal
targeting signals. Tim23 and Tim22 are
transported with the aid of the carrier
translocase (Figure 8). For Tim17 and Tim23
it has been shown that both contain internal
targeting informatiod?31% The import of
Tim23 is similar to the carrier proteins. In
the absence of a membrane potential the
Tim23 precursor forms an intermembrane
space complex and Tim23 is inserted into
the inner membrane with the aid of the
TIM22 complext”” It was unclear if the
multiple internal targeting signals exhibited
equal functions during the import of
polytopic inner membrane proteins. Re-
cently, Davis et al?° could demonstrate that

membrane space, the carrier precursors need Tim23 contains separate binding sites for

to be protected from aggregation; however,
this compartment does not contain classic mo-

the Tim9/Tim10 complex and the compo-
nents of the TIM22 translocase, respectively.

lecular chaperones such as the Hsp60 and 70 Deletion of all positive charges within the

families. The inner membrane precursor pro-

matrix facing loops of Tim23 abolished

teins are perhaps maintained in a soluble state crosslinking to Tim54, 22, and 12, whereas

by the individual interaction of each module
with the Tim9/Tim10 complex. These sequen-
tial interactions along the import pathway al-
low the aggregation-prone precursors to pass
through hydrophilic environments on their way
to the TIM22 complex. Additionally, these
interactions may be important for the precur-
sors to obtain a specific structural orientation
for their transfer and insertion into the general
import pore (via an internal loop) and their
subsequent insertion into the inner membrane
with the matrix facing loops inserting first.
This is in contrast to the amino-terminal linear
translocation of preproteins with presequences.

X. BIOGENESIS OF THE TIM
PROTEINS

All Tim proteins are encoded by nuclear
genes and must be imported from the cyto-
sol. It is clear from sequence analyses that

crosslinking to Tim9/Tim10 was not af-
fected. Additionally, Tim23 contains a bind-
ing site for the Tim8/Tim13 complex in its
amino-terminug{>%which is suggested to
trap Tim23 in the intermembrane space and
to prevent retrograde movement of Tim23
out of the GIP” However, there is contro-
versy with respect to the presence of addi-
tional amino-terminal targeting information
within Tim23. Kaldi et al**3identified such
a signal and suggested that it is involved in
directing the amino-terminus of Tim23 into
the outer membrarié In contrast, Davis et
al.1%4could not demonstrate a topogenic sig-
nal within this sequence. Further detailed
analysis will be required to solve this issue.
Compared with Tim22 and Tim23, the
pathway of Tim17 import is not clear and the
data, which is currently available, suggest
that either route is involved. Tim17 import is
reduced inim23andtim22temperature-con-
ditional mutants as well as in strains where
their steady state level is reducetl
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Directed by an amino-terminal target-
ing signal, Tim54 and most likely Tim18
are transported with the aid of the TIM23
complex (Figure 8). Tim54 possesses a
noncleavable presequei®eand it can
compete for import with preproteins that
employ the TIM23 complex. In contrast,
the import of Tim22 could not be com-
peted by presequence-containing proteins.
This result suggests that Tim22 is trans-
ported by a Tim23-independent mecha-
nism, as predicted from the absence of a
presequence within Tim22. Tim18 is syn-
thesized as a 21-kDa precursor that is pro-
teolytically cleaved after import into mi-
tochondriat’®182 Although there are no
data to support it, it seems likely that
Tim18 is transported via the TIM23 com-
plex.

Interestingly, the import of the small
Tim proteins does not depend on the pro-
tease accessible receptors Tom20, Tom22,
and Tom70, but only on Tom3 They are
imported into the intermembrane space with-
out the help of the TIM23 or TIM22 com-
plex because their import is independent of
the presence or absence of a membrane
potentialt’é

Thus, the biogenesis of the various Tim
proteins does not follow one common path-
way, but involves several distinct import
routes. This indicates a high versatility of
the mitochondrial import machinery. We
anticipate that the analysis of protein trans-
location into mitochondria will hold many
more surprises for us.
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