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1. Summary

Most mitochondrial proteins are synthesized as pre-
cursor proteins on cytosolic polysomes and are subse-
quently imported into mitochondria. Many
carry amino-terminal presequences which contain infor-
mation for their targeting to mitochondria. In several
cases, targeting and sorting information is also con-
tained in non-amino-terminal portions of the precursor
protein. Nucleoside triphosphates are required to keep
precursors in an import-competent (unfolded) confor-
mation. The precursors bind to specific receptor pro-
teins on the mitochondrial surface and interact with a
general insertion protein (GIP) in thc outer membrane.
The xmual interaction of the precursor with the inner

ires the mitochondrial t poten-
tial (Ay) and occurs at contact sites between outer and
inner t Completion of into the
inner b or matrix is independent of Ay. The
presequences are cleaved off by the processing pepti-
dase in the mitochondrial matrix. In several cases, a
second proteolytic processing event is performed in
either the matrix or in the intermembrane space. Other
modifications can occur such as the addition of pros-
thetic groups (e.g., heme or Fe/S clusters). Some pre-
cursors of proteins of the i b space or the
outer surface of the inner membrane are retranslocated
from the matrix space across the inner membrane to
their functional destmauon (‘conservative sortmg) Fin-

ally, many p are d in multi-subunit com-
plexes.
Exceptions to this general import pathway are known.

Precursors of outer P are ted
directly into the outer b ina ptor-d

dent manner. The precursor of cytochrome ¢ is d:reclly
translocated across the outer membrane and thereby
reaches the intermembrane space.

In addition to the general sequence of events which
occurs during mitochondrial protein import, current
research focuses on the molecules themselves that are
involved in these processes.

1L Introduction

A great deal of new information on how mitochondria
import proteins has been g,athered over the last few
years (see Table I for a k ical overview). R h in
this area has been aided mainly by the introduction of
g insight into the specific
of p p to mitochondria, and by
the | further refmement of in vitro assays resolving inter-
med:ale steps dunng the (ranslocauon of proteins across

It is b ing more and
more evident that the protein translocation processes
across distinct cellutar membranes are similar in several
regards. For example, it has been demonstrated that
protein transpon across the membraues of

itoch plasts, the endop
peroxisomes, and across the plasma membrane of
Esciierichia coli all require ATP and can occur post-
translationally (see Sections 1II-A and VII-C).
Mitochondria are not formed de novo. Dnm\g (he

& P!

process of growth and division of p

newly L d p (e &, P s and lipids)
have to be introduced into p A
number of processes take place to guarantee the func-
tional identity of the 11 which is ined by a
specific set of several hundred Mi

contain their own DNA and a umque system for reph-
cation and protein synthesis (for review see Refs. 1- 3)
Onlyasmall ge of total mitochondrial
, are hesized within the ! The bulk
of mitochondrial proteins have to be imported from
their site of synthesis in the cytoplasm.
The scope of the present review is to outline the
general pnnclples underlymg the i mcorporauon of cyto-

into dria. For

ease of und di lhls highly process will
be roughly subdivided into the following steps: (i)
Mitochondrial ins are hesized on free poly-
somes, m most cases as larger precursors carrymg N-
i and are ] d into

a cytoplasmic precursor pool as soluble species. The



TABLE 1
Historical overview
Beginning from 1975, the main findings in the field of

“w

TABLE 1 (continued)

Year Observation

protein import are briefly summarized. In most cases we tried to select
only those references reporting a oen.nm observanon for the first time.
As a many to our present
understanding of import are not cited here.

Year Observation

1975 Ribosomes attached to the outer mitochondrial membrane,
especially at sites o{ :lose contact belween outer :md inner
are im-

port of proteins via contact sites [209)].

1976 Postiranslational import of precursor proteins into mitoch:

1986  Precursor proteins must be at least partially unfolded to be
across the mi i 1{90}].

Intramitochondrial sorting of a precursor protein to the outer
surface of the inner membrane is proposed to occur by a
“stop-transfer’ domain specific for the inner membrane
[278].

Intramitochondrial sorting of a precursor protein to the outer
surface of the inner membrane is demonstrated to occur via
the matrix space (*conservative sorting’ hypothesis) {36).

In addition to the membrane poiential. nucleoside triphos-
phalcs are reqmred for import [98].

dria is demonstrated in vivo. Transtocation requires energy
31}

1977 P i import of into mitochondri:
established in an in vitro cell-free system [38).

1979 Uptake of precursor proteins into mitochondria is accompa-
nied by proteolytic processing [40,55.320,328).
Precursors of ADP/ATP carrier and cytochrome ¢ are synthe-
sized without a cleavable presequence [57.60).
1980 Cytosolic are as high
aggregates [41).
ic extracts of contain the activity for
proteolytic processing of precursm’ proteins [226).
1981 Binding of to is [192].

1982 An energized inner membrane is required for transport of
precursors inwo or across the inner membrane [172,182,213).
Presequences of mitochondrial precursor proteins are hydro-

philic and positively charged {72,215).

The processing peptidase is localized in the mitochondrial
matrix. The enzyme is inhibited by metal chelators and
stimulated by divalent cations [227-229).

ins destined for the intermembrane space are proteolyti-
cally processed in two steps [35,51,52].
Binding sites for apocytochrome ¢ can be titrated {1931
1983  Precursors of ADP/ATP carrier and of cytochrome b, specifi-
cally bind to de-cnergized mitochondria in vitro. Upon
re-energization import from the binding sites takes place
[183,184,191),

Proteolytic processing is not mmml for lranslomnon of a

cleavable precursor across both

weight

«a-helix is proposed to be a common secondary
structure of mitochondrial presequences [144,1442.156).
Posmvely charged artificial amino acnd sequences can direct

* proteins into mi {160}
1987  Nucleoside \nplmspham are necessary to ksep precuvsor pro-
teins in a ion [100,101,
217).

Translocation into and out of the mitochondrial matrix by a
bipartite targeting signal is demonstrated [187).

Specific import information can reside in non-amino-terminal
(carboxy-terminal) precursor parts [145,147}.

1988  Mitoch: (MPP) and the
enhancing protein” (PEP), are purificd and identified as
essential components involved in import and asse.nbly of
proteins into mitochondria [233).

PEP is identical with the product of the MAS / gene {236) and
MPP is identical with the product of the MAS 2 genc
[236a). which can complement the respective yeast mutants
defective in proteolytic processing of precursors.

GIP, *a general insertion protein’, is proposed to be a common
insertion site in the outer membrane receiving precursor
proteins from different classes of surface receptors [169).

Members of the hsp 70-family of heat-shock proteins appear to
be involved in keeping precnrw proteins deslmed for
different ina
tion [107-109}.

1248).
Assembly of in vitro imported proteins is demonstrated
(73,300}

1984 The presequence of a mitochondrial precursor protein si suffi-
cient to direct a cytosolic ‘passenger’ protein into
mitochondria [110,111].

1In addition to i ion for targeting, i for sort-
ing to the correct mitochondrial subcompartment can lie in
the amino-terminal region of a precursor (‘stop-transfer’
hypothesis) [135].

1985 Sufficient information for targeting to mitochondria and for
import into the matrix can be contained in the amino-
terminal half of a pmequeme ma}

Positive charges in the are i
for import of a precursor protein [151).

Import of precursor proteins occurs at contact sites betwecn
outer and inner mitochondrial membranes [45).

Only the electrical component Ay of the total proton motive
force is required for translocation of precursors into the
mitochondrial inner membrane {171).

carry informa-
tion for the ing of p F ins to

itochondri are required for
the unfolding of the p prior to import.
(ii) Precursor molecu!es speclﬁcally bind to proteina-
ceous receptors on the surface of mitochondria. (iii)
Precursor molecules are then translocated across the
membrane(s) and sorted to one of the four mitochondrial
compartments (outer membrane, intermembrane space,
inner or matrix). Ti into or across the
inner membranc occurs at contact sites between outer
and inner t and is dependent on the mem-
brane potenual (4¢) across the inner membrane. (iv)
Pr g of p ins to their mature size —
or to an intermediate form in the case of several inter-

b space p: - by the metal-ion d d

processing peptidase takes place in the matrix. (v) Ad-
dmona. processing steps occur during impest including

t and lent modifications such as heme-
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attachment, iron-sulfur cluster formation and confor-
mational ch The intermedi ized forms of in-
ter t space p have to und a second
proteolytic event by a so far uncharacterized
proteinase(s). (vi) Finally, many imported proteins are

bled into suf lecular protein )! The
principles underlying these final assembly processes are
poorly understood and are complicated by the fact that
several protein complexes, like the proton translocating
complexes of the respiratory chain and the F;F, ATPase,
are formed by cytoplasmically as well as mitochondri-
ally synthesized subunits.

were chosen [26,27). On the other hand, protein trans-
port into mitochondria could also occur during cham
elongation (see below and Section VI-C),

These considerations are not limited to eukaryotic
organisms. In prokaryotes, protein translocation has
also been shown to be independent of elongation
[13,28-30]. Il is | now vndely agreed that cotranslational
and p ion merely reflect kinetic
differences and not principle imechanistic differences.
The folding state of a precursor protein, however is
nmponant for its ! p Y,

the p: to be in an un-
folded conformanon This seems to be very dxfﬁcull or

L. Cytosolic p

of mitochondrial protei ible for pletely 4 v p
The state of folding of proteins may theref
111-A. Co- vs. posttranslational translocation differ when imp lationally pared to

Two principle for the of
proteins across biological membranes have been dis-
cussed during the last decade. In both cases, protein
synthcsis starts on free cytoplasmic polysomes. During
cotranslational transport, the nascent polypeptide chain
is directed to the target membrane as it emerges from.
the - nbosome Translocation then takes place while

For 1 location across
the endoplasmi iculum (ER) b can be dis-
sected i mlo the following steps [4-13]: following synthe-
sis of a critical length of the polypeptide, the signal
recognition particle (SRP) - a ribonucleoprotein com-
plex — binds to the peptide chain. Under certain condi-
nons the binding of SRP causes elongation arrest which
is ly rel d after the pl ing of
pf‘l ysomes, polypeptlde and SRP) has bound to the ER
via the docking protein (SRP receptor). Insertion and
translocation of the polypeptide across the ER mem-
brane then occurs after synthesis is resumed. Amino-
terminal sngnal pepndes, if presem, are cleaved off by

posttranslationally and require special events. particu-
larly in the latter case, to ensure import competence.
These aspects will be discussed in detail in Sections
H1-C and VII-C.

The first evidence showing that mitochondrial pro-
teins can be imported posttranslatior.ally came from in
vivo experiments with intact cells [31-36). At various
times after a pulse with radioactive amino acids, cells
were fracuonated and labeled precursor proteins were

itated. The foll observauons were
made: (i) labeled proteins first app d in a cytosoli
pool in soluble form and were detected in mitochondria
only after a certain lag period; (ii) the kinetics of
appearance in mitochondria varied for different pre-
and (iii) location into hondria con-
tinued Juring chase periods after the inhibition of pro-
tein synthesis with cycloheximide.

These findings were sut iated by lishing in
vitro assays for the import of mitochondrial protems
were d in a cell-f 1

system derived from postmitochondrial supernatants of

the signal pep bunit protein plex re-
siding on the Iummal face or in the membrane of the
ER [14],

In posttranslational transport, proteins bind to and

are inserted into the target membrane after their synthe-
sis is pleted and the polypeptide has been released
from lhe polysome This type of membrane insertion is

in hondria and chloropl as well
as in peroxisomes and glyox:somes [15-17]. It is note-
worthy that lati and p lational modes

of insertion can coexist and are nol mutually exclusive.
Recently, repons from several laboratories have de-

p crassa or from rabbit reticulocytes. After

lati were el d to the postribo-

somal supematam. Isolated initochondria, added to such

a supernatant, were able to import these precursor

proteins [37-41). This demonstrated that proteins could

be imported into mitochondria after hesis of the
polypeptide had been completed.

In a number of cases, translocation may follow a
cotranslational mechanism in vivo. It has been shown
that cytopl 80 S rib were tightly hed
to yeast mitochondria after inhibition of el i
with cycloheximide [42--44). Two-thirds of lhe ribo-

scribed p location across the FR somes remained bound after washing at high ionic
membrane for a number of protems [18-25). The con- strength but could be subsequently released with
cept of hanistic hesis and puromycin, indicating that they were coupled to the
translocation was pnmanly due to the temporal correla- nascent polypeptide chain and probably m state of
tion of both Even the transl ion that ion across the mi ial (In
occurs during syncheu; has been shown to be indep these experi it was not demonstrated whether the
dent of elongation if suitable exp 1 diti pl P were 11 the




mitochondrial membranes. Using a different approach,
however, it was recently shown that the amino-terminal

parts of p could be 1! d into

TABLE 1

Nuclear coded mitochcrd:.

! precursor proteins
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the mitochondrial matrix (where processing occurred)
while the major domain of the polypeptide was still in
the cytosol [45] (also see Section VI-C.).) In vitro trans-

Cytoplasmic precursor proteins whose import has been studied in vitro 0. in some detail in vivo are listed according to their submitcchondrial
localization. For the intermembrane space. only soluble or loosely attached membrane proteins are listed. Inner membrm proteins largely nposed

1o the §

space fag., cyl

¢; and the Rieske Fe/S protein) are found with their

ry chain
apparent molecular mass as well as the number of ammo acxds for precursors and processed l'orms are gvm Whﬂe determined, ccrlam

characteristics of the import pathway are spocified. nd., not WNTPs,
Compart-  Protein Organism  Apparent molecular mass NTPs  Import Refs.
ment (amino acids) requires Ay  occursat
precursor  inter- mature receptot contact
mediate sites
Outer
membrane  70kDa protein  yeast 70kDa 70kDa nd. nd. no nd 134-137, 302
©17 617
porin yeast 29kDa 29kDa nd. nd. no nd 48, 49,303
(283) (283)
porin N.crassa  31kDa 31kDa yes yes no nd 47,79,103,167,
83 @83 169
rat 34 kDa 34kDa ad. yes no nd. 304
(nd) (nd)
Intermem-
brane
space cytochrome b, yeast 68kDa  63kDa 53kDa yes  yes yes  yes 51-54, 102,187,
(591) (nd) {511) 269
cytochrome-¢ yeast 395kDa  nd. 32kDa nd. nd. yes nd. 53,215
peroxidase (362) (2%4)
cytochrome ¢ N. crasse: 12kDa 12kDa nd. yes no nd 39, 57, 188, 192-1%4,
o7 107 207, 387
rat 12kDa 12kDa  nd. nd. no nd 58
(104) (104)
Inner
membrane  Complex 1H
(bey-complex):
Subunit 1 N. crassa 51.5kDa 50kDa nd. nd. yes nd. 35
(nd.) {(nd.)
yeast 445 kDa 44kDa nd. nd. yes nd. 66
(nd.) (nd.)
subunit 11 N.crassa  45kDa 45kDa  nd. nd. yes ad. 35
(nd.) (nd.)
yeast 40.5 kDa 40kDa nd. nd. yes nd. 66
(nd) (nd)
subunit IV N.crassa  38kDa 35kDa  31kDa yes nd. yes  yes 35, 45, 187, 206, 272
(cytochrome ¢,) (332 (305) (262) Stuart, Nicholson,
and Neupert, unpubi.
data
yeast 37kDa 35kDa  31kDa nd. nd. yes nd. 52,241,271
(309) (nd) (248)
rat 33kDa nd. 30kDa nd. nd. ad. nd. 305
(nd) (nd.)

Table 11 continued overleaf.
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TABLE II (continued)

Compart-  Protein Organism  Apparent molecular mass NTPs  Import Refs.
ment (amino acids) Tequires Ay occursat
precurscr  inter- mature receptor contact
mediate sites.
Inaer
membrane subunit V N.crassa 29kDa 26kDa  25kDa nd. yes yes  yes 35, 36, 263
(Rieske Fe/S) (231) (207) (199)
yeast 27kDa ad. 25kDa nd. nd. nd. nd 280, 306, 307
(215) (185)
rat 30kDa nd. 24kDa nd. nd. nd. nd 305
{nd) (nd)
subunit VI N.crassa  14kDa 14 kDa nd. nd. nd. nd. 35
(nd) (nd)
yeast 25kDa 17 kDa nd. nd. nd.  nd 66,149
(nd.) (n.d)
subunit VII N.crassa  12kDa 115kDa nd. nd. yes  nd. 35
(nd) (nd)
yenst 14kDa 14kDa nd. nd. nd. nd 66, 308
(nd) (nd.)
subunit VIII N.crassa 11.6kDa 11.2kDa nd. nd. nd. nd 35
(nd) (nd)
yeast 11kDa 11kDa nd. nd. nd. nd. 66
(nd) (nd)
Complex IV
(cytochrome oxidase):
subunit IV yeast 17kDa 14kDa nd. nd. yes  nd. 112,113,312
(155) (130)
rat 19.5 kDa 165kDa nd. nd. nd. nd 310,311
(liver) (nd) {nd)
rat 18 kDa 16.5kDa nd. nd. nd. nd. 309
(hepatoma) (n.d.) (nd)
subunit V yeast 15 kDa 125%Da  nd. nd. nd.  ad 312-314
(153) (133)
rat 15 kDa 125%Da  nd. nd. nd.  nd. 311-313
(n.d) (nd)
subunit VI yeast 17-20 kDa 125kDa nd. nd. nd. nd 312, 313, 315
(148) (108)
subunit VI yeast 5-75kDa 5-75kDa ad. nd. nd. nd 312
(nd) (nd.)
ATPase-F,
complex:
subunit 1 yeast 64 kDa 58 kDa nd. nd. yes  nd. 40, 313, 351
(Fra) (544) (nd)
subunit 2 N. crassa 56 kDa 54kDa yes yes yes  yes 45, 101, 248,
(F,B) 519) (nd) Rassow and
Neupert,
unpubl. data
yeast 56 kDa 54 kDa yes nd. yes  yes 40, 100, 212,
(511) (492) 313,316
human 54.5 kDa 51.5kDa  nd. nd. nd. nd 353
(539) (480)




TABLE II (continued)

Compart-  Protcin Organism  Apparent molccular mass NTPs  Impont Refs.
ment (amino acids) -
requites Ay  occursat
precursor  inter- mature receptor contact
mediate sites
Inner subunit 3 yeast 40 kDa 34kDa nd. nd. yes  nd. 40, 46, 313
membrane  (F.,) {nd) (nd)
subunit 4 N. crassa (nd) (nd) nd. nd. nd. nd a7
(Fg) (165) a39)
F-inhibitor  yeast 12kDa 10 kDa nd. nd. yes nd. 318,319
(nd) (nd)
ATPase-Fy
coinplex:
subunit 9 N. crassa 164kDa  13kDa 105kDa  nd. yes yes  nd. 72,73,180. 203,
(ATPase IX, 147) 12 8n 21,320
proteolipid)
bovine (nd.) (nd) nd. nd. nd. nd 148
136) 5
(nd) (nd) nd. rd. nd. ad i48
(143) 5
ADP/ATP N.crassa 32kDa 32kDa yes yes yes  yes 41.60. 61. 101,
carrier 313 (313) 172
yeast 31kDa 31kDa nd. nd. yes  nd. 138,139
(309) 309)
rat 30 kDa 30 kDa nd. n.d. nd. nd. 309
(nd.) (n.d.)
Cytochrome  bovine 60 kDa 56 kDa nd. nd. yes  nd. 249, 321
P-450gcc (520 (418
Uncoupling  rat 32 kDa 32kDa nd nd. nd. nd 62,63,142
protein (306) (305)
Matrix alcohol yeast nd. nd. nd. nd. nd. nd 123,322
dehydrogenase 111 (375) (348)
aspartate rat 48 kDa 45 kDa ad. nd. yes  nd. 323
aminotransferase (439 (410)
chicken 48 kDa 45kDa n.d. nd. yes nd. 80. 360
(423) (401)
carbamoyiphos- rat 165 kDa 160 kDa nd. nd. nd. nd 81, 85, 324-327
phatz synthetase (1500) (1462)
citrate N. crassa 50 kDa 47 kDa nd. n.d. nd. nd 328
synthetase (n.d.) (n.d.)
yeast 50 kDa 47kDa nd. nd. nd. nd 230, 356
7480) (441)
fumarase P1 rat 50 kDa 45kDa nd. nd. yes  nd. 329
(nd) (nd)
2-isopropyl yeast 65 kDa 65kDa  nd.  nd yes  nd. 58-70
malate synthetase (619) (nd.)
lipoylsuccinyl porcine 54-56 kDa 48 kDa nd. nd. yes n.d. 330
transferase (nd) (nd)
malate rat 45.5-46 kDa approx.
dehydrogenase (338) 44 kDa nd. yes yes nd. 332-334
19)

Table 11 continued overleaf.
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TABLE II (continued)
Compart-  Protcin Organism  Apparent molecular mass NTPs  Import Refs.
meat (amino acids) requires Ay  occursat
precursor inter- mature receptor contact
mediate sites
Matrix Mas I protein yeast 50-51 kDa 48 kDa nd. nd. yes  nd. 236
(462 (nd)
ornithine rat 49kDa 43kDa nd. nd. nd. nd 335,336
aminotrans- (439) (414)
ferase
wtnithine rat 39kDa approx.  35kDa nd. nd. yes nd. 83, 213, 227, 240,
transcarb- (354) 36kDa (322) 325, 337-339
amylase (330)
human 40 kDa 36 kDa nd. nd. nd.  nd 173,343
(354) (322)
2-oxoglutarate porcine 98 kDa 96 kDa nd. nd. yes  nd. 330
dehydrogenase (n.d.) (nd.)
serine-pyruvate  rat 458 kDa 432kDa  nd. ad. yes nd. 331,362
aminotrans- (14 (39%0)
ferase

lation of the mRNA extracted from ribosomes bound to
mltochondna showed that they were enriched in mRNAs
di hondrial p [46], but that only part

gories: (i) precursors must be soluble in the cytosol; (ii)
they have to be specifically recognized by mitochondria;
and (iii) they have to assume a conformation which is

of the total mRNA for any given mitochondrial pre-
cursor was recovered from the bound polysomes, the
rest being assoclated with free cytoplasmic polysomes.
Thus, 1 protein 1 into mito-
chondria appears possible, at least under suitable ex-
perimental ccnditions (e.g., after inhibition of elonga-
tion with cycloheximide), but it is clearly not obligatory

for location into or across membranes.

Mote than 40 different precursor proteins destined

for import into either the matrix compartment or into

the inner membrane have been analyud to date (Table
in. Most of themcarry bl

Pep

| whose and

for protein import. In vivo, the majority of mitochon-
drial protein import might even occur cotranslationally
at contact sites between onter and inner membranes,
since N-terminal targeting sequences would emerge from
the ribosome before the completion of polypeptide
synthesis.

will be di d in detail below (see Section
1V-B). Several precursor proteins, however, are synthe-
sized without a cleavable peptide extension. For exam-
ple, none of the known outer membrane proteins con-
tains a cleavable presequence. Besides the channel-for-
ming protein porin [47-49), threc functionally unchar-
actenzed proteins of the outer membrane, having a

Ta pect, the d ion of p lational
“mport has been most useful in proving the mechanistic
independ of translation and transl ion. There-
fore, instead of the definition of cotranslational trans-
port as being the strict ling t

lar mass of 70, 45 and 14 kDa, have been
analyzed [49]. A 35 kDa protein of rat liver mitochondria
{50] might represent an exception. On SDS-poly-
acrylamide gels, the newly synthesized protein appears

pling
and translocation, it is more appropriate to consider it
as transport occurring during translation.

111-B. Properties of cytoplasmic precursor proteins

What is so unique about precursor proteins that they
can be translocated across membranes in sharp contrast
to their mature counterparts, and what are their func-
tional, structurai and physical requirements? In general,
features of precursors which must be different from
their respective mature proteins fall into three cate-

as ap having a slightly higher molecular weight.

data, h , will be d to confirm
whether proteolytic processing of this outer membrane
protein occurs or not.

Most proteins imported into the intermembrane
space, such as cytochrome b, [51-54], cytochrome ¢
peroxidase [53,55] and suifite oxidase [56), contain
cleavable presequences. O the other hand, cytochrome
¢ [39,57,58] and also possibly adenylate kinase [59] do
not, It seems noteworthy that the impori pathway for
cytochrome c is very different £ from that of the rest of
the inter b space p lyzed so far (see




Sections VI-B and IX-B). It might be possible that other
inter b space proteins without cl prese-
quences follow a cyiochrome c-like import route.

Quite a number of inner membrane proteins do not
contain N-terminal extensions, including the ADP/ATP
carrier [60,61], the closely related uncoupling protein of
brown adipose tissue [62-65], subunits VI (14 kDa) ard
VHI (11 kDa) of Neurospora {35] and yeast 166] com-
plex III, and subunit VI of bovine complex II
(ubiquinone-binding protein) [67]. Of the matrix pro-
teins, 2-isopropylmalate synthetase ard 3-oxoacyl-CoA
thiolase are. the only twe known examples of precursors
not a bl {68-71] (also see
Section IV-A)

Many nmporled mitochondrial protcins are integral

ptides. The question that arises then is
which fealutes confer solubxlny ic the cytoplasm to
their p ? Amino- qr which
are important for the targeting of proteins certainly play
a role also in this regard. Subunit 9 (ATPase IX, proteo-
lipid or ‘dicyclohexylcarbodiimide (DCCD) binding

9

respective mature forms. For the ADP/ATP carrier,
these conformational differences can be clearly demon-
strated by the binding of the specific inhibitor
carboxyatractyloside. While the precursor does not bind
carboxyatractyloside the mature form does. Both forms
can be distinguished by their different behavior onr
hydroxyapatite in the p of b
atractyloside. The precursor binds to hydroxyapatite,
whereas the correctly assembled and functionally active
carrier passes through the column. This is true for both
the ADP/ATP carrier imported in vivo and in vitro
{78). The binding properties to hydroxyapatite are there-
fore useful as critericn to test for import and correct
bly in ituted import The p

to the ADP/ATT carrier also occurs in the cytoplasm
in higher molecular weight complexes of 120 and 500
kDa [41].

Similar to the ADP-ATP carrier. the precursor to
porin has to go through a conformational change to
become the functionally active mature protein, which is

bedded in the phosph "," bllayer of the outer

protein) of the F,F, ATPase from N. crassa is an
excellent example of how this occurs; the mature part of
the protein, consisting of 81 amino acids, is very hydro-
phobic. The precursor, however, carries a highly hydro-
philic 66 ami id residue p i [72] (Table
111, Fig. 1). Transport of subunit 9 through the cyto-

as a dimer. | gly, this co 1}

change can be i by acid-b: of the

lubilized bled porin whereby chemical

of import soluble p can be
produced [79].

Under physiological diti newly hesized

plasm is accomplished in the form of high mol
weight aggregates [73]. In these aggregates, the prese-
quences probably face the aqueous surroundings thus
rendering solubility to the whole complex. In fact, most
precursor proteins seem to form such aggregates. Other
examples include subunit V of cytochrome oxidase {74]
and rat mitochondrial fumarase [75], although in the
latter case solubility in an aqueous environment is not
likely to pose a problem. It is unknown whether the
cytosolic high molecular weight aggregales are homo-
ligon of the p or whether further
components are mvolved in the formation of these
complexes. An interaction b different mitochon-

have to stay in the cytoplasm for
only a very short tlme before they are taken up by

ia. of p in the cyto-
sol of growing cells, h , can be achieved if lmport
is blocked by inhibition of ihe b

across the inner mitochondrial membrane with uncou-
plers of oxxdauve phosphorylauon such as carbonyl-
(CCCP) [34]. Prob-
ably due to their unfolded structure, cytosoic pre-
cursors are rapldly degraded compared to their nature

For le, the h.lf-life

drial precursor prolcins does not appear to be ired

of p to yeast cy ¢; [34}, chick .:spar-
tate ami £ {80] and rat liver carbamoyighos-
phate h (81} was found to be in the range >f 2

for the formation of the aggregates, since synthesis of a
single precursor species (derived from cDNA clones) in
rabbit reticulocyte lysates also leads to the formation of
soluble and import-competent aggregates (Pfanner and
Neupert, unpublished data). Experiments in which dis-
tinct internal regions of the precursor of the F; ATPase
subunit B were deleted suggest that a sequence neces-
sary for the formation of tetramer aggregates lies be-
tween residues 122 and 144 [76,77). It is unknown,
however, whether this segment is a specific tetramer-for-
ming sequence or a domain which is highly important
for the overall folding of the precursor.

In she case of precursors without cleavable prese-
quences, solubility is aiso most probabiy conferred by a
conformational arrangement different from that of the

to 10 min. The precursor to yeast F; ATPasc subunit 8
seems to be more stable with a half life of 50 mm {24].

This has allowed the of radi !
pure F,8 precursor [82] It seems possxble that the
different half-lives of p P are infl !

by their ability to interact with cytosolic cofactors whick
have been found to be required for proiein import into
mitochondria [76,82-89] (see Section I11-D).

HI-C. Cytosolic unfolding of precursors

In addition to features which enable the rolubility of
precursois in the cytosol, conformauon is a'so of great
importance for p to be P for
import into muochondria For example. the import of a
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fusion protein between the presequence of subunit IV of
cytochrome oxidase (Cox 1V) and dihydrofolate re-
ductase (DHFR a cytosolic protein) could be blocked

ent organelles. A yeast strain which was depleted in
three genes of the SSA subgroup of hsp 70-related loci
accumulated in vivo the precursor of prepro-a-factor (a

by b a strong p of
dihydrofolate reductase [90]. It was demonstrated by
this approach that a protein having a stably folded
structure cannot be translocated across the mitochon-
drial membranes. Essentially the same conclusions can
be drawn from recent experiments on the lmporl of a
fusion protein t the 382 ami
of ATPase F, 8 and 61 residues of yeast copper metal-
lolhxonem {911. Addition of copper to import reactions
block 1 of the due to the ter-
tiary conformation of the metallothionein portion in-
duced by binding of the metal ligand.

The importance of conformation for protein translo-
cation may also be emphasized by the following find-

ings: the p | of mitochondrial su-

peroxide alsmutase was able to direct DHFR as a
¢passenger’ protein to mitochondria but not cytosoli

‘minal

y protein) in the cytosol as well as unprocessed
B subumt ol' F, ATPase Purified yeast hsp 70-like
ion in vitro of prepro-a-
faclor into microsomes [107,108). In addition to pro-
teins of the hsp 70 fam:ly, yeast cytosohc fractions
da ing activity
which was inactivated upon treatment with N-ethyl—
leimide [108]. Pos lational import of p
contained in rabbit reticulocyte lysates into dog pan-
creas microsomes was found to be enhanced by a simi-
lar system consisting of hsp 70-related proteins and at
least one additional component [109}.

II1-D. Cytosolic cofactors

Several studies have suggested a requirement of cyto-

invertase [92]. Destabilization of the tertiary structure of
the DHFR moiety in a similar construct (presequence
of Cox IV fused to DHFR) by selected point mutations
led to an increased rate and efficiency of import into
mitockes:dria {$3). (‘arboxy»terrmnally truncated forms
of cart iph h were imported less
efficiently than the full-length protein in vivo [94].

Lack of tertiary structure seems to be a prerequisite
for import p For proteins
could be trapped in translocation contact sites such that
the amino-terminus protruded into the matrix space,
while other portions of the precursor molecules were
still outside the outer membrane [36,45,95,96]. A por-
tion of the precursor protein was thus spanning the two
mitochondrial membranes. Since the transmembrane
distance was larger than the diameter of the assembled
polypeptide chain, the precursor polypeptide was at
least partially ided. This d that pre-
cursor proteins were indeed unfolded during transloca-
tion into mnochondna it has been proposed that

ATP-d d (‘unfoldases’) are
Juil lo keep p proteins destined to diff

or lles in a translocati p conformation

{97]. It was recently shown that mitochondrial p-otein

import also required ide triphosph (NTPs)

[98-103] and that NTPs are very likely necessary for
unfolding of precursor proteins (see Section VII-C).

A number of reports described the dependence of
mitochondrial protein import on proteinaceous cyto-
solic factors (see below). It is not known, however,
whether these cofactors are related to the req

solic  cof: for hondrial protein import
[76,82-89]. The cofactors were partially characterized
and determined to be of proteinaceous structure
[76,82-84,86] and to possibly contain RNA [85]. Argan
and Shore proposed that a protein of 50 kDa formed &
complex with the precursor of ornithine transcarba-
moylase [86). Recently Ono and Tuboi [89] reported the
partial purification of a cytosolic factor which was
active in forming a complex with the chemically synthe-
sized presequence of omuhm nrmnotransferase. Binding
of the prepeptide to h ia was d dent on the
presence of this factor. In another smdy, the specific
bmdmg of the ADP/ATP carner precursor to the
drial surface a

which was present in r;bbn reticulocyte lysate and
which i d with isolated mitochondria [88). The
exact nature and fi of these lic cof:

Y
remains elusive so far. It is possible that they play a role
in conferring solubility to cytosolic precursors, in the
formation of higher molecular-weight precursor aggre-
gates or in keeping precursor proteins in an import
competent conformation.

IV. Mitochondrial targeting signals
1V-A. Cleavable and non-cleavable targeting signals
Many different proteins of various final destinations

are synthesized on the same cytosolic polysomes. This
then implies that the information for the correct in-

of NTPs and of the proposed unfoldase. Recent evi-
dence points to the possibility that members of the 70
kDa heat-shock protein (hsp) family (for review see
Refs. 104-106) are involved in ATP-dependent unfold-
ing of precursor proteins destined for import into differ-

tracellular location must reside within the protein itself
(F:g 1). Our functional understandmg of the role of
'minal preseq; in ial protein

import is mainly based on a number of experiments
with fusion proteins during recent years. Hurt et al.
[110] and Horwich et al. [111] were the first to demon-



hondri

strate that the p of a 1 protein
could direct a cytosolic protein, mouse dihydrofolate
reductase (DHFR), into mitochondria. The coding re-
gion for the 25 amino acid presequence of cviochrome
oxidase IV (Cox 1V) {112], an inner membrane protein,
was fused to DHFR, and the resulting fusion protein
was successfully imported into the m:atrix and processed

1

Similar experiments were performed with the prese-
quences of a number of other mitochondrial precursors.
Horwich et al. {111] have shown both in vivo and in
vitro that the 32 id residue p 3! of the
matrix enzyme ornithine transcarbamoylase (OTC) can
direct DHFR into mitochondria. On the other hand,
import expenmems with a construct of human OTC

by the p ing peptidase {113). If i p g only the ﬁrst 12-16 amino acid
of ammo acid residues were deleted ‘rom the carboxy- id of the p d that the

1 side of the p g the 2 ami ammo-termmal portion of the presequence was not
residues of the presequcnce were found to contain suffi- ly required for o hondria, while

cient targeting information. On the othcr hand, deletion
of the first seven amino acid residues zbolished import
and the mature Cox IV was 2:ither imported i in uvo
nor in vitro [110,114]. For ali «f il ab

the middle portion of the prepeptide (amino acid re-
sidues 8 through 25) was required and sufficient {115].
The p of the ami minal portion of the

constructs, the imported protein was found in the ma-
trix compartment but not the inner membrane. This was
also the case when the entire presequence plus the first
28 amino acids of native Cox IV were fused to DHFR,
indicating that information for intramitochondrial sort-
ing to or assembly into the inner membrane must reside
in the remaining amino acids of the mature protein
f113].

Mitochondrial
Targeting Signal

+
Intramitochondrial
Sorling Signal

A

q which by itself was not sufficient for
targeung. seemed to increase the import efficiency of
the construct. On the other hand, for the precursor of
rat OTC it was suggested that an amino-terminal a-helix
in the prepepiide is important for targeting of the
precursor to mitochondria [116,117). The amino-termi-
nal region is the most conserved one in the signal
sequences of rat and human OTCs (also see Section
1V-B).

itochondrial targeting signals identiied
o e o e S (e
Hypothetical mitochondrial targeting signals

Sorting domains in the presequence identified
- by gene fusion experiments

mﬂlum'wmmvwmmg

A [ Outer Membrane 38 70 kd protein a0 er7
o
|
A Cytochrome ¢ 309
Inner Membrane Fo ATPase Su & . —ee
\ NY N
95 ADP/ATP carrier 200 250 313
Matrix 4!
241 T32 Ornitkine transcarbamylase 354
Fig. 1. of domains in

Pprecursor proteins important for targeting and intramitochondrial sorting. For a number

of mitochondrial precursor proteins having different submitochondrial locations, a functional role in targeting to mitochondria and in-
tramitochondrial sonmg has been assngned to specuﬁc structural segments. Mitochondrial targeting signals are typically hydrophilic and positively
charged in ptides. In most cases they are cleaved off during import. Targeting signals can also reside in
internal parts of the protcin (¢.3. ADP/ATP umer) In addition to targeting signals, sorting signals are found in amino-terminal sequences (e.g. 70
%Da outer membrane protein, cytochrome ¢, ). They often contain a stretch of hydrophobic amino acids of variable length. In the case of proteins
which are soluble in the intermembrane space or which have a Inry: domain exposad to the intermembrane space, complex presequences are
proteolytically cleaved in 1wo steps (e.g. o). for i sorting can also reside in the mature protcin part (e.g.
F, ATPase subunit 9) (for details see Seclmn IX). 'l'he respective cleavage site of the matrix processing peptidase is indicated by an arrow, the
cleavage site for the sccond ing step of 'S ing at the outer surface of the inner membrane) by an open
arrowhead. Charged amino acid residues in functionally relevant domains ase indicated.
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Gene-fusion studies with E. cah s il idase or
yeast invertase as * d d the
targeting function of the 9 an-uno-lermmal residues of
the of &-aminolevuli ynth [118]

hesis of the cy form. Only about 20% of
total cyclophilin was found in mitochondria, the re-
maining 80% being located in the cytoplasm, corre-

and !he 27 amino-terminal residues of F; ATPase sub-
unit B [119-121]. Interestingly, the precursor of F,8
seems to contain redundant targeting information in the
amino-terminal region of the precursor protein [122].
Sequence cormparison and gene fusion experiments
with the three i of alcohol dehydrog
(ADH I-1II) coafirmed the conclusions from these ex-
periments on the importance of the presequence for
targeting [123). While ADH I and II are located in the
cytosol, ADH I3 is located in the mitochondrial matrix.
Only newly synthesized ADH III carries an amino-
terminal presequence of 27 amino acid resid The

ponding to the relative amounts of the twc mRNAs
synthesized. It is unknown so far how initiation of
transcription at either the first or second transcription
start site is regulated.

Precursor proteins without cleavable presequences
obviously contain the targeting signals within the ma-
ture part of the protein. In principle, targeting signals
can either reside in a certain stretch of amino acids
(terminal or internal) or result from a specific teriiary
structure of the molecule as it has been hypothesized for
proteins imported into gl; of Tryp
brucei [133]. For muochondnal proteins there is no

sequence similarity between the mature parts of the
three forms is between 80 and 90%. If the ADH III
presequence was fused to ADH 11, the resulting con-
struct was imported into mitochondria, thus demon-
strating that the p or at of an amino-termi-
nal targeting sequen-e can determine whether a protein
is located in the cytoscl or within mitochondria.

id for targeting signals so far.

In the case of the yeast 70 kDa outer membrane
protein, which no cl ‘| suffi-
cient information for targeting and somng was found in
the first 41 amino-terminal amino acid residues
[134-137] (Eig. 1). Amino acid residues 1 through 12
contain the mitochondrial targeting signal. The follow-
ing hydrophobic segment (amino acid residues 10

This has also bzen shown most convi ly for
isoenzymes, having di locations within the cell,
which are encoded by the same gene (for review see Ref.
124}. In the case of yeast histidinc-tRNA synihetase,
two transcription starts of the nuclear gene were identi-
fied, both of which were physiologically d [125).

hrough 37) was p d to anchor the protein in the
outer membrane (‘stop-transfer’ hypothesis, see Section
I1X-D).

Studies with yeast ADP/ATP carrier showed that
the first lll 115 amino acid residues were sufficient for

Transcription starting at the first initiation site pro-
duced a longer mRNA coding for the mitochondrial
isoenzyme precursor that carries an amino-terminal pre-
sequence. If the first start codon of the longer mRNA
was deleted bya the itochondrial

directil B-gal idase or DHFR passenger into
-mtochondna [138,139). Within this region, the targeting
signal was found to be contained in the segment re-
sidues 72 through 97 [139). The constructs were, how-
ever. arrested at an mtcrm-.dmle stage of the import-

was not k d. ting in respi defici

Initiation of translation at the second m-fmme start
codon, however, still occurred and the cytosolic isoen-
zyme was produced. The same observations were made
for the gene encoding valine-tRNA synthetase [126]. On
the other hand, for methionine-, tryptophan- and
i ine-tRNA h lhe i of distinct
genes coding for the cytopl and hondrial

I ingly, the ADP/ATP carrier consists
of three domains of about one hundred amino acid
residues each which are homologous to each other
[61,138,140]. This structure was suggested teo have
evolved by triplication of an ancestral gene [141}. It
therefore seems possnble that each of the three domains

1 signal seq [3] (Fig. 1). Indeed,
a slletch of 20 amino acid residues is present in the

forms has been demonstrated [127-130}. Other exam-
ples where the subcellular location of a protein is de-
termined by initiation of transcription at either one of
two start sites include the genes for 2-isopropylmalate
synthase [69,70] and for yeast fumarase [131]. In all of
these cases two proteins are synthesized but only the
larger one is imported into mitochondria. The same
principle is followed in the intracellular sorting of
cyclophilin (the cyclosporin A-binding protein) of N.
crassa recently studied in our laboratory [132]. Two
mRNAs are transcribed from the same gene. The longer
mRNA codes for a precursor protein of 24 kDa which
was imported into mitochondria and p: lyticall

processed in two steps. The shorter mRNA du*ects lhe

carboxy-terminal half of each domain, which carries
positive but no negative charges and is predicted to
form an a-helical [142] and theref
of dri 1 [143, 144] (see
Section IV-B). A truncated ADP/ATP carrier lacking
the N-terminal third of the precursor polypeptide was
found to be competent for import into mitochondria
{145]. The import of truncated ADP/ATP casrici
showed all characteristics of the import of the authentic
protein, demonstrating that the carboxy-terminal two-
thirds contain specific and sufficient targeting informa-
tion.
In the case of mitochondrial 3-oxoacyl-CoA thiolase,
which is made without a cleavable presequence, suffi-
cient information for targeting to mitochondria was




TABLE il
Sequences of amino-terminal prepieces of imported mitochondrial proteins

The amino acid sequences of the prepieces of imported mitochondrial proteins are listed by the single-l amino acid code (beginning from the
N-terminus). Basic (+), acidic (—) and hydroxylated (+) amino acids are indicated. Proteolytic processing sites which are known with reasonable
certainty are indicated by a solid arrowhead, while those which are only predicted cleavage sites (usually by alignment with known sequences of
mature proteins) are marked by open arrowheads. In cases where the cleavage sites are unknown, or where processing does not occur, the first 50
amino acids are listed. The proteins are first grouped according to their intramitochondrial focation, and then according to the rmp:raxory complex
to which they belong or by metabolic function. Most of the proteins presented in this table are as higher

their sequences have been determined from cDNA clones; import and processing have been studied in vitro and in some cases in vwo as well (see
Table 11); and, processing sites have been ascertained by comparison with mature protein sequences. Some, however, are not proteolytically
processed (i.e., sequences 1-3, 75-81) but are presented where they might be of interest with regard to import (in these cases. only proteins where
the absence of a prepiece has been confirmed by the DNA sequence are shown). In a number of instances, amino-terminal sequenc.s arc taken
from the nuclear gene sequences encoding mitochondrial proteins or putative mitochondrial proteins. (For footnotes d-dd see page 15)
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continued

% The amino-terminus of the 70 kDa protein is not removed during import. It is proposed to carry targeting information since it can specifically
direct thlmldm to mitochondria [135,] 136] {Section IV-A).
Porin is not hesized with an N- i the first 50 amino acids of yeast porin have structural features resembling the 70 kDa
outer membrane protein (aligning 70 kDa amino acid 1 with porin amino ucid 5) and have been implicated in mitochondrial targeting [298).
Similarly, the first 18 amino acids of N. crassa porin are able to form an amphiphilic a-helix (as does the yeast porin amino terminus) which
may suppcrt import [103).

4-9 are

T

d in two steps. With the exception of cytochrome ¢, and the Rieske Fe/S protein of the N. crassa
wmplex lll only the second processing site is known. The precursor of N. crassa Fy ATPase 9 (sequence 16) is also processed in two steps, both
by the chelator-sensitive matrix peptidase.
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shown to be contained in the first 61 ammo-.ermmal ammo-termmal extension that might mask a potential
residues (Ref. 71 and Mori, M., personal hondrial targeting signal contained in the amino
tion). The highly } 1 3 yl i of the mature protein (corresponding io the
CoA thiolase is made as a larger precussor with an i ‘minal residues of the mitochondrial

TABLE 111 (continued)
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The importance of carboxy-terminal precursor re-
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In summary, amino-terminal regions of precursors

gions for the import of some p is

emphasized by analysis of an altered apocvtochrome <
[146]. Owing to an unspliced intron, the carboxy-
terminus of apocytochrome ¢ is altered, whercas the
remammg part of the precuror is not affected. This

¢ shows gly reduced bind-
ing to nmochondna and cannot be imported.

For F, ATPase subunit 9, the mature protein part is
involved in specific steps of the import pathway as well.
The presequence of subunit 9 was sufficient to direct
DHFR into mitochondria. When the (hydrophobic) ma-
ture protein part was present, the affinity to binding
sites on the mitochondrial surface and the rates of
import were increased. Precursors lacking such hydro-
phobic stretches, e.g. F; ATPase subunit 8 and altered
subunit 9 precursors, exhibited slow import and only
weak mtemcnon wuh bmdmg sites [147]. We

(preseq or amino-terminal parts of non-cleavable
precursors) cairy essenual mformauon for targeting to
itochondria. There is i id , on the other

hand, that i inal regions are
also specifically involved in largeung and import.

IV-B. Structural prop of targeting

The amino acid sequences of the amino-terminal
extensions of a number of precursors have been analyzed
(Table I1I). Most notably, no significant sequence ho-
mologies have been detected. For bovine F, ATPase
subunit 9 there even exist two isoforms which differ

id y in their prepeptides but have exactly the
same malure protein pan {148). The primary structures
of drial p q -, exhibit several

are nch in posi

P

that hydropk can i the

Yy
h d - 3

Op
(ii) they 1i)

(mainly

efficiency of import (see Secuon V-B).

tack acidic amino acid residues; (iii) in most cases they

o af

EXY

3 = -

5w e 3

« = <&

~

Bovine Cox 1V is equivalent to yeast and N. crassa Cox V.

Synthesis may actually start at the second Met produciag a 22 amino-acid extension instead of 27 amino-acid extension shown. Precursor also
contains a C-terminal ‘trailer peptide’ (...Ser-Gly-Ala-Pl.¢) not present in the mature form. A C-terminal peptide extension has also been
identified in the cytochrome oxidase subunit VIla of yeast (...Lys-GlIn-Glu-Asn; [38.]).

Comparison of bovine F, ATPase 9 sequences with that from N. crassa suggest that they may also be processed in two steps, thouth this had
not been examined.

Cleavage site not identified, but difference between precursor and mature form is estimated to be 2-4 kDa.

Possible cleavage site based on molecular weight difference between precursor and matur: fovms, and on very high homoiogy with cytochrome ¢
peroxidase precursor cleavage site (which is, however, the second processing site and not expected to be cleaved by the matrix peptidase).
Possible cleavage site based on homology with the N-terminus of mature Fy, ATPase 8 from ! batatas.

Possible cleavage site based on homology with the N-ternzinus of bovine mature F, ATPase 8.

Possible cleavage site based on homology with proces.ing sitc~ of ATPase IX from N. crassa.

Possible cleavage site based on alignment with bovine cleavag: .'te.

MAS 1 gene product is equivalent to N. crassa PEP (preceding sequunce). Cicavage site 18 unknowa. Association with inner membrane assumed
by compatison to PEP localization.

A single nuclear gene encodes both the cytosolic and mitochondrial forms. Starting Met of cytosolic form is denoted by an asterisk.

Possible cleavage site based on alignment with N-termmus of cytosolic ADH 1.

First 35 amino acids are to i ial targeting sequence.

Import experiments not published. but a 2 kDa difference between precursor and mature forms are reported [382). First 14 amino acids of
precursor were not sufficient to direct fusions (with S-galactodidase) to mitochondria, bu first 124 amino acids were (intermediate lengths were
not tested).

Prepiece is essimated to be 40-42 amino acids long, but sequence analysis of mature protein suggests cieavage occurs after amino acid 32.
Precursor also appears to be extended at C-terminus by 14 amino acids compared to mature protein [383}.

Adrenodoxin (pBAdx-3) is a second precursor form with a different prepiece sequence than adrenodoxin (pBAdx-4), but a common mature
sequence. The complete N-terminal sequence of pBAdx-3 has not Leen identified. Cleavage site i< based on comparison to pBAdx-4 siic.
Possible cleavage site based on alignment with bacterial ( £. coli) mature sequence.

Import not examined in vitro, but translation products beginning at either Met 1 or Met 17 are both transported into mitochondria in vivo.
Amino-terminus beginning from second ATG (Met-17) has more typical prepiece characteristics.

Amino acids 8-39 have homology with areas of high ic moment identified in other mit
Putative mitochondrial protein involved in RNA maturation; presumably active in matrix.

Not ized with a transient but ami inal 14 amino acids have prepiece characteristics and are proposed to mediate
targeting.

Unlike other prepiece sequences, amino terminus contains an unusually high content of acidic amino acids. Import. however, kas not been
examined.

prepiece

pp not ized with cleavable N. | prepiece. Absence of prepiece not by sequence, but N 125
amino acids are d to have i ling most mitochondrial
> Not synthesized with a transient but N-t 1 20 amino acids are suggested to have properties similar to other miochondrial
targeting sequences.
:" Not a mitochondrial protein, but the 35 N-terminal amino acids are reported 1o direct fusions to mitochondria [165).

Antificial presequences which can direct the mature part of cytochrome oxidase subunit IV to mitochondsia in vivo and restore a Cox
1V-deficient mutant.



16

have a high content of hydroxylated residues; and (iv)
many show the tendency to fold in an amphiphilic
a-helix. One striking exception is the amino-terminal
sequence of the 17 kDa subunit IV of yeast bc,- !

residues by neutral or basic amino acids generating a
less acidic amphipatic helix.
ion]

lysi: d that a num-
ber of mitochondrial have the ability to

which has a high content of acidic amino acid residues
[149]. The pathway of i jort of this protein into
mitochondria, however, has .ot been studied; it may
differ considerably from ilat ci precursors with posi-
tively charged presequences.

How do presequences direct precursors to
mitochondria and what is their role in mediating trans-
port across the mitochondrial membranes? The answers
to these questions are still mostly hypothetical. Prese-
quences may interact with receplors on the surface of

itochondria. Due to their
then spontaneously penetrate mv.o the lipid bilayer. Be-

form amphiphilic hehces, i.e., an a-helix with a hydro-
phobic face and a highly posmvely-charged face
[144,144a]. The of highest hydrop mo-
ment largely coincided with critical targeting regions in
the presequences of cytochrome oxidas» subunit IV
[114], the 70 kDa outer membrane proiein [135] and
human ornithine transcarbamoylase [152], as defined by
deletions and point mutations.

The physical properties of presequences were studied
with syntheuc prepxece pepudes (155~ 158] Roise et al

cause of their positive net charge their

across the inner membrane might follow an electro-
phoretic mechanism whose driving force is derived from
the mitochondrial membrane potential (positive out-
side). Most likely a complex combination of these possi-
bilities is involved.

The critical role of the positive charges contained in

hilic nature they may [156] chemi d three peptid:
the first 15, 25 or 33 amino-terminal resldues of the Cox
! IV p These peptides were wat luble and
inserted sp ly into lipid layers. In ad-

dition, the two longer peptides caused disruption of
lipid vesicles which had a diffusion potential with the
same ori as the mitochondrial b poten-
tial (i.e., negative inside). If the vesicles had a potential
with opposite polamy, the effect was decreased. For the

pi has been di d [150-152,154] ‘When 25 residue peptide, circular dichroism spec-
three argini idues were sub d with glycines in Yy led ind of a-helical structure with
the presequence of human omithin t ‘bamoylase phiphilic ch in the p of anionic deter-

(OTC), the modified precursor was no longer imported
into mitochondria. Notably, h , not just the over-
all positive charge was important, but positive charges

gents. In a similar study a prepiece peptide correspond-
ing to the first 27 amino acid residues of the prese-
quence of OTC d an hiphilic) a-helical

at defined p of the q were y.
For example, substitution of the arginine at position 23
of the OTC precursor with glycine resulted in a com-
plete loss of targeting function [152] (also see Section
VIHI-C); however, when arginine 23 was substituted
with an amino acid residue supporting the formation of
a-helical structure, the modified precursor was imported

duced by anionic phospholipids and was
able to lyse membranes into disc-shaped micelles if
applied at high peptide/ lipid ratios [155). (It is interest-
ing that anionic phospholipids also induce the expres-
sion of a-helical structures within apocytochrome ¢

into mitochondria. From these results it was
that local regions in the midportion of the p

exhibiting a deﬁned secondary structure (most likely

helical) are fi ial. Experiments with
precursors of rat OTC carrying mutations in the N-
terminal part of the presequence have stressed the im-
portance of an a-helical domain at the extreme amino-
terminus (residues 1 through 15) of the prepeptide
{116,117). It was proposed that the OTC presequence
can be divided into two sep heli

[159])R ly, thei with lip of several
hentic p protet hesized with cleavabl
luded preseq was i igated [159a). In this study,
binding of the p was only observed if the
hospholipid vesicles

It was concluded that the potential to form a sided
a-helix is an essential feature for the function of the
presequence {144,144a). As an initial interaction, its
non-polar face was suggested to be buried in the outer
leaflet of the membrane. At the same time, the basic
residues on the polar face would interact with nega-

1-15 and 20-26)
[117] (also see Section IV-A). The functional importance
of a-helical regions in the presequence is also supported
by results of Vasarotti et al. [154] who used a comple-
mentation assay to select for

tively charged phospholipid h The
d by a B-turn ( 16-19) potential across the i mner membrane would then make
location of the prep lly f: bl

This working hypolhesns for the function of prese-
is probabl implifying the physiological

which restored the import of ATPase F,8 whose
amino-terminal targeting signal had been deleted. Dif-
ferem surrogate taigeting signals were found in the

of the tr d F,8 p . The
observed modifications resulted in replacement of acndlc

On \he one hand in a study with artificial
P pep ing almost lusively of
leucme, arginine and serine, Allison and Schatz [160]
found that an amphiphilic a-helix was not essential for
targeting to and import into mitochondria [160] (also
see Table III). P with hip




ither than a-helices were also found to be sufficient for
argeting [161]. Studies with the prepeptide of rat OTC
howed that the peptide bound reversibly to lipid vesicles
:ontaining physiological mole ratios of anionic lipids
157]. The affinity of the peptide for lipid vesncles
1owever, was unaffected by a bil
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dihydrofolate reductase (DHFR). When the first 85
amino acids of DHFR were fused to the authentic
DHFR, the construct was imported into mitochondria
in vitro and in vivo, albeit with much lower efficiency
than DHFR directed by the presequence of Cox IV.

negative inside). There was no evidence that the OTC

de could und p transfer across

he hpxd bilayer.
On the other hand, there is abundam evidence that
are ! parts of the
import hinery (see S V and
VI). Mitochondrial protein import appears to mainly
sccur through a hydrophilic membrane environment
'95]. In a study by Gillespie et al. [162] a synthetic
peptide consisting of the 27 N-terminal amino acid
residues of the rat OTC precursor was able to block thc
import of authentic pre-OTC while a peptide

Arial

Authentic DHFR was not imported. It was suggested
that in the authentic DHFR protein the potential signal
sequence is not exposed to the surface of the molecule.
In the construct, however, the targeting signal (like in

true mitoch would fold inde-
pendently of the aul.henuc DHFR (or the mature pan
of the mitochondrial protein, respectively) and th

enable it to direct import into mitochondria. These
results make it very likely that potential mitochondrial
targeting sequences are hidden in many noa-
mitochondrial proteins [164] and perhaps also in the
mature part of mitoch ins. Indeed, i

of amino acids 16-27 did not [162]. The peptide 1-27
also blocked import of two other mitochondrial pre-
cursors; namely the matrix protein malate dehydro-
genase and the inner membrane component thermo-
genin (uncoupling protem) Ono and Tuboi {89] re-
ported that the ch ide of

ornithine aminotransferase (34 amino acid

of ins to mitochondria has also been
reported for a chloroplasl transit’ sequence [163] {also
see Section 1V-D), sequences selected from the E. coli
genome [166}, and artificial presequences [160). Further-
more, changes of individual amino acid residues at the
amino-terminus of the mature protein part of ATPase
F, 8 allowed import of a precursor protein from which

competitively mhlbned the unpon of several rmtochon-
drial p
ammotransferase, a large subunit of succinate dehydro-
genase, sulfite oxidase and porin. These results suggest
that or later p of the
import machinery are involved which are shared by
these protems It has to be noted that synlhellc preplece
di the b of i

the preseq had been d [154].

These results are surprising, since mitochondrial pro-
tein import has been assumed to be highly selective.
With regard to the q of how mitochondria main-
tain their specific protein composition, it should be
noted that the import of proteins targeted by non-

hondria-specific ing signals in vivo and in
vnro seems to occur at low rates [160,163-165]. In the

mnochondm [143 156,162}, Tlns. however. was not the
case in the of locyte lysate, di
which were used in the study mentioned above [162].

1IV-C. Cryptic and artificial targeting signals

Several recent studics have shown that sequences
which are not specnfxc for mltochondnal pmlem lmpoﬂ
could also target ‘p ins to h
Banroques et al. [163] showed that bl4 maturase of
yeast (which is 1)} ded for by a

( it V and VI) we will discuss
how mnochondnal protein import can be dissected into
several distinct steps, each of which can contribute to
the specificity and efficiency of the import process.
Some of these sleps. like the interaction of precursors
with li can be b d [90,167). Pre-

of mitochondria with low i of
proteinases causes a marked decrease of the overall
import efficiency. Residual import (approx. 10% of the
control value) with slower kinetics, however, is indepen-
dent of p on the surface

gene and synthcsned within the mitochondrion) if cyto-

lated could pl defi-
cient in this maturase without any mitochondrial target-
ing sequence being added. One explanation could be
that a small number of maturase molecules could get

P

of mi ch ia [168]. The mefflclent mltochondnal
import of the chloroplast protein ribul P

carboxylase (small subunit) did not requu'e a pro-
teinase-sensitive receptor site on the mitochondrial
surface {169] (also see Section 1V-D). Apparently, a
precursor protein does not have to interact with all

of the mitochondrial import inery,
but can bypass certain steps. The remaining import,

into using a no iol 1 bypass of

the specific import p Another expl could

be that the ins an i 1 seqr (s) h
which exhibits f of a mitochondrial targeting 11
sequence. Hurt and Schatz [164] have ly d

is of low efﬁclency and is less sn:.lflc, thus
ing p with hondrial

strated the existence of so called ‘cryptic mitochondrial
targeting signals’ within the cytosolic protein mouse

1 to be imported [170]. This bypass-
import still reflects several obligatory mechanistic fea-

tures for location of proteins into mitoch ia.
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precursers must have the ability to insert into the outer
mitochondrial membrane which may be facilitated by
an amphiphilic structure of the signal peptide; and

H logous import into hondria has also been
di d for a p d for a different
lle. The 'minal prepeptide of ribulose-

precursors enter the inner membrane in a manner lhat
is dep on the mitoch ‘-al b

which probably exerts an el effect on the
posmvely charged signal sequence [45 171]. This could
explain why a positive net charge is a common struct-
ura] h logical and artificial

istic of ph

ial targeting seq
The importance of a bypass-import may be over-
estimated when the test system does not measure rates
of import but only distinguishes between growth or
non-growth of cells. In vivo complementation of mutants
which are deficient in a certain mitochondrial protein
by expressing this protein in the cytoplasm and import-
ing it has been shown to be a very sensitive lesl system

1,5-bisphosphate carboxylase (small subunit) was fused
to either dihydrofolate reductase or to the mature part
of subunit IV of yeast cytochrome oxidase. The first
construct was imported into yeast mitochondria in vivo
and in vitro [165], and the latter construct was able to
1 a Cox IV-deficient yeast mutant. As dis-
cussed above, the el‘ﬁclency of import was lower lhan
that for ing the auth
drial prepiece. A study with lransgemc p]am cells did
not reveal any app mito-
chondria and chloroplasts [181). Thus, the {ow mito-
chondrial targeting efficiency of a chloropiast pre-
peptide is not necessarily important in vivo (also see
Secuon lV-C) On the other hand, mitochondrial and

(Ref. 163 and Grivell, L.A.,
Cytoplasmic expression is often done using high-copy-
number plasmids, whereas ion of the mutant
may require only very low import rates. To determine
whether a precursor is imported using a bypass route or
by the highly specific and efficient physiological import
pathway, rates of import should be assessed in vivo and
in vitro in comparison to those of authentic mitochon-
drial precursors. In addition, it should be asked whether

peptides share fi such as
the hxgh comen( of basic and hydroxylated amino acid
residues (Table III). This may explain the still surpris-
ing fact that a chloroplast transit sequence can direct a
protein into mitochondria at all.

V. Import receptors

An early step on the import pathway of mitochondrial

defined steps in the import pathway, like the i
with receptors on the surface of mitochondria, can be
demonstrated.

1V-D. Heterologous import

The ing of p to mitochondria and their
location across the mitochondrial membranes is a
complex multistep process which has apparently been
highly conserved during evolution. This has been dem-
onstrated by heterologous import studies where trans-

port of proteins from one ism into
itochondria of a diff ism was tested. For
le, the p of the Rieske Fe/S

protein, subunit 8 of F; ATPase and cytochrome ¢ of
N. crassa were all imported into yeast mitochondria

proteins is the specific recognition of pre-
cursors by mitochondria. Several lines of evidence sug-
gest that p on the mitoch
surface perform the key funcuons of recognition.

V-A. Protei itil on the hondrial

surface for the import of precursor proteins

In a number of studies, isolated mitochondria were

pre-treated with low ions of protei such
as trypsin or p K. ‘l'his inhibited the subse-
quent import ol‘ itoch ins, in-

cluding the precursors of ponn. cylochrome b,
ADP/ATP carrier, subunit 9 of the F,F, ATPase, the
Rieske Fe/S protein of the bcl-complex, subunit 8 of

F, ATPase, citrate h and ba-
moylase (36,79,83,88,96,167— 169 182-184,186]. Mild
p did not d de the outer mem-

(Refs. 35 and 207, and Hartl and Neupert, blist

data). Precursors of ADP/ATP carrier and subunit 9 of
F, ATPase, also from N. crassa, were successfully im-
ported into rat liver mitochondria [172]. Human OTC
was recently shown to be imported into yeast
mitochondria in vivo {173).

Suburit 9 of F, ATPase from N. crassa [72] (and
from Is [148]) is h d in the cytosol with
an amino-terminal extension. The subunit 9 of yeast
[174-177] and of plants [178,179], however, is synthe-

brane barrier [36,88,96,187] and only a few proteins of
the outer membrane were degraded [168).

An exception to this ready inhibition of import by
mild proteinase treatment is the import of apocytoch-
rome ¢, the p of cytoch ger pro-
teinase treatment which partially degrades the outer
membrane barrier, was required to inhibit the binding
and import of this precursor [188]. Apparently, the
bmdmg protein for apocytochrome ¢ does not expose

sized within mitochondria and without a pr
Sucprisingly, subunit 9 from Neurospora is imported
into yeast mitochondria and correctly processed to the
rnature protein [180] (also see Section IX-C).

sites to the outer surface of the
ouler membrane.

P; of mitochondria with el
the import of porin, Fe/S protein, the ADP/ATP car-

PURT TS




xr and F; ATPase subunit 9, but not of F, ATPase
ibunit 8, whereas pretreatment with trypsin inhibited
e import of all these proteins [168,169]. Thus. the
port receptor for FiB seems to be di from
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the absence of Ay [147]. This suggests that the mature
(hydrophobic) part of the subunit 9 precursor is in-
volved in the speciiic binding of the precursor to the

ose of the other four precursors.

When polyclonal antibedies which had been pre-
ared against 45 kDa p of the yeast mitochondrial
ater membrane were added to trypsin-treated mito-
10ndria, the inhibition of protein import was enhanced
89]. Thus, antigenic sites of the 45 kDa proteins seem
» be related to mitochondrial import sites. An as-yet-
nresolved problem is that isolated yzast mitochondria

hondrial surface. All for precursors mentioned
above, which are specifically accumulated on the
mitochondrial surface in the absence of Ay (ADP/ATP
carrier, cytochrome b,, subunit 9, and the fusion pro-
tein between complete subuzit 9 and DHFR), contain
one o more hydrophobi hes in their
(class I precursors). On the other hand, the four pre-
cursors which are not able to specifically bind in the

of a

ppear to contain additional import sites on the inner
lembrane which allow protein import into trypsin-
‘eated mitochondria when the outer membrane was
sbsequently opened [190]. In contrast, this does not
2em to be the case for Neurospora mitochondria [96). It
:mains to be determined whether this is due to techni-
al or species-specific differences.

-B. Binding of precursors to mitochondria and import
*om the bound state

‘The precursors of ADP/ATP carrier [88,168,171,191],
ytochrome b, (184] and F, ATPase subunit 9 [147] can
« bound to the mitochondrial surface in the abser.ce of

membtane polenual (4v¢). Binding requires a pro-

on the mitoch

b b p ial (F,8, Fe/S protein,
and the fusion p b the p of
subunit 9 and DHFR) do not contain a hydrophobic
stretch (class II precursors). Furthermore, class 1 pre-
cursors are more rapidly imported than class Il pre-
cursors. This suggests that (hycrophobic) ‘assistant” se-
quences present in class I precursors support a strong
interaction of precursors with binding sites and thereby
facilitate rapid import {147]. The pred:cled hydrophobic
stretch in the of the cy
contains a single positive charge [54]. Th:s nughl ex-
plain the low efficiency of specific binding of cyto-
chrome b&,.

The precursor of porin can bind to the mitochondrial
surface at low temperature and then be completely
lmporled mto the outer membrane and assembled by

urface. By re-estabhshmg 4y, the precursors can be
mported from the bound state. For ADP/ATP carrier
ind subunit 9 it has been shown that the import from
he bound state occurs without release from the
nitochondrial membranes. The efficiency of specific
sinding in the absence of Ay (i.e., the ratio between
mport of precursor from the bound state and import of
tee precursor) is up to 1 in the case of ADP/ATP
:arrier, about 0.5 in the case of subunit 9, but poor
<0.1) in the case of cytochrome b,.

On the other hand, the precursors of F,8 and Fe/S
srotein only bind very weakly to mitochondria in the
ibsence of Ay (Refs. 45 and 168; Pfaller, Pfanner and
Neupert, unpublished data). The affinity constants for

of these p with their binding sites
»n the mitochondrial surface appear to be rather low.
Furthermore, binding sites for these precursors might
only be present in very limited amounts; but since the
»fficiency of their import is very high this seems rather
unlikely.

A fusion protein b the 1 of
i ATPase subunit 9 and the cytosohc protem dihydro-
folate reductase (DHFR) showed the same properties as
authentic subunit 9, i.e., efficient specific binding to the
mitochondrial surface. Fusion proteins between the pre-
sequence of subunit 9 (or part of it) and DHFR were
imported into mitochondria in the presence of Ay, but
they bound only weakly to the mitochondrial surface in

ly ralsmg the temperature [79,167,168]. The

bmdmg |s also inhibited by mild p of the
hondria with p (168].

Apocytochrome ¢ can be bound to m:lochondna in

the p of h inhibitor of

cytochrome ¢ heme lyase. The bmdmg is rapid and
reversible. The bound ap h:ome ¢ is ible to
externally added proteinases (Fig. 5). By addition of
heme, apocytochrome c is converted to holocytochrome
candi d into the i ), space [192-198].

V-C. Distinct steps in the binding of ADP /ATP carrier
and of porin

Recent studies have shown that two distinct steps of
specific binding of the ADP/ATP carrier to
mitochondria can be defined: (i) binding to
proteinase-accessible receptor sites and (ii) the interac-
tion with the proteinase-protected ‘general insertion
protein’ (GIP) in the outer membrane [38,101,169,186,
199} (see Scction V-D). The precurser of ADP/ATP
carrier could be bound to mitochondria having a dis-
sipated t p ial, at low or at
d d levels of nucleoside triphosph (NTPs) (see
Section VII-C). The specifically bound precursor re-
mained sensitive to treatment of the mitochondria with
low ions of p and was ible to
externally added antibodies (receptor binding; Fig. 2,
stage 2). Binding at higher temperature or at higher
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Fig. 2. Working hypothesis for the translocation of the ADP/ATP
carrier from the cytosol into the innes mitochondrial membrane. The
precurscr of the ADP/ATP carrier is synthesized on cytosolic poly-
somes without an amino-terminal peptide extension (stage 1). The
precursor binds to a m:eplor protein (R) (stage 2) on the mitochondrial
surface in a aucleoside (NTP} step. It is then
inserted into a proteinaceous site in the outer membrane, named the
“general insertion protein’ (GIP) (stage 3) (Section V-D). This step
requires higher levels of NTPs than the initial binding event (Section
VII-C). The interaction of precursor with the inner membrane (stage
4) oceurs at contact sites between outer and inner membranes (Section
VI-C) and requires the membrane potential Ay, but not NTPs.
Completion of translocation into the inner membrane and assembly
into the l’uncuonal dimer (stage 5) do not require 4y or NTPs. When

the precursor is i with ia at low in
the presence of 4y, it accumulales at contact sites (stsge 4a): the
precursor is still to ly added but the

of into the inner can occur in the
absence of 4¢. OM, outer mitochondrial membrane; IM, inner
mitochondrial membrane.

levels of NTPs led to insertion of the precursor into the
outer membrane where it was not accessible to pro-
teinases or antibodies (interaction with GIP; Fig. 2,
stage 3). The GIP-associated intermediate was beyond
the initial protzinase-sensitive receptor, since it could be
completely imported after proteinase treatment which
mhlbned the import of the free precursor. Satumbnlny
and to ion by salt, but bility at
alkaline pH [200,201], suggested it the GIP-associated
intermediate wa: embedded into protei sites in
the outer memb ane (named GIP) [88,:36).

The specifically bound precursor of porin was also

to mild protei tr which inhibited

the import of the free p After this p
treatment, th: bound porin could be completely im-
ported into the outer membrane and assembled into the
functional form. Our current understanding (Fig. 3)
suggests that there are two forms of binding sites for the
import of porin; the proteinase-sensitive receptor site
and the proteinase-resistant GIP site.

V-D. Titration of binding sites and competition of differ-
ent precursors for specific binding sites

By Scatchard analysis, the binding sites for pre-
cursors of porin, cytochrome ¢, and ADP/ATP carrier

have been titrated. For these studies the precursors of
porin and cytochrome ¢ were prepared from their re-
spective mature forms. The mitochondrial porin was
solubilized from the membranes with Genapol X-lOO
purified over hyd /celite and i

with trichloroacetic acid. By solubilization wnth NaOH
and neutralization with NaH, PO, it was converted to a
water-soluble form which could be specifically imported
into mitochondria {79,167). Apocytoch ¢ was pre-
pared by removal of heme from purified holocyto-
chrome ¢ by cleavage of the thioether bonds with
Ag,S0, or HgCl, at low pH and the subsequent re-
moval of Ag (or Hg) by tremment with dithiothreitol.
An import was d by
dialysis from 8 M urea [39,202,202a). Both precursors
were radiolabeled with *C by reductive methylation
[79,193}). The precursor of the ADP/ATP carrier, the

most at protein of hondria, was synthe-
sized in vitro in sufficient to perform Scatchard
analysis [169].

The number of binding sites, the affinity constants,
and the methods used to block import at the level of
binding are given in Table 1V. For the ADP/ATP
carrier, the binding to receptor sites and the binding to
GIP could be titrated separately. The number of GIP
sites appears to be about 10-fold higher than the num-
ber of specific receptor sites (Ref. 169; Steger and
Neupert, unpublished data). For porin, the proteinase-
protected bmdmg sites (i.e., GIP sites) were titrated.

For ¢ the calculated number of
high- 3ffm|ty binding sites is SIgmflcantly higher than
those for porin or for the ADP/ATP carrier. The affin-
ity constant for the high-affinity binding of apocytoch-
rome ¢ is lower than those for the other two precursors.
Thus, the binding sites for apocytochrome ¢ seem to be:
different from those for porin and ADP/ATP carrier.

Fig. 3. Working hypothesis for the translocation of porin from the
cytosol into the outer mitochondrial membrane. The precursor of
porin is synthesized on cytosolic polysomes and does not contain an
amino-terminal peptide extension (stage 1). The precursor binds to a
receptor protein (R) on the mnochondnal surface (slage 2) and is then
inserted into the outer mi ion with

GIP, stage 3). Finally, it is assembled into the functional dimer in the

outer membrane (stage 4). The import of porin is independent of the

mitochondrial membrane potential. OM, outer mitochondrial
membrane.



TABLE IV

Titration of binding sites for mitochondrial precursor proteins
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Precursor of Binding to Method to block Number of sites Affinity constant Refs,
import at the (pmol per mg K, MY
level of binding mitochondrial protein)
Porin GIP Tow temperature 5-10 (1-5)-10° 9. 167
Cytochrome ¢ cytochrome ¢ addition of deutero- 60-90 22-107 193
heme lyase or hemin or omission of
related component NADH
ADP/ATP receptor low levels of NTPs and 025 2-10° Steger and
carrier dissipation of 4y Neupert, unpubl.
ADP/ATP GIP dissipation of 44 35 5.10% 169
carrier

In support of this, unlabeled apocytochrome ¢, which
can compele for binding and import of labeled apocy-

¢, did not for the binding or import
of any other mitochondrial precursor protein tested so
far [35,203].

The p of porin, h p for the
import of proteins destined for all other mitochondrial
compartments, including the Fe/S protein of the bc,-
complex (intermembrane space), the ADP/ATP carrier,
subunit 9 of F, ATPase (inner membrane), and F,
ATPase subunit 8 (matrix), but not for the import of
cytochrome c¢. Unspecific effects of porin, such as com-
p]exmg of pmcursors m the cytosol or perturbation of
the ial, have been ex-
cluded [169]. In the case of the ADP/ATP carrier, the

ion of the GIP- iated diate was com-

of the bci-complex and subunit 9 of F, ATPase, con-
verge at a common membrane insertion site (GIP) {169].
Beyond GIP the import pathways diverge to direct
proteins to the outer membrane (as is the case for porin)
or to contact sites and thus to other mitochondrial
compartments (Fig. 4). Authentic mitochondrial pre-
cursor proteins can also bypass the initial proteinase-
sensitive receptor sites (but not GIP), rosulting in a low
efficiency/ decelerated import (‘bypass-import’). This
bypass-import seems to be lhc only import pathway
used by hondri: such as
chloroplast proteins [170, 186] (see Secllon IV-C). GIP
might be among the proteins which are recognized by
antibodies prepared agamst 45 kDa proteins of yeast
outer hondrial These antibodies were
reported to inhitit protein import into trypsin-pre-

peled for by porin. The formation of the ptor-bound
diate and the t from the GIP sites into
the inner membrane were not competzd for by porin
[167,169). The of import b porin and
Fe/S protein, F,9 or F,8 again seems to occur for the
interaction with GIP. We conclude that a component of
the outer membrane (GlP) is oommon for the 1mport
pathway of several mi
These sites appear to be involved in the msemon of
precursors into the outer membrane. This site was there-
fore named the ‘general insertion protein® (Fig. 4).

V-E. Role of specific binding sites

The binding of p proteins to ptor pro-
teins of the mitochondrial outer L is an es-
sential step in the specific recognition of precursor
proteins by mitochondria. At least four different import
sites were proposed to exist for mitochondrial precursor
proteins: for porin, for the ADP/ATP carrier, for F, B,
and for cytochrome ¢. The receptor sites for porln‘
ADP/ATP carrier and F, 8 are ible to p

treated mitochondria by binding to a component of the
outer membrane [189].

It may be possible that p proteins initially
interact with low affinity with lipids of the outer mem-
brane. By sub

ly binding to proteins in

the outer b the ratio b free and
hondri: iated would be gl

sl'ufted to the bound slale Studies of the interaction of

] with artificial lipid

membranes [155-158] suggest such a pathway might
occur. With this model, the probability that a free

protein i with mitochondria, and
therefore with specific import sites, would be increased
since the lipids of the outer membrane are a much
larger initial target than the receptor sites alone. On the
other hard, in this model the precursors could also
interact with lipids of other cellular membranes. Thus,
the physiological significance of a precursor/lipid inter-
action for mitochondrial protein import remains to be
elucidated.

VL location of

added to the outside of the outer membrane (see Sec-
tion V-C). The import pathways of ADP/ATP carrier,
porin, F, 8 and of other proteins, such as Fe/S protein

After specific interaction with the recognition ap-
paratus of the outer mitochondrial membrane, the pre-
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Mitochondrial Precursor Proteins

Receptor proteins
exposed on the surface of
the outer membrane

General Insertion proteln
in the outer membrane

Contact Sites
etween

both membranes

Matrix
Inner Membrane
Intermembrane Space

Fig. 4. Working hypothesis for the binding and membrane translo-
cation of mitochondrial precursor proteins. The import pathway of
cytochrome ¢ is not covered by this model since it does not scem to
involve GIP (adapted from Ref. 169). R*, R**, R***, different
classes of sutface receptors; GIP, general insertion protein.

the outer b For )l id indi
that apocytoch ¢ can sp ly insert part
way through the lipid bilayer of the outer membrane
[205] where it is bound with high affinity to a specific
receptor [192,193]. The enzyme cytochrome ¢ heme
lyase, which faces the intermembrane space [188,194—
198), attaches heme to the partially inserted precursor in
a process which is tightly coupled to its translocation
completely through the outer membrane to a pro-
teinase-resistant location [206]. This process is depen-
dent on NADH plus FMN (o FAD), which appear to
be required to reduce the heme iron prior to coupling to
apocytochrome ¢ [207] and can be reversibly inhibited
by the analogue deuterohemin [192,194).

The folding of cy ¢ which ies the
binding of heme — occurring at the lmermembrane
space side of the outer membrane - is therefore prob-
ably responsible for driving the translocation of cyto-
chrome ¢ across the outer membrane. This model

for the independ of cy ¢ import
cursors are translocated into or across the mitochondrial of the hondrial 1 and its very
membranes. tight coupling to covalent heme lmkage Because of the

VI-A. Import of outer membrane proteins

Precursors destined for the outer membrane, such as
porin or the mitochondrial 70 kDa protein of yeast
[134,135), ly use the ‘simplest” import patk
They are inserted into the outer membrane from their
specific binding sites and are assembled to their func-
tional forms (Fig. 3). This import is independent of the
mitochondrial membrane potential and does not involve
proteolytic processing of the precursors [47-49).

VI-B. Import of apocytochrome ¢

During its import, cytochrome ¢ must only be trans-
located across the outer mitochondrial membrane (Fig.
5). The way in which this oczurs, however, appears to be
unique to cytoechrome ¢ and differs markedly from the
translocation mechanisms used by other proteins de-
stined for the intermembrane space (see Section 1X-B).
The import of cytochrome ¢, like that of outer mem-
brane proteins, is d

absence of covalently bound heme in other proteins of
the intermembrane space (with the exception of cyto-
chrome €; see Section VIII-D), this import pathway is
under lusive to cy e 1t will be
interesting to see what role the heme attaching step
during cytochrome ¢, import may play in membrane
translocation events.

VI-C. Import via translocation contact sites

The majority of imported mitochondrial precursor
proteins have to be translocated (at least partially) into

1)

membrane potertial and is not accompanied by protc
Iytic processing [57,203). The precursor, apocylochrome
¢, has no detectable secondary structure and lacks cova-
lently attached heme compared to its mature counter-
part holocytochrome ¢ [159,202). The covalently bound
hieme moiety itself is responsible for mediating or stabi-
lizing the compact structure of holocytochrome ¢

[202,204). These ci have ly favored

OM (8)
H 3)
s M m @
or the mitochoidrial
M

Fig. 5. Working h; hesis for the ion of h c
from the cytosol into the mitochondrial intermembrane space.
Apocytochrome ¢, the precursor of cytochrome c, is synthesized on
cytosolic polysomes and does not contain an amino-terminal peptide
extension, 1. Apocytochrome ¢ is bound by a membrane-associated
protein (B) into a complex at the outer mitochondrial membrane

pp which includes the i pace facing ¢ heme

the evolution of an import mechanism in which the ""‘“ (HL). 2. By attachment of heme, holacylochrome ¢ is "‘"'""5‘
conformational change the 1 at- c is then toits n the
N onler surl‘ace of the inner membrane, 3 (Sechon VI-B). OM outer

tachment of heme to apocytochrome ¢ has been linked IM, inner mi IMSs,

to the process by which the protein is transported across

intermembrane space.



or across the inner membrane. The transport of pre-
cursors from the cytosol to the inner mitochondrial
membrane could occur in two functionally and structur-
ally different ways: (i) p proteins are pletely
translocated across the out:r membrane, pass through
the intermembrane space and lhnn reach the inner

t or, (ii) are
across both mitochondrial membranes in one step at
sites of close contact between outer and inner mem-
branes.

From electron-microscopic studies, contact sites be-
tween outer and inner mitochondrial membranes have
been known about for many years [208]. The function
of these contact regions was first suggested by Butow
and co-workers [42,43,209] who found that ribosomes
were frequently associated with the outer mitochondrial
membrane, especially at sites of close contact between

outer and inner k They proposed that
itochondrial p proteins were hesized by
these b bound rib and were 1 and inner b
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3)
Fig. 6. Working hypothesis for the translocation of F,8 from the
cytosol to tiwe nner tace of the mitochondrial inner membrane. The
precursor of ATPase F, 8 is synthesized on cytosolic polysomes and
contains an amino-terminal presequence, 1. In a recepror (B and

IM

GIP-dependent step it is transported into contact sites between outer

tionally imported into mitochondria through contact
sites [44,209,210]. This was supported by later studies
which showed that mRNAs in mitochondria-associated
ribosomes were enriched in mRNAs for mitochondrial
precursor proteins (also see Section I1-A).On the other

Tatahl

2 (Sections V-E and V1-C). insestion into or
translocation of the presequence across the inner membrane requires
Ay. The completion of translocation to the inner side of the inner
membrane, 3, is independent of Ay (Section VII-B). Both import
steps require nucleoside triphosphates (NTPs). Higher levels of NTPs
are required for the completion of translocation than for the initial
interaction (Section VII-C). The presequence is cleaved ofi by the

hand, it was shown that the majority of
mRNAs for imported mitochondrial proteins were still
found in free cytosolic polysomes [46,73]. Furthermore.
n could not be demonstrated that imported

hondrial proteins indeed origi d from
these membrane-asswaled mRNAs and ribosomes. It
was thus obvi that rib nascent
chams with exposed presequences could bind to

drial import via the p

but the importance of this process fo: mitecheudsial
protein import was unclear. On the other land, there
was abund id that mitochondrial protein im-
port could occur posttransiationally in vivo and ia vitro.
Since at that time principle mechanistic differences were

assigned to post- and i} 1 protein !
tion, the possibility of a posttranslational mode of im-
port appeared to be i ible with the i b

pepudase (PP) in the vmlochondml mnlnx OM, outer
lM inner mi N,
C, carbs i

outer membrane barrier. Furtiiermore, the precursors
were recogmzed by antibodies added to the

hondrial ion after of the inter-
mediate {199]. The ins thus hed
from outside the outer membrane into the matrix space
thereby spanring both mitochondrial membranes

simultancously.
In lusi the i h drial t must be
close enough her to be sp d simul ly by

a single polypeptide chain (translocation contact sites)
(Fig. 6). Only :he transport of precursors from the
cytosol into translocation contact sites requires the

of ribosomes associated with the outer membrane. Thus,
the importance of the cotranslational transport might
have been nnderes:émated for the last 10 years.

By of p ins in
sites of close contacl between outer and mner mem-
branes, it was d d that mitoch ial protein

import did indeed take place at these contact sites [45].
Protein import was performed at low temperatures (2 to

P ial (Ay). The completion of transport
into the inner membrane or matrix is independent of
Ay (also see Section VII-B). Import via translocation
contact sites has now been demonstrated for the pre-
cursors of F, ATPase subunit 8, cytochrome ¢, [45], the
Fe/S protein of the bc;-complex [36], the ADP/ATP
carrier [88], and cytochrome b, [95,102]). For the pre-
cursor of the ADP/ATY? carrier, which is synthesized
wnhout a cleavable presequence, the differential re-

12°C) in vivo and in vitro. The p ins were qi for Ay was taken as critericn to show import
specifically processed by the mamx-located processing vna contact sites [88]: the precursor was incubated with
peptidase, and thus the amino-terminus of the pre- hondria at low in the p of Ay,
cursors had entered the matrix space. The p d d with mitochondria was still accessi-

were, h still ible to ex- ble to externally added proteinases, but completion of

lemally added proteinases which did not degrade the

-

into the inner membrane could take place
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in the absence of a membrane potential (Fig. 2). Thus,
the Ay-dependent interaction of the precarsor with the
inner membrane had already taken place for the pre-
cursor iated with mitochondria at low

1

naturants) such as alkaline pH or urea [95]. Thus,
lranslocanon contact sn'e intermediates are not firmly

d into the hydrophobic lipid phase of the mem-
brares. It cannot be excluded yet if this is caused by a

The precursor was therefore spanning tr.
contact sites (Fig. 2, intermediate 4a).

In addition to lowering the temperature during im-
port, two other methods for accumulating precursor
proteins in translocation contact sites have been devel-

oped. (i) Polyclonal antibodies were prebound to

local rear of the polar lipid headgroups. It lS
much more likely, h , that proteins are
components of translo«;auon comacl sites.

This latter possibility might be supported by new
findings of Grivell and colleagues (Grivell, L.A., per-
sonal commumcauon) They have shown that the 10

carboxy-terminal parts of p r protei After
addition of mitochondria, amino-terminal parts of the
precursors were transported into the matrix space and
the presequenws were cleaved off by the processing

A carboxy inal part of the precursor was
kepl outside the outer membrane by the bound anti-
body [45,96). (ii) The di y that the pletion of

dues of the preseq of core II
subunit (complex lll) coald target the passenger protein
to the inner mem-
brane but ialled to direct complete translocation of the
construct inte the matrix. The full presequence plus 20
residues of the mature core II subunit, however, trans-
ported superoxide dismutase into the matrix. A possible

translocation requires higher levels of leoside tri-
phosphates (NTPs) than the initial transport into con-

lanation of these results was that the 10-residue
‘minal of the did not

tact sites was used to g contact-site inter
(see Section VII-C). By moderately lowering the levrl of
NTPs, precursor proteins were trapped in

across the inner membrane due to
its mablhty to interact with a (protein) component of

contact sites (Fig. 6) [100-102]. Increasing the level of
NTPs led to complete import of the precursor proteins.

A crucial question is how the biochemically defined
translocation contact sites are related to the morpho-
logically described contact sites between the outer and
inner membranes. To study tlus quesuon, the precursor
of F, 8 was prebound to poly ibodies and then
trapped in lranslocanon contact sites. After then de-
corating the antibodies with protein-A-gold particles,
electron-mlcroscoplc evaluanons were performed. They
showed that the bioch ly defined 1 n

the 1 hinery.
VIL Energy requirement of protein import
VII-A. General remarks

It is now widely accepted that nucleoside triphos-
phates (NTPs) are y to keep hondrial pre-
cursor proteins in an import p conformation,
and that the membrane potential across the inner mem-
brane is necessary for the initial interaction of precursor

contact sites were identical wnh the phologically

described sites of contact between outer and mner
membranes [96]. For chloroplasts, Pain et al[211] re-
cently identified an outer protein using anti-
idiotypic antibodies raised against antibodies specifi-
cal]y rccognmng thc presequence of the small subunit

with the inner membrane.

Very early studies on mitochondrial protein import
showed that energy was required [31]: addmon of pro-
k which dissi d the el 1 poten-

tial across the inner b and 1}
lowered the level of ATP, prevcmed the uptake of
ins by mitochondria [34,203,212]. This
was exammed in rho” mutants of yeast, which lack a
functional respiratory chain and F,F; ATPase (the two

of ribul carboxylase. These antibodies

were able to inhibit import of the precursor, suggestmg

a role of the outer b pol in 2! main possibl
of the p I = id el

microscopy demonstrated that the outer b Mitochondri

contributors to an electrochemical poten-
tial across the inner mitochondrial membrane).

comporent(s) recognized by the antiidiotypic antibodies
was clustered around regions where outer and inner
envelope membranes were closely apposed, thus stress-
ing the importance of translocation contact sites for the
import of precursors into chloroplasts as well.
Translocation contact sites appear to be stable struc-
tures. Their existence seems to be independent of the
energy state of mitochondria [88,96] and they can be
enriched by subfracti ion of hondria mto
vesicles by [96). The p
trapped in contact sites could be extracted from the
membranes by hydrophilic perturbants (protein de-

1 protein import, however, still occurred in
rho~ It was fuded that the el hemical
potential was not the direct driving force for
mitochondrial protein import, and ATP was suggested
as the primary energy source [212). Later studies (see
below), however, demonstrated that it was an energized
inner membrane which was essential for transport of
precursors into the inner membrane. It is likely that

hondria from rho~ can still create a (low)
electrochemical potential, e.g., by importing ATP via
the ADP/ATP carrier. Low potentials (20-40 mV) have
been shown to be sufficient to drive protein import
f171).




VII-B. Requi for the mitochondrial membrane
potential

Schleyer et al. used specific inhibitors of ihe respira-
tory chain ( i A and p i
<yanide) and of the F,F, ATPase (oligomycin), protono-
phores (CCCP and FCCP), a K* ionophore (valinomy-
cin) and an inhibitor of the ADP/ATP carrier
(carboxyatractyloside) to study the energy requirement
of protein import in vitro {172]. These studies demon-
strated that the electrochemical potential was essential
for transport of proteins into or across the inner mem-
brane. Similar results were obtained by Gasser et al.
[182] and Kolanski et al. {213]. Since at this time
research focused on the question of whether either the
electrochemlcal potential or ATP was requrred it was

kenly concluded that the el b
alone was the energy source for lmport (ln Section
VII-C the evid will be d that both an
energized inner membrane and ATP are required inde-
pendently for mitochondrial protein import.)

The electrochemical potential (total protonmotive
force) of two p the b
potential 4y (eleclncal component) and the proton

dient ApH ). It has been shown
that the transport of the precursor of the ADP/ATP
carrier from the outer membrane into the inner mem-
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space proteins like cytochrome b, {52] and cytochrome-c
peroxidase [53,215] which transiently interact with the
inner membrane during distinct phases of their import
pathways (also see Section 1X-B).

VII-C. Role of nucleoside triphosphates

By manipuicting the levels of NTPs and 4y indepen-
dently of each other, we have shown that protein import

mport
quires NTPs in addition to a membrane potential [98].

The in vitro import system (reticulocyte lysate and
isolated mitochondria) was depleted of ATP and ADP

by incubation with apy {an ad: 5’-(di)tri-
phosphatase from potato). A membrane potential was
then blished (by addition of sub of the elec-

tron transport chain) and oligomycin was included to
prevent dissipation of Ay and synthesis of ATP by the
F,F, ATPase. Under these conditions, protein import
was inhibited. Re-addition of ATP or GTP restored
import. whereas non-hydrolyzable ATP analogues were
not able to fulfill this requirement. In the presence of
ATP, but absence of 4y, protein import was also in-
hibited [98.172). This d d that the requi

ment for NTPs was inder of the i for
Ay. Since nucleoside-phosphate kinases are present in
the system used, it cannot be determined yet which
NTP (e.g.. ATP or GTP) is the direct energy source.

brane d only the el 1 Aw [171] Similar results were obtained by studies with a largely
this transport could be dnven by a vali y purified p protein [99] and in studies using
ted K* diffusion p I; addition of p h iesalted reticul

did not abolish tlns import; imposing a ApH alone did
not support import. Therefore, mitochondrial protein
import does not seem to be mediated by proton move-
ment (which is driven by the total protonmotive force),
in contrast to several other processes depending on an
ized inner such as hesis of ATP by
the F,F, ATPase. On the other hand, it has been shown
that only the initial i ion of | p
with the inner b i ing the positively
charged presequence in the case of cleavabl

yte lysate [100). A requirement for
NTPs has now been shown for the import of F, ATPase
subunit 8 (98,100}, the ADP/ATP carrier [101}, cyto-
chrome c,, cytochrome b, [102}, Fe/S protein of the
be,-complex (Pfanner and Neupert, unpublished data),
porin {103), fusion proteins between F, ATPase subunit
9 and DHFR [101}, and a fusion protein between the
presequence of cytochrome oxidase subunit IV and
DHFR [99).

’I‘hus. even protein import which does not require a

requires 4y (Figs. 2 and 6). The completion of translo-
cation into the inner membrane or matrix can take
place in the absence of Ay [45,88] (see Section VI-C). A
current workmg hypothesns is that the role of the mem-
brane 1 an horetic effect on the

ial, as is the case for porin, is depen-

dent on NTPs A notable exception to this general

Jui for NTPs app to be that of cytochrome

¢ whose import does not require NTPs (Nicholson and
Neupert, unpublished data).

NTPs are necessary for both the initial interaction of

oronp ly
domams in precursors “that do not contain cleavabl

P prolcms with the rmtochondnal surface and
for the 1 of ion from the surface

presequences [171,214].

Precursor proteins which do not interact with the
inner mitochondrial membrane, like the outer mem-
brane protein porin [47-49] and the inter b

into mitochondria (Figs. 2 and 6). For completion of

translocation, higher levels of NTPs are necessary than

for the mmal binding interaction. Precursors which
1

space protein cytochrome ¢ [203], do not require the
membrane potential for import. The majority of

have idi but different mature pro-
tein pans, requlre different levels of NTPs for import.
The ivi of in vitro synth precursor

mitochondrial proteins, however, are transl d into
or across the inner membrane and therefore do require

ds di by protei Kis d by the
presence of NTPs. We concluded that NTPs are re-
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import-competent (‘unfolded’) conformation [101]. We
propose that a factor, which might be an unfoldase as
recently proposed [97], acts together with NTPs o keep
precursor proteins in an import-competent conforma-
tion. This is supported by two observations: (i) Whereas
the import of in vitro synthesized porin needs NTPs
{103], the import of the water-soluble porin prepared by

unfoldmg behavmr between cyv.osohc proteins (DHFR)
and On the other
hand, a multifunctional role of NTPs in mitochondrial
protein import is possible.

VII-D. Energy
other biologic

qui) for protein sport dcross
P

acid-base treatment of the purified membrane form (see
Section V-D) is independent of NTPs. Other impoii
properties — such as specific binding to receptor sites,
two-step insertion into ‘iic outer membrane, and forma-

Similarly to protein import into mitochondria, it had
originally been d that an el hemical poten-
tial was the only energy source for protein export in E.

tion of specific pores — are identical for both coli. Recently, however, it was also shown that both the
pr Subjection of the bi h porin pre- electrochemical potential and ATP are necessary
cursor to a similar acid-b. t dered its [219-221]). A requirement for ATP only, but not for an
import into hondria also independent of NTPs. electrochemical potential, has been reported for protein
This converted p hibited a higher itivity import into chloroplasts [181,222,223] and for promn
ds digestion by low ons of proteil ! across the of the endop

K than the authentic p or, indicating that the lum [19,21-23,25,27,224) and of peroxi [225).
converted precursor is in a more unfolded conforma- ln the lauer cases, an addmonal requlrement for a (low)
tion. This suggests that the acid-base which p ial cannot be excluded [2258]
destabilizes the conformation of proteins, can replace In y, the energy requil for

the NTP-dependent step of mitochondrial protein im- tion of p across biological it seem to be

port [167,216]. (ii) The import of incompletely synthe-
sized (nascent) polypeptide chains into mitochondria
requires lower ievels of NTPs than the import of the
cor leted p [217}. The likely
exp]anatlon seems lo be that nascent polypeptide chains
are only loosely folded and thus require less NTPs for
unfolding than completed chains.

In addition to the folded-stat. of precursor poly-
peptides, the levels of NTPs required for import might

more similar to each other than has been assumed for
many years.

VIIL Pro ing of p protei
VIII-A. The p ing peptidase in the mitochondriai
matrix

Ami ‘minal p q of imported proteins

also depend on the agg 1 state of p
For example, the precursor of ATPase F,8 appears to
contain a domain that is necessary for the formation of

are p ly d during or after transloca-
tion across the mitochondrial membranes. The proteo-
Iytic acuvuy is found in the matrix, and was first

cytosolic tetrameric aggregates [76,77]. Deletion of this in of yeast mitochondria
region is accompanied by a foss of the ability to form [226]. It was also described for nmochondna from rat
tetramers and the loss of an ATP. requirement for liver and N spora. The p id: (or
import. It is possible that ATP-depend folding is matrix proteinases) from different sources show similar
also invol d in dissoci cytosolic p aggre- properties [227-231] including: (i) solubility in the ab-
gates prior to 1mpon Seveml reports described the sence of detergents; (ii) neutral pH-optimum; (iii) in-
depend of hondrial protein import on pro- hibition by divalent cation chel such as EDTA,

lic cof: {76,82-84,86). Further ho-pk hroline and batho-pt line; (iv) in-
functional charactenzauon is needed, h , 1o ivity ds a number of known protcinase in-
answer the question of whether these cof: are hibi including those of serine proteinases such as

related to the proposed unfolding activity (also see
Sections 1I3-C and III-D).

At present it can not be excluded that besides their
role in the unfolding of precursors, NTPs are required
for further import steps; e.g., for phosphorylation of
components of the import machinery. Eilers et al. [218]
reported that the unfolding of an artificial precursor
protein (presequence of Cox IV fused to DHFR) oc-
curred at the surface of mitochondria in an ATP-in-
dependent manner. Complete translocaticn into

hondria, ired ATP. These results
may be explained by dﬁfexences in the folding and

phenylmethylsulfony! fluoride (PMSF); and (v) stimula-
tion by divalent cations such as Co**, Mn?* and Zn>*
which can reverse the inhibition by chelators.
Processing activity was determined to be localized in
the matrix via the following mvesngauons Upon sub-
fracti i of mitochondria i activity
cofractionated with matrix marker proteins. In intact
mitochondria the processing activity could not be in-
hibited by EDTA or batho-phenanthroline, which do
not cross the inner membrane barrier, but it was blocked
by ortho-pt hroline which can p the inner
membrane [230,231]. The processing pepudase is coded




for by nuclear genes and hence must itself be imported
into mitochondria.

Purification of the processing peptidase from a num-
ber of sources has been attempted. The enzyme from
yeast mitochondria was enriched about 200-fold [228].
According to gel- ﬁltrallon analysis, the activity was
found in a f ding to an app
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MPP and PEP have somewhat different locations in
Neurospora mitochondria {233} MPP is completely
soluble in the mairix while PEP is largely attached to
the inner (matrix) surface of the inner membrane. It is
possible that PEP has an additional role in protein
t 1 ion by il with the of

proteins as soon as they enter the matrix. For

molecular mass of 115 kDa On SDS-poly. lamid
gels a prominent protein band with an app molec-

such a fi an approx. 20 amino acid long a-helical

ular mass of 59 kDa and several minor bands in the
molecular mass range of 39 1o 35 kDa were detected. In
another study the processing activity of yeast
mitochondria was purified about 100-fold [230]. As
estimaied by gel filtration, the active enzyme fraction
again had a molecular mass of 115 kDa. SDS-poly-
acry T about 10 protein
bands, none of wh:ch h , exhibited an app
molecular mass in the range of 59 kDa. The partially
purified enzyme preparation was able to process the
precursors of subunit V of cytochrome oxidase and
yielded the correct amino-terminus of the mature pro-
tein [232].

Using a series of purification steps the p

having a high negative net charge identified
within the sequence of PEP (from thc cDNA-deduced
amino acid sequence) might be important.
Temperalure sensmve mutams in yeast have contrib-
uted id ly to our k ledge of the p! i
enzyme [234—236a] In order to identify esscnual com-
p in the mitochondrial import path Schat:
and colleagues [234, 235] have Lsolated yeasl mutants
which were ch d by i duced protein
import into mitochondria (e.g., 1mpon of B subunit of
F, ATPase). Two complementation groups were identi-
fied (mas 1 and mas 2; mas for mitochondrial assem-
bly). In both cases the phenotype is caused by a single
nuclear mutation. The mas l mutant was shown to be

enzyme from N. crassa mitochondria has been punﬁed
from a whole-cell homogenate [233). The activity was
enriched about 2000-fold over mitochondria. On silver-
stained SDS-polyacrylamide gels, two protein bands
with apparent molecular weights of 57000 and 520C0
ere visible. Monospmﬁc antibodies were raised agaiast
these By lotti against {otal
mltochondnal exiracts both the 57 and 52 kDa poly-
were de in mitochondria; the 52 kDa
component being about 15-fold more abundant. Soth
ides were ired for p ing activity, but
apparenlly did not form a (nght) complex. When the
iwo components were separated by gel filtration,elution
of acnvn(y oolncnded wnth nelther protein peak but
an ion where the two

peaks overlapped. The 57 kDa component alone ex-
hibited low but detectable processing activity. Addition
of puriﬁed 52 kDa component, which did not have any
processing activity by nself 10 lhe 57 kDa

def in the matri activity in
vitro [235]. The corresponding nuclear gene has been
cloned and on SDS-polyacrylamide gels the mas / gene

an lecular mass of 48 kDa.
lntereslmgly. an antiserum directed against the 48 kDa
polypeptide crossreacts with the N cmssa 52 kDa com-
ponent PEP [236]. S ity b the
polypepndes is about 70% {233}. PEP (and its counter-
part in yeast [236]) is made with an amino-terminal
ex(ensmn that can be clcaved by the purified processing

peptidase (Hawlitschek and N blished data).
Recently, in a new effort, Horwnch and colleagues
[236a] selected a set of p itive yeast
defective in mitochondrial protein import. So

far, four complementation groups of socalled mif-

lted in a of p g ac-

tivity. Likewise, almbodles directed agamst the 57 kDa
polypeptide were able to deplete mitochondrial extracts
of the processmg activity. Only 5-10% of the total

acuvny. was d in the i

tate. bination of and i

cipitate reconstituted ptocessmg acnvny as did addmon
of purified 52 kDa p to the

tate. In summary, the 57 kDa component bears lhe
catalytic center and is therefore the ‘matrix processing
peptidase’ (MPP) proper. The 52 kDa component is a
“processing enhancing protein’ (PEP) which might con-
tribute io the specificity of the cl ion (see

(mif for mitochondrial import fi ) were
identified, which are ct d by the lati
of mitochondrial precursor proteins at the P
sive (empera(ure. Mif 1 and mif 2 were found to be
identi wnthlhe ly di “mnslandmasZ

i ical analysis of the p of the
mif 2 mutation revealed that MPP, the catalytic compo-
nent of the p ing was def [236a]. The

MPP gene codes for a protein with an apparent molecu-
lar mass of 53 kDa. A structural comparison between
MPP and PEP showed 24% identity and about 50%
similarity if isofuncti idues were idered sug-
gesting a common ongm for MPP and PEP.

The hondrial matrix p g enzyme differs
in many respects from other peptidases involved in
protein translocation. Both the bacterial leader pepti-
dase [237] as well as the cukaryotic signal oepndase of

Section VI1I-C).

the endopl iculum [14] are metal-ind

3 which share proceasmg
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TABLE V

sites of imported

of imported

precursor proteins

precursor proleins are presented beginning six amino acids (from the amino-terminal
,nde) preceding the claavagc site. Basic (+), acidic (—) and hydroxylated (+) amino acids are indicated. Only sequences where the cleavage site has
seen identified by direct evidence (i.e., from the known amino terminus of the mature protein, or from radiosequence analysis) are given. Proteins
are grouped by respiratory complex or by metabolic function.

MATRIX PROCESSING PEPTIDASE

Hlwsie Biex {N. crassa;

2. Subunit 17 of complex 111 {yeast)

sarume ) (. crassa!

3o

4. Cytuchrome oxiduse IV (N. crassa)

sxigese 1V (yeast)

vkiduse V {N. crassa)

. Cyteshreme oxiduse Vo (yesst)

8. Cytochrome oxidase IV (bovine}

9. Cytochrome oxidase VI (yeast)

setrnne oxidase VITT (yemst)

n. KTPase 4 (ycust)

iz F ATRase 9 (N. crassa) 1" site

2 site

F o ATfuse 9 - P1 (bovine)
4. F ATPase 9 - P2 (bovine)
T F ATPase 9 - 1 (human)

F, KTPase i

1. F ATPase 6 (N. crassa)

18. Phosphate carrier (bovine)

19. Processing enhancing protein (N. crassa)
20. Mn Superoxide dismutuse (yeast)

21. Mn Superoxide dismutase (human)

22, Mn Superoxide dismutase (rat)

2f. Mo Superoxide dismuiase (mouse)

24. hspurtate aminotransferase lchicken}
25. hspertate aminotransferase (porcine)
26. Serine:pyruvate aminotransferase (rat)
27. Ornithine sminotransferase (rat)

8. Mulate dehydrogenase (rat)

23. Pyruvate dehydrogenase & {(human)

30. Pyruvate dehydrogenase C {human)

1. Succinyl-Cc A synthase o [rat)

3%. Ormithine transcarbamoylase {rat

33. Crnithlue transcarbamoylase {human}

34. Carbemoyl phosphute synthuse 1 (rat)

Lys Fae
Tfl\r‘ Tf.l!'
sér ser
The Met
Tle T!;r

Thr Ser

The Ser
Thr sér
Al Phe
Pro Ala
frg hsn

Asn Pro

Tyr Teu
Thr Alu
Ala Ala

Ala Ala

Trp Thr
Glo Asn

Tyr Gly

Cys Gly
3

Arg Pro

Gln

Lye
Leu
Leu

Phe

r Ala

Gy
Gy
Gy

Thr

1 Val

Tyr
Val
Val

Cys

Lys

y Ala
.

Lys
“
Lys
Val
lle
Val
Wl
Ser

Ala

Arg
Ser
ser
Ser
Ala
Ala
Asn
Ala
Gln
Ser

Fro

Pro Vi

Pro

De

Leu

Ser
i
arg
Al
.
hrg
A

arg

hrg

Aln|Leu
+
Len

SerfAlu

'
arg|asp
B

Phe |Ala
Mafala
1y fteu
S
Thr[Lys

‘
GlnfLys

+

His|Lys
+

Ala|Ser
Ala 5;!‘
G1y|ser
Mafmir
AsaAla

Asn{Phe

His|cly
Cln|Ser

Gln]Asn

Thr Thr
Thr Val

Ser Thr

His Gly
Asp Ala
His Phe
Ser ser
Gln T;u‘

Ser Ser

Ile A;p
Ser Alu
Ser Ser
Val Glu
Ata Thr
Val T}.\r
His Ser
His S;r
His S;P
Ser Trp
Trp Trp
His Gin
Ser Val
Lys Va1
Ma Asn
Gln Vel
Ser Tyr
Gl Yal
p
Lys Val

Ser Val

Gly
ol
The
Thr
Thr
Pro
Alu
clu
Pro
Leu
Leu
Leu
Leu
Trp
Ala
Leu
Ala
Ala
A;p
The
The
Gln
Gln
'

Lys

Aa
Als
Ala
L
Gly
Gln
His
Pro
Pro
Pro
Pro
Ser
His
Leu

Thr

Ala
Leu
Leu

Ala

Glu

Aln
Ala
Ala
Ala

Leu

Lys
Leu
Thr
Arg

Ser
+

Lys

Gln

REFERENCE

36,263

350

Stuart, Nicholson and
Neupert (unpublished

34

nz

344

3

72,23

72,231

e

148

384

121

Rassow and Neupert

(unpublished)

348

233

385

368

369

362
386,336

334
357,357a
357a

357
310,341,342
343

327
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3%, Adrenudoxin fpBidx-d) (bovire:

36, Cytochrome P-450

) lbovine

37. Cytuchrome P-450(1

(bavine)

38. Medium chain -

complex 1114

4. Cytoetroar ¢, (M. crassal

Cytosrom: ¢ (yonan)

3. Cytechrome o

44. Cytochroze b, (yeast)
45, Cytochrome cxidaze I1 (yeast)

46, Cyclophilin (N. crassa)

* Bovine cytochrome oxidase subunit IV is equivalent to subunit V of N, crassa and yeast.
® Unlike other precursor proteins which are processed in two steps, the chelator-sensitive matrix peptidase cleaves both sites of the F, ATPase 9

precursor.

© Alignment of the prepicce sequences indicate that the cleavage sites of the two bovine F, ATPase 9 iso-forms occur in the region of the second
site of the N. crassa prepiece. Whether the bovine precursors are procassed in two steps has not been investigated.
4 Two human F, ATPase 9 iso-forms, homologous to the two bovine types. have been identified. It is also unknown whether they are processed in

onc or two steps.

© A temperature-sensitive yeast mutant, believed to have an alteratic 4 in the gene encoding a processing proteinase, is deficient in the second
processing step of cytochrome b, (a nuclear gene product) and removal ~f the prepiece from cytochroms oxidase subunit 11 (a mitochondrial

gene product). The second step of i

specificity [238). The mitochondrial processing pepti-

dase, and probably the ponding enzyme of the
chloroplast stroma [239], appear to belong to a new
class of processing peptidases.
VIII-B. Additional p lytic pr 74

A number of imported mitochondrial are

sowever, is not affected [243].

quence analysis proved the existence of a true inter-
mediate 2nd generation of the correct amino-terminus
of the mature protein [231).

The second p step of the p:
chrome b,, cytoch peroxidase and 1
is catalyzed by a different activity which is located at
the outer surface of the inner membrane and which is

to cyto-

proteolytically processed in two steps. Except the Neu-
rospora subunit 9 of the F,F, ATPase [231] and rat
ornithine transcarbamoylase (OTC) [227,240], all of
these proteins are either soluble in the inter b

to metal chel. [51,53,187,241]. The sec-
ond processing step of the Rieske Fe/S protein occurs
within the boundaries of the inner membrane and is
possibly lyzed by a peptid other than the
matrix-p ing Iron-sulfur cluster formation

space or are anchored to the inner membrane but
protrude into the intermembrane space. Such proteins
include cytochrome b, [51-53,187), cytochrome-c per-
oxidase [53), cytochrome ¢, [35,52,187.241} and the
Rieske Fe/S protein of the be,-complex [36]. The role
of two-step p in the i itochondrial sorting
of these proteins will be discussed in Section IX-B.

In all cases where prepiece removal occurs in two
steps, the first proteolytic processing event is performed
by the processing peptidase jn the matrix. Only in the
case of Neuraspora subunit 9 of F, ATPase and perhaps
rat OTC is the matrix peptidase responsible for both
proteolytic events [231,240]. For subunit 9, radiose-

seems ic be tig! coupled to the processing event
(Hartl and Neupert, unpublished data).

There is also evidence that at least two different
proteinases exist at the intermembrane-space surface of
the inner membrane to perform second processing steps.
A temperature-sensitive pet mutant (harboring a single
nuclear mutation) was identified which was defective in
the second processing step of cytochrome b, but not of
cytochrome-c peroxidase [242,243]. In addition, the
mutant was unable to process the precursor of subunit
II of cytochrome oxidase (Cox II), a mitochondrially
synthesized protein. If the structural gene coding for a
proteinase itself was mutated, the existence of two
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different proteinases for the second processing of cyto-
chrome b, and cytochrome ¢ peroxidase must be ex-
pected. On the other hand it is possible that a compo-
nent involved in location of cytoch

b, and Cox I is affected by the mutation (see Section
1X-B).

‘hondria

vage-site sequences is that there is sorne uncertainty as
to whether cleavage sites have always been determined
correctly. Incorrect determination of cleavage sites may
be a frequent danger, since it is well known that artifi-
cial cleavage of amino-terminal amino acid residues can
oceur dunng the proccdures involved in the isolation

Assurmng an endosymblotxc origin of
the p g iding at the outer surface
of lhe inner membrane could be the evolutionary equiv-
alent to the bacterial leader peptidase. This idea is
partivularly appealing in light of the finding that pro-
teins destined for the inter t space follow a
‘conservative sorting’ pathway involving export of inter-
mediate-sized forms from the matrix (see Section IX-B).
In chloropl the cor di is located
in the thylakoid membrane [244]

VII-C. The specificity of p iytic p

How do the processing enzymes recognize the correct

and of p

In addition to the specific amino acids encompassing,
the cleavage site itself, it might be possible that the
specificity of the peptidase is also dependent on regions
cither in the presequence or in the mature part of the
precursor that are at some distance from the actual
cleavage site. Indeed this possibility is supported by a
number of findings. When the normal cleavage site of
the Cox 1V precursor (between amino acids 25 and 26)
was removed by fusing just the first 22 amino acids of
the prepiece to DHFR, the construct was still processed;
the new processing site being between amino acids 17
and 18 of the p 4 [114]. The flanki regions of
this site show no homol gy to the authenti

ge site within hondrial precursor proteins?

Table V shows the amino acid sequences around the
cleavage sites for 38 different precursors from yeast (8
examples), N. crassa (7 examples) and higher eukaryotes
(23 examples). Although there is apparently no strict
consensus sequence, comparison of the 39 cleavage sites
reveals in 22 “typical’ cases the preferential occurrence
of the following motive of amino acids around the
cleavage site: Position —2 is most conserved. A basic
residue is always found (arginine in 21 cases and lysine
in one case). Position —3 in seven cases is also a
positively charged residue. Otherwise valine or senne
are often found. Alanine is most freq in posi

site. R 1 of as few as four amino-terminal resrdues
from the presequence of Cox IV abohshed processmg
by a mitochondrial extract

peptidase activity [245]. That the mature sequcm:e as
well is somehow required for specific processing was
reported by Nguyen et al. {246). A hybrid protein bearing
the presequence (32 amino acids) plus five amino acids
of mature rat ornithine transcarbamoylase followed by
250 amino acids of the cytosolic enzyme asparagine
synthetase of E. coli was transported into heart
mitochondria but was mcorrectly processed. When the
hybrid i minal residues of ma(ure
OTC in addition to the p h

—1 while position +1 seems to be less specmc having
alanine, leucine or serine residues in several cases. Serine
occurs most frequently in position +2, and serine or
in posi +3. The ining 17 ical’
cleavage sites are mainly from higher eukaryotes (only
two being from yeast). This may be the case for a
number of reasons. Cleavage specificity could vary be-
tween the mitochondria of different organisms, al-
though heterologous import and processing show a high
degree of conservation. On the other hand, it cannot be
completely excluded that more than one chelator-sensi-
tive proteinase having different specificities might exist
within the same organelle. The partially purified pro-
teinase from yeast, however, was able to process pre-
cursors to 8 subunit and subunit 9 of the FyF, ATPase,
to citrate hase, and cytoch oxidase subunits IV
[230] and V [232]. The isolated processing peptidase of
N. crassa catalyzed the processing of all avan]able pre-
cursors tested so far, includi to its B3,
3 and 9 of the F,F, ATPase, precursors to cytochrome
¢,, core proteins I, I and the Fe/S protein of pl

occurred at the oorrect site. Recently, the same labora-
tory demonstrated the requirement for correct
processing of certain elements within the presequence of
OTC. When amino acids 22 to 30 of the N-terminal
preprece were deleted, the mutated precursor was still

ported but d largely d [247]. The
authors concluded that residues 22-30 may contribute
to a specuhc conformauon within the signal sequence

that is required for ition by the p g
peptidase. On the other hand, results with the precursor
of OTC which was d in the ami Te-

gion of the presequence demozstrated that this part of
the prepeptide was also important for correct processing
117).

For human pre-OTC it was shown that the positive
charges in posmons 23 and 26 of the presequence are
not absol quired for p g [152). Position 23,
however, proved to be very critical, since substitution of
this arginine with glycine completely abolished both
1mpon into mitochondria as well as processing by

hondrial matrix ion of the

Quhati

11, to cytochrome b,, and to isocitrate dehydrogenase
[233]. Another possibility for this variability of clea-

glycine with asparagine,alanine or lysine
restored import and conversion to the mature form. For




rat OTC it was reported that the precursor was proteo-
Iytically processed in two steps by the matrix processing
peptidase [227,240). The first cleavage occurs between
amino acid residues 24 and 25. The cleavage site is thus
located adjacent to the critical arginine 23 residue.
Substitution of arginine 23 with an aspartic acid or
glycme residue mhnbned both processmg steps. In lhls

case, h "y ion was not affe
by the i I ly, the d
were p d at a ‘new’ cleavage site b ids

16 and 17 of the presequence; again only two residues
away from an arginine in this case at position 15.

In summary, despite the great effort of several groups
it is still unclcar how the proczssmg site is recognized by
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of heme ¢ to cy ¢ and c,. and the
construction of iron-sulfur centers on scveral subnaits
of respiratory complexes 1, 1I and II1. Other modifica-
tions include the non-covalent yet tight binding of
coenzymes and cofactors such as NAD, FAD (FMN),
hemes (having various side-chain substitutions) and
metal ions.

For most imported proteins it is not known at what
stage of import the attachment of prosthetic groups,
particularly non-covalen'ly associated ones, occurs.

Events such as ion and prepi 1 do
nut appear to be affected by their absence On the olher
hand, bly of subunits irto fi

has been shown to require the prior anachmem of

the matrix-located peptid: (MPP). The proslhcuc groups or cofactors in several cases. For
available data suggest that at least certain in the of h idase subunit |
the vicinity of the cleavage site are essential, which with a bled lex of sub 11 and HI was

might be important in orienting the precursor towards
the active site of the peptidase. Besides the importance
of a positively chaiged residue in position —2, there is

shown lo be dependent on heme in rat mnlochondna
(250]. Similarly, mitochondria from copp P
crassa were unable to bl h id

apparently no requirement for a strict se- Ithough the hesis of both nuclear and mitochondrial
quence at the cleavage site itself. It is possible that the gene products was unaffected [251). In yeast, the assem-
key to und the cl ificity lies in the bly of cytochrome oxidase subunits I and Il with sub-
functional role of the lating 52 kDa p units VI and VII did not occur under anaerobic condi-
(PEP) of the p '3 We speculate that PEP tions, but happened immediately upon shifting to an
first interacts with certain conformational struciures oxygen environment [252}.

within the p thereby p! ing the p The 1 h of heme to cytochrome ¢
site to MPP. It seems doubtful, however whether ex- and ¢, has been studied more extensively. In contrast to
periments with d {as described and cof that are lently associ-

above) mn shed light omo exaclly what kind of confor-
is reqy
It has to be noted that proteolyuc processing is not a
prereq for of ins across the
itochondrial b After inhibiti of the
with chel locul

ated with mitochondrial proteins and which appear to
only be required at the stage of assembly of multisub-
unit ! the ! of heme to
c-type cytochromes is an integral part of the import
process itself. In the case of cytochrome ¢, thioether

w;re still |mported (e.g., subunit B and subunit 9 of
F,F; ATPase, the Rieske Fe/S protein of the bc,-com-
plex and cytochrome P-4505c) {36,248,249]. Upon re-
lease of the block of the matrix peptidase by Mn**, the
presequence was cleaved off without further require-
ment for the b P ial. If protein

tions were used which have a presequence but no clea-
vage site, import still occurred [114,137,240,246,247]).
Finally, there are several precursor proteins which are
made without clcavable presequences and are, of course,
imported without proteolytic processing (see Section
IV-A, and Tabies i{ and I1i).

VI111-D. Attachment of prosthetic groups

ddits 1

In top the

link are formed between the heme vinyl groups and
the thiols of cysteines 14 and 17. This reaction is
catalyzed by cytochrome ¢ heme lyase, a membrane-
bound enzyme which faces the intermembrane space
(188,194-193,253). The p protein (apocy

rome ¢) is bound to the outer membrane and trans-
ported across it concomitant with covalent heme attach-
ment [194] (Fig. 5). A likely mechanism is that the
newly attached heme group forms the nucleus around
which the remainder of the protein is folded, drawing it
across the outer membrane as it does so [192,194]. It
appears that the heme iron must be in the ferrous state
prior to this process, accounting for thc NADH require-
ment observed in vitro [207]. In the case of cytochrome
¢;, heme attachment cccurs at a later stage of import.
The precursor is first imported and processed to an

”

ly
of imported protei often ludes a number
of other covalent and non-covalent modifications. For
many mitochondrial proteins, the h of pros-
thetic groups is a requisite step which enables them to
function as electron carriers. This includes the I

inter ized form by the processing peptidase in
the matrix (for details see Section 1X-B). Heme is then
added to this intermediate in a step which is tightly
coupled to the second proteolytic processing event that
generates the mature-sized cytochrome c,. This has

been d d in vivo with h defici
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of yeast whose mitochondria accumulate the inter-
mediate-sized form [52,241], and by import experiments
in vitro employing inhibitors of heme attachment [206].
In the ab of the h hing step, the import of
cytochrome ¢, appears to be stalled at a stage shortly
following the first processing step (Nicholson and Neu-
pert, unpublished data).

For the Rieske Fe/S protein iron-sulfur cluster for-
mation to be a prerequisite for the second
proteolytic processing step of the precursor (Hartl and
Neupert, unpublished data) (for details see Section IX-
B).

It is clear that the aquisition of prosthetic groups is
important for the function of several mitochondrial
proteins. In the cases that have been studied to date,
these steps occur at both the early stages of import fe.g.,
cytochrome ¢) and at the later stages as well (e.g.,
cytock oxidase subunits). Sut steps of the
import pathway can be blocked if prosthetic group
attachment is inhibited.

VIII-E. Modification of amino acids

In principle, posttranslational modifications affecting
proteins in the cytosol can also occui with mitochondrial
precursor proteins — particularly those whose import in
vivo might occur with slow kinetics exposing them to

event which has been suggested to be involved in the
regulation of calcium release [260]. Poly-ADP-ribose
has been reported to be specifically associated with a
100 kDa protein (comprised of two 50 kDa subunits) in
the inner membrane of rat liver mitochondria and was
part of an inner membrane protein-DNA-RNA com-

plex involved in hondrial DNA  repli
[261,262). Whether ibl difications of
proteins is involved in || import p is
unknown.

1X. Intramitochondrial protein sorting and assembly

1X-A. General remarks

Mitochondr

can be str lly and functionally
subdivided into four distinct subcompartments: name]y
the outer membrane, intermembrane space,inner mem-
brane and matrix. The general reactions for the target-
ing of precursors to mitochondria, their insertion, and
their translocanon into and across the nmochondnal
described in the precedi can-
not sufficiently explain the i itochondrial sorting
of precursors to these different locations. Several pre-
cursors destined for different mitochondrial sub-
compartments even use a common insertion protein
(GlP) in the outer membrane and must therefore be

longer periods to cytosolic lyzing such
reactions {for review see Ref. 254). Cytochrome c is a
good example of the type and extent to which such

modifications may occur, since a large number of se-

ibuted to their ﬁnal locauons after tlus pomt.
Hence, in addition to ds
tion, sorting signals also have to be present in precursor
molecules (Fig. 1) to direct them to their correct

quences have been determined [255). For many
proteins, particularly in higher eukaryotes, are lated

drial subcompartment. A y of the

at the amino-terminus. Cytochrome ¢ reflects this gen-
eral pattern, always being N-a-acetylated in vertebrates
and higher plants, but never in yeast or bacteria. There
are no known instances in eukaryotic cytochromes ¢ in
which the amino-terminal methionine has not been
removed post lationally. Several cytock ¢ have
extensive amino acid amidation and some have been
reported to contain an unusual e-N-trimethyllysine
{256,257]. In the latter case, it has besn suggesled that
the methylation of the cytock cp or

its import into yeast mitochondria [258). The purpose of
amino acid modifications, however, is for the most part
presumed to contribute to protein function or stability,
although their effects on import have received little
attention.

Once imported 2nd fully assembled, some mitochon-
drial protein functions are regulated by reversible cova-
lent modifications such as phosphorylation—dephos-
phorylation and ADP-ribosylation. For )!

p of i itochondrial sorting identified so far
is given in Fig. 7.

Proteins of the outer membrane and matrix seem to
follow a relatively simple sorting mechanism. Outer
membrane proteins are made without a cleavable prese-
quence. They are apparently inserted directly from the
cytosol into their target membrane. This process has
been studied in most detail for porin of N. crassa
[47,79,103,167] (see Section VI-A) and the yeast 70 kDa
protein [135,137}. To date, the latter protein is the only
outer membrane protein where the mitochondrial

g has been Ived (see Section 1X-D).

P; of matrix proteins are ported across
outer and inner membranes at translocation contact
sites, thereby reaching their target compartment. Fur-
ther sorting step is not d. Ertry into mitochondria
via translocation contact sites is also used by proteins of
the inner b and probably by most proteins of
the intermembrane space as well, ahhough their sorting

specific kinases and phosphatases modulate the activity
of pyruvate dehydrogenase in response to ATP levels
[259]. A 30 kDa protein of the inner membrane of rat
mitochondria is specifically ADP-ribosylated, an

and hways are app ly more com-
plicated. As outlmed above (see Section VIII-B), two-
step proteolytic processing has been found to be a
common feature for a number of proteins of the inter-

space and of inner membrane proteins which
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Fig. 7. Intramitochondrial sorting of precursor proteins. Sorting path-
ways are presented schematically for groups of proteins with the same
submitochondrial location. Proteins destined for the matrix, inner

or i space enter via translo-
cation contact sites. The outer membrane protein porin and proteins
of the inner membrane and matrix use common membrane compo-
nents for ition and insertion. C; b, and ¢, and the
Rieske Fe/S protein follow the ‘conservative sorting’ pathway via the
matrix (Figs. 8 and 9). It is also possible that import into the matrix in
the case of inner membrane proteins takes place prior to insertion into
the membrane (Section 1X-C). The import pathway of <
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peptidase to an intermedi ining an
exgh' amino-acid residue extension occurs (see Tables
11 and V). This intermediate is then p, d to the
mature-sized protein, ! d in a Ay~ind
dent manner back across the inner membrane and as-
sembled into complex III. Thus, during import and
sorting the Fe/S protein has 1o cross the inner mem-
brane twice. The role of the eight amino-acid residue
extension for the sorting process is not yet clear. It
probably does not contain targeting information for
retranslocation since it is cleaved in the matrix space.
Two lines of evidence suggest that iron-sulfur cluster
formation might be a prerequisite for processing to the
mature size: (i) The second pmcmmg slep can be
inhibited by the ferrous-i
line. This block can be rel d by low i
of Fe?*. As to the localization of Fe/S cluster fonna-
tion, it might be indi that barho-ph
which cannot neretrate the inner membrane, does not
exhibit this inhibiting effect. (ii) If the four cysteine
residues of the imported precursor (three of which are
believed to take part in cluster formation) are alkylated

is exceptional in that it does not require Ay and that the precursor is
translocated directly across the outer membrane to reach the inter-
membrane space (Section VI-B). OM, outer membrane; IMS, inter-
IM, inner M, matrix;: AAC, ADP/ATP

carrier; Cox 1V, cylochlome o)udase subuml 1V: OTC, ornithine
& ADH 111,

aloohol dehydrogenase I11.

4,

p into the i space with a hydro-
philic portion of the molecule. In each case, the first
proteoly(ic prooessing slep is catalyzed by the

id in the matrix
and therefore lhe precursors have to be translocated
either completely or ai ieast partially across the inner
membrane.

b

IX-B. The “
proteins

sorting’ of i space

‘The import pathway into nulochondna of the Rleske
Fe/S protein of the !

by N-ethylmalei to the mature form is
efficiently inhibited and the intermedi ized form of

Fig. 8. Working hypothesis for the translocation of the Rieske Fe/S
protein to the outer surface of the inner mitochondrial membrane.
The Rieske Fe/S protein (subunit V of complex HI or bc,-complex) is

11 or b, plex) could be resolved into
several distinct steps as depicted in Fig. 8 [36] This
protein is encoded for by a nuclear gene, d in

in the as a precursor (p-Fe/S) which carries an

inal i of 32 ami id residues. After

interaction with a receptor on the surface of mitochondria, 1, p-Fe/S
is through contact sites between outer and inner mem-

the cytoplasm as a precursor having a 32 residue
amino-terminal extension [35,36,263], and transported
to its functional location at the outer surface of the
inner Both the 'minus and the large
carboxy-terminal hydrophilic domain of the protein face
the intermembrane space (Ref. 264; Hartl and Neupert,
unpubhshed data) Durmg nmpon, the precursor is first
via ion contact sites,
hondria. There, cleavage by the

into xhe watrix of

branes into the matrix, 2. This process is dependent on the membrane
potential 4y across the inner membrane. In the matrix the amino-
terminal 24 amino-acid mﬂdm of the presequence are cleaved off by
the ix-localized i (PP) ing inter-
mediate-sized Fc/S pmmn (i-Fe/S), 3. As a prerequisite for the
second p: ly! step, probably by a second
processing proteinase (SP) in the matrix, 4, the Fe/S-cluster is at-
tached. The mature-sized protein (m-Fe/S) is finally re-translocated
10 the outer surface of the inner membrane, 5. OM, outer membrane;
IMS, intermembrane space; IM, inner membrane: M. matrix; N,
amino-terminus.
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the Fe/S protein is accumulated (Hartl and Neupert,
unpublished data).

Available data of bacterial and chloroplast Rieske
proteins demonstrate a high homology in structure,
topology and function with the mitochondrial counter-
part. The Fe/S pro\em of the photosynthetic bacterium
Rhod ides, which is part of a bc.
cornplex, is located (as in hondria) on the opp
side of the F, ATPase facing the thylakoid lumen
(periplasmic space), which is functionally equivalent to
the mitochondrial inter space [265,266]. The
structure and topology of the Rieske protein of chloro-
plast thylakoids is also directly homologous {265]. In R.
sphaeroides, the Fe/S protein is synthesized in the
bactenal cytoplasm and has to be trans]ocated across
the ph to its perig face. It
does not carry a presequence comparable to the
mitochondrial protein [266]; however, a slight decrease
in molecular mass has been observed upon assembly
which could be equivalent to the transition from inter-

Fig. 9. Working hesis for the ion of by to
the intermembrane space. The precursor of cylochrom: by (p-Cyt by)
carries an 80 ami id residue amil with

bipartite structure. p-Cyt b, binds to a proteinaceous receptor on the
surface of the outer 1, and is

into the matrix via contact sites, 2.
tion is d (MNTP) and Ay. In the
matrix the fi rsl prol:olyuc processing event occurs, performed by the

mediate to mature Fe/S protein in mitochondria {267]. helat
Based on the hypothesis for the end: biotic origin
of mitochondria, it was proposed that the mitochondrial

P (PP), resulting in the formation
of mlermedla(e-smd b, (|-Cyt b3), 3. The prepeptide of i-Cyt b, (the

Fe/S protein is a component whose gene has been
transferred from the endosymbiont to the nucleus of the
host cell. Since the function and primary structure as
well as the three-dimensional folding and the topologi-
cal arrangement of the protein have been conserved
during luti it was d that the bly
pathway of the protein might also have been conserved.
Hence, after transfer of the gene to the host cell nucleus,
the Fe/S protein had to be translocated across both
mitochondrial membranes back into the matrix space in
order to enter the conserved part of the assemb]y path-
way. For this purpose, during lution a ly

| part of the original presequence) directs the protein
back uross the inner membrane, 4. At the outer surface of the inner

b i-Cyt b, is by a second ing protease
(SP*) to mature-sized b, (m-Cyt b,), a soluble component of the
intermembrane space, §. OM, outer membrane; IMS, intermembrane
space; IM, inner membrane; M, matrix; N, amino-terminus.

was recently shown that the precursor to cytochrom b,
is also first pl d via con-
tact sites into the matrix of mitochondria where it exists
as a soluble species [95,102,187] (Fig. 9). In the matrix

charged presequence was added to the Fe/S protein
and translocation contact sites were introduced to ac-
lish direct of the p into the
matrix. After cleavage by the processing peptidase, the
protein then is assumed to enter the ‘ancestral’ assem-
bly pathway which begins with translocation from the
matrix (equivalent 10 the bacterial cytosol) across the
inner membrane (equivalent to the bacterial plasma
membrane) [36,268).
For two other p of the inter b space,
namely cy b, and cy ¢y, it has also

the ami termmal part of the ptesequence is cleaved
off by the p g ing in the forma-
tion of an mtermed:ate-s:zed form. Tlus intermediate is
then retranslocated back across the inner membrane
and p d to the mat ized protein which is
subsequently soluble in the intermembrane space. In the
case of cytochrome b, it could be shown that it is the
intermediate-sized species which is retranslocated from
the matrix back across the inner membrane and that the
second processing step occurs at the outer surface of the
inner membrane. Results with the per mutant ts 2858
[242,243) (see Section VIII-B) suggest that the same

been investigated as to whether their sorting p
follow this ‘conservative’ principle. Cytochrome b, is a
soluble component of the intermembrane space of yeast

hondria [269). Its pr of 80 amino acids
{54] can be divided into two parts. The ammo-tenmnal
part exhibits the typical f of a mi drial

peptidase also lyzes the p g of the p
to subunit II of cytochrome oxidase which, after
hesis on mitochondrial rib also has to be

translocated across the inner membrane to the inter-
membtane space It seems likely that the presequence of

targeting sequence (see Section IV-B); however, the
carboxy-terminal part (in conirast to the precursor of
the Fe/S protein) contains a hydrophobic streich of 21
amino acids (see Table III). Like the Fe/S protein, it

a second
targeting (or somng) signal for redlreclmg the protein
across the inner membrane from the matrix side. At
present the energy source for the retranslocation process
is unknown.



In principle, similar results were obtained for the
import and sorting pathway of cytochrome ¢, [187]
which with respect to function, structure and topology
is homologous to cytochrome ¢, of R. sphaeroides
[265,266] and to cytoch f of chloroplast thylakoid
[265,270]. In the carboxy-terminal part of the prm-
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liminary .'ata suggest such an intramitochondrial sort-
ing pathway does occur (Mahlke and Neupert, unpub-
lished data). .™e precursor of subunit 9 from Neuro-
spora can be accw.mulated in a protei i loca-
tion in mitochondria *a vitro if the processing peptidase
in the matrix is blocked by chelators. This precursor is

quence of the cytoch QP a hydrop

stretch of approx. 20 amino acids is also contained
[271,272] (see Fig. 1 and Table III). After import of the
precursor into the matrix and the first processing event,
i h ¢, is probably not com-

plet.ely retransloca(ed across the mner membtane but
hored to the inner by the trans-

still p d against exte: ~ally added proteinase after
disruption of the outer mitochundrial membrane by low
concentrations of digitonin. Unde: these conditions it is
not yet embedded into the phosphoi:pid bilayer of the
inner b (since it is ble «t alkaline pH),
but can be chased to lhe fully mtegrated mature-sized
subunit when the p p is i d by
divalent metal i lons~ An amﬁcml precursor casrying the

b m the cart ] part ol‘ the
mature seq ingly, the second p 1y
proocssmg step occumng at the outer face of the inner

is pend on NADH, which
might be 'y for heme attach [187 206, 241}
The lation of i ¢ ina

heme-deficient mutant has been demonstraled [52] (also
see Scclmn Vlll D).

T

space proteins seem to
first be complelely translocated across both mitochon-
drial membranes. They are then redirected from the
matrix back across the inner membrane to their target
compartment. In the case of precursors havmg a bipar-
tite p by, ¢, and
very hkely cytochromc-c peroxtdase too) the matrix

of N 72 subunit 9 fused t~ DHFR
ended up as soluble protein in the matrix. A fusion
protein between the complete subunit 9 precarsor and
DHFR was anchored to the inner membrane after
import, suggesting that sorting information for the inner
membrane is contained in the mature part of subunit 9
(Mahlke and Neupert, unpublished data).

Interestingly, in yeast [174-177] and plants [178,179]
subunit 9 is made without a cleavable presequence
inside the mitochondrion. in N spora [72] and higher
eukaryotes [148] it is synthesized in the cytoplasm con-
taining a long presequence (66 amino acid residues in
Neurospora). Upon import, the presequence is removed
in two steps (35 and 31 amino acid residues) by the

targeting signal and the sorting signal for 1
tion of the intermediate-sized species are linearly
d and act sequentially. The ch istics of

dase in the matrix {73,231] (see Section
VII[-B and Tahle V). Since subunit 9 in yeast

transport from the matrix to the intermembrane space
strongly resemble those of protein export from the
cytoplasm across the plasma membrane m prokaryotes.
Indeed, the prepi of i
by and A show struclural l‘eatures snmllar to the signal
of b 1 destined for export [273].

The sorting signal for retranslocauon, however, can also
reside in the mature part of the protein. This appears to
be the case for the Rieske Fe/S protein.

On the other hand, at least one exception for entry
into the intermembrane space by this sonmg principle
is already known. Import of cytoch

ia (and also in bacteria [274] and chloro-
plasts) is inserted into the membrane from the matrix
side, it seems reasonable to assume that in Newrospora
and higher eukaryotes the mature subunit also assem-
bles from the matrix side. The precursor of Neurospora
subunit 9 can be imported into yeast mitochondria and
is correctly processed {180]. A fusion protein between
the presequence of Neurospora subunit 9 and the ma-
ture part of yeast subunit 9 was imported into yeast
mitochondria in vitro and processed [275]. Similarly,
subunit 9 of F, ATPase, also a mitochondrially synthe-
snzed hydrophoblc subunit, could be imported into yeast

transport into the matnx (see Section V] -B). Cyto-

h ¢ has no cl P | and its import is
ind dent of the t p ial across the inner
b Al dingly, other p may also follow

such a ‘new’ pathway and reach the intermembrane
space by simply crossing the outer membrane.

IX-C. The sorting of inner membrane proteins

Are typical inner b proteins, i.e.,

ia in vitro if the presequence of Neurospora

subunit 8 was fused to its amino-terminus and the
was 1 in a cytosolic protein h

ing sysiem [276].

For the precursor of cytochrome P-4505.- from
adrenal cortex, an inner membrane protein facing the
matrix, it has been d d in vitro that 1
translocation across both mitochondrial membranes
takes place [249). The imported precursor was salt-ex-

tightly embedded in the phospholipid bilayer and hav-
ing only small portions exposed to the membrane
surface, also first completely imported into the matrix
space? For subunit 9 of F, ATPase (‘proteolipid’) pre-

ble and in the matrix, while the mature poly-
peptide was found to be integrated into the inner mem-
brane.
Altogether, a number of inner membrane proteins
also seem to be sorted via the matrix compartment. It
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cannot be éxcluded, however, whether some integral
membrane polypeptides diffuse laterally from transloca-
tion costact sites to their final destination in the inner
membrane.

1X-D. The “step-transfer’ hypothesis

According to the so-called ‘stop-transfer’-hypothesis,
of mitochondrial proteins can

14

.l;e dissected into linearly arranged fi

brane. The 1 of cy ¢, when
fused to DHFR du'ected the passenger protein to the
intermembrane space. If only the amino-termizal part
of the preseq luding the hydrophobit

was fused to DHFR, the wnstmcl was found i in the
matrix [278). These experiments, however, did not ex-
clude the possibility that transient import of the fusion
protein carrying the authentic presequence of cyto-
chrome ¢, into the matrix had occurred, since in-

ter i on the import pathway were not resolved.

(i) matrix targeting d (ii) “stop port’ do-
mains, and (iii) proteolytic cleavage sites [277]. The
or ab of these d as well as their
arrangemem may determine which submitochondrial
compartmenl a precursor is finally soned to. Matrix
ins are si d at the ‘minus of

the p q! and show f such as the
occurrence of positively charged amino-acid residues
(see Section IV-B). They direct a p to

R ly, it was reported for the same fusion protein
that the precursor was never l'ound ina protemase-re-
sistant position in mitopl ie., h ia whose
outer membranc had been disrupted by osmotic shock)
when the matrix peptidase was blocked by metal che-
lators [280]. Import of authentic cytochrome ¢, was not
tested in these studies.

The stop-transfer model for the import of in-

mitochondria and across the two mitochondrial mem-
branes into the matrix. Slop-transpon domams are
potential membrane sp h of
approx. 20 amino-acid residues. If prcsent they follow
the matrix targeting domain at a variable distance and
could thus prevent complete translocation of the pre-
cursor either at the level of the outer or the inner
membrane.

The yeast 70 kDa outer membrane protein is made
without a cleavable presequence (Fig. 1). Its amino-
terminal 41 residues contain the information for both
targeting and sorting of the precursor {134~137]. Amino
acids 1 through 12, if fused to mature subunit IV of

proteins differs from the ‘conserva-
tive sorting’ p of authentic cytoct ¢; and
b, described above (and also as discussed in detail in
Ref. 187). lt has been shown for several different pre-
cursor p (i di ytoch b,) that trans-
port across both mitochondrial b at 1

tion con(act snes oceurs through a hydrophilic environ-
ment (p ly a p h 1) [95] (see Sec-
tion VI-C). A ial hydrophobic ‘stop-transport’
sequence would be effective only through a strong pro-
tein-lipid interaction [215,277] which does not seem to
occur during translocation of proteins from the cyto-
plasm across the mitochondrial membranes. Similar re-
sults were recently reported for the translocation of

h

cytochrome oxidase, could direct the fusion protein into proteins into chloropl [281]. Chi I

the matrix of mitochondria in vivo and, if fused to p i putati “stop: fer’ regions
DHFR, also to the matrix both in vivo and in vitro (made b mouse i lobulin M or vesicul:
[137]. It is assumed that the overlapping seq of itis virus glycoprotein fused to the precursor of
amino-acid idi 10 through 37 (a hydrophobi the small subunit of ribulose-1,5-bisphosph

stretch of 27 residues) is responsible for anchoring the
precursor to the outer membrane thus preventing com-
plete transport of the native 70 kDa protein into the
matrix. If the first 41 amino acids of the 70 kDa
precursor (containing the ‘stop-transport” domain) were
fused to E. coli B-galactosidase, the construct was di-
rected to mitochondria and inserted into the outer
membrane with the correct ori i d to

lasc) were found inside the chloroplast stroma upon
import in vitro. They were not embedded in the en-
velope membranes.

On the other hand, Shore and colleagues [282,283]
stated that the b of
stomatitis virus G-protem was acuve in anchoring a
fusion protein carrying the signal sequence of ornithine
tr t ylase either to the mitochondrial inner

authentic 70 kDa protein [135]. It is not yet possnble to
explain why the *stop-transport’ domain holds the pro-
tein in the outer membrane instead of in the inner
membzane. The length and the relative strength of the
hydrophobic segment, as well as its position relative to
the matrix targeting sequence,might be critical [277]).
For inter b space proteins such as cyto-
chrome-c peroxidase [215), cytochrome b, [54] and cy-
tochrome ¢; [271,277--280] it was proposed that the
hydrophobic segments in the carboxy-terminal parts of
the presequences might prevent compiete transiocation
of the precarsor across the inner mitochondrial mem-

membrane or to the outer membrane depending on its
position with respect to the signal sequence. The authors
concluded that this segment could act as a ‘stop-trans-
fer’ during location across the inner
It was not excluded, h ,that the con-
struct had inserted into the inner membrane after hav-
ing first been completely translocated into the matrix
(see Section IX-C).

IX-E. Assembly of imported mitochondrial p

‘viany imported mnochondnal protems are con-
of ! bly of

P P M
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proteins into these functional pl is therefore the d the |mport of subumts of F; ATPase into
final step in the import pathway. The p in- lated yeast mi A of the three
volved in assembly are poorly understood. A number of largesl snbumts wnh each other could be dcmonsl aled
important questions regarding the final stages of Py b of hondria with unlabeled

mitochondrial biogenesis, such as how the di d the i P ion of labeled into the
b the cytopl and the mitochondrial pl suggesting that assembly occurred from an
protein-synthesizing systems occurs, have been raised. itochondrial pool of subunits. Subunit 9 of the F,

The present knowledge in this area has recently been
reviewed [3].

drial respi y pl with the possi-
ble ption of lex 11, contain subunits coded for
by exons of the mitochondrial genome as well as sub-
units coded for by nuclear genes. Strict coupling be-

ATPase of N. crassa imported in vitro could be pre-
i d from deterg lubilized mitochondria with
an antibody directed against F, ATPase, indicating that
it was functionally assembled [73]. Similar conclusions
can be drawn from studies of import of the Riesav
Fe/S pro(em (36] Following the import reacuon‘ an

tween both systems, however, cannot be d d. If di d against cytoch € ‘tated
itochondrial protein hesis was inhibited hesi the mat d Fe/S protein from delergcnl-solnbl-
of mi drial proteins in the cy i lized mitoch ia in exactly the same manner as ob-
and vice versa [284 285]. In the absence of mitochondrial served with mitochondria that had been radiolabeled in
protein synth ically made sut of F, vivo. Assembly into complex III did not occur if
ATPase or bc.-comp]ex were still imported Iy p ing of imp d Fe/S protein was inhibited by
into mitochondria and were even partially bled metal chel For the ADP/ATP carrier was shown
[286-289]. that the in vitro i d ired fi

On the other hand, several studies describe the par-
umpanon of nuc]ear gene products in regulating tran-
ption/ in mitochondria ln yeast cells,
ling b both protei h at

properties of the authenuc mature protem [78). Com-
pletely imported p but not P
precursor, was able to bind the specific inhibitor

the level of transcription has been suggested. For exam-
ple, control of nuclear iption of the mitochondrial
RNA polymerase (itself an imported protein) could be
used to modulate the exp of the mitochondrial
genome [290,291]. Furthermore, a b of

boxy yloside and to pass over hydroxyapatite in
a manner that was indistinguishable from that of the in
vivo imported carrier (also see Section III-B).

These studies, however, provide only a first insighl
mw the complexny of the processes involved in

mRNA-maturases, which are necessary for the
processing of mitochondrial pre-mRNAs, are nuclear

hondrial protein ly. Many questi such
as lhe exact sequence of evenls during the assembly of

prolem cannot as yet be
gene products [292 295] Thwe malulases appear to be d. One p larly i g aspect is the pos-
specific for indi slblhty that imported isti led
Another i ing principle of dination be- p could play a role in proteln assembly. Such
tween ic and mitochondrial proteil hesi a protein (the RUBISCO large subunit-binding protem)
ing systems acts on the level of nmochondnal transla- was shown to be involved in the ly of r

tion. Nuclear gene products have been described which
are imported into mitochondria and regulate the trans-
lation of certain hondrial mRNAs, probably by

bisphosphate carboxylase small and large subunits in
the chloroplast stroma by non-covalenlly binding the
1 1 d

interacting with the S5’-untranslated leader region
[296-299}.

d large of the enzyme (for
revnew see Refs. 301 and 301a). The binding protein
itself is an oligomer complex consisting of two different

What are the principl derlying the bly of b which are cytoplasmically synthesized as pre-
divi bunits? These p have mainly been cursors and imported into the chloroplast stroma. As
sludled in yeast defe in single subunits of ly defined, chap are not d in the
y protein pl For the FoF, ATPase final bled plex. So far, chaper have not

and the cy id ly of sub- yet been identified in mitochondria.

units seems to occur in a sequential order (l'or review
see Ref. 3); however, many aspects are still unclear. It
also has to be noted that the use of mutants in these
studies raises the question as to whether the residual
assembly reflects the physiological processes occurring
in the wild-type cell.
For only a few mitochondrial p

whose import pathways have been studled has bl:

X. Present and future

Desplte the many advances made over recent years
our ding of how proteins are im-
ported into mitochondria, a great deal more attention is

'y

been demonstrated in vitro. Lewin and Norman {300}

quired to get a detailed preh of the com-
drial bi In this final sec-

plexities of mitoch
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tion we address some ¢f the questions which must be
answered in future research.
Mitochondrial protein import can be a

may be possible to look at the mechanism of the lmer-

sysiem to study protein translocation across biomem-
braes in general, one of the most intriguing aspects of
present molecular cell biology. We have discussed that
ti:2. transpo:t of proteins across a number of cellular
me:nbrancs 1ollows similar principles. Future work will
no doubt be directed wwards deﬁmng and identifying

action ol‘ with isolated t P in
ble model ed li
X-B. Trans! across the hondrial b
How proteins are d across biological

membranes is still almost completely unknown. What is
known, h is that p must be unfolded to
a certain extent in order to become competent for

the stroctural lved in these p

In generzl, this search for components may proceed

along two lmes On the one hand, biochemical and
ization of distinct components

will enable their isolation and On the

1 Where does this unfolding reaction take
place: in the cytosol or at the mitochondris! surface?
What is the nature of the postulated ‘unfoldases'? What
is the role of NTPs in this process and which NTP is

other hand, and functional ck ization of
mutants defective in import will certamnly contribute a
useful approach, especially if such can be char-
acterized by in vitro analysis of the distinct steps of the
import pathways.

lmport of cy

Lacrmicall hecized

P ly P intc
ia can be ized into the ing com-
plexes of questions:

X-A. Specific targeting and recognition

In the case of p carrying ‘minal
extensions, sut‘flcxent information for targeung is con-
tained within the p
should be placed on !!re further analysis cf signals to
characterize what their common structural features re-
ally are. Is it possible to dissect targeting signals into
slmclural elements required for specific binding to

hondrial surface and into el re-
quired for insertion into the translocation machinery?
Studies with artificial presequences should be helpful in
identifying such elements. Targeting signals within pre-
cursor proteins that do not contain cleavable prese-
quences are currently much less understood. Do some
of these p ins contain multipl

lly required, ATP or GTP? With regard to the
physiological significance of the unfolding reaction it
must be asked whether precursor proteins really do fold
under normal conditions in the intact cell. Is the ‘un-
folding’ machinery only employed under conditions of
“stress’ (e.g., heat shock or extreme growth rates) as a
salvage pathway for (mis)folded precursors? For exam-

ple, supposing that a lational mode of !
tion Ily p , folding of p may not
pose a problem.

Itis a ch ic of mitochondrial protein import

that precursors destined for the matrix or the inner
membrane, and also most precursors of intermembrane
space proteins, have to be ed (at least partially)
across two membranes via translocation contact sites.
Very little is known about the nature of these contact
sites. What is their molecular composition and what
forces keep the two membranes in close contact? One of
the main questions is how do precursors actually move
through contact sites. Translocation apparently occurs

d i implying that pro-

at philic
teins probably pld y a role, but no prolemaucus compo-
nent dlrec.ly in 1! ion of
P 53 yet been identified. Mitochondria might
serve as a model system to answer a number of ques-

signals (as proposed for the ADP/ATP carrier) and if
so, do they act in concert or independently? Do discon-
tiguous targeting signals exist and how might they func-
tion?

For several p proteins, specific i
with receptor structures on the mitochondrial surface
have been described. So far no mitochondrial import

ptor has been str lly ch ized. How many
different classes of receplors do exist? Are receptors
evenly distributed over the mitochondrial surface or are
they clustered at translocation contact sites? How do
receptors ‘hand over’ the precursor proteins to further
components of the import machinery? A general inser-
tion protein (GIP) of the outer membrane has been
proposed. Its nature and function has to be verified,
and the initial insertion of precursors into the outer
membrane must be studied in detail. In the future it

tions ly under debate, such as: Does the translo-
cation of across b really occur
through a ploleinaceous pore? Does it proceed in a
threadlike or domain-wise manner? It might be specu-
lated that translocation contact sites contain a ‘trans-
locase’ which could work like a membrane-integrated
‘unfoldase’ drawing the polypeptide chain across the
membranes. What is the driving force for membrane
translocation? Is it merely the re-folding of a protein
after translocation that 1enders the whole process en-
ergetically favorab!e. and what is the function of Ay in
the 1 of into and across

P P

the inner membrane?

X-C. P ing and i) itochondrial sorting

Presequences of precursors are cleaved by the hlghly
specific metal-dep p peptidase (MPP) in




the matrix. The enzyme is dependent on PEP, the
processing enhancing protein, for full activity. Ques-
tions to be solved are: What struciural features of the
presequence, and perhaps of the mature protein part,
are ized by the p ? What is the

i hani. ofthe,, lytic cleavage and
how does PEP take part in this reaction? Does PEP
interact with lhe precursor dlreclly and does it have

dditional £ 1
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plasmic and

d and d? Furthermore, how does
transport of RNA across the mitochondrial membranes
occur, and does it function in such regulation?

These of course are only some of the many questions
in mitochondrial protein import waiting to be answerec:
In our view, the most interesting avenue oi future
research in this area will be directed towards the com-
g of the p involved in the
two mitochondrial protein translocation systems and

their active reconstitution into artificial membranes.

in t of pre- plete und di
cursors?
Proteolytic processmg also p]ays an |mponant role in
the seq of sleps I m the i hondrial N
sorting of p For destined

for the mtermembrane space are ﬁrsl imported into the
matrix. Sorting information for re-trans.ocauon across
tlle inner b to be d in the

1] of the p and
maybe in other sequences of the mature protein parts.
With regard to the expon of protems from the matrix,
the inner mi a sep-
arate, as yet almost completely neglecled system of
protein translocation. Its similarity to protein export in
bacteria is evident on the basis of evolutionary consider-
ations. For 1 1) (i.e., the sec-

ple, p!
ond p ic p ing step of i space
precursor proteins) occurs, after lranslocauon. at lhe
outer suiface of the inner b bya

iegrated peptidase. Over the coming years, mitochon-
drial protein export will certainly be characterized in
more detail. An important question is whether export is
restricted to certain areas of the inner membrane (e.g.,
lhe outer boundry b How does
of p which are h d on mito-
chondrial nbosom (such as cytochrome oxidase II)
occur? Up to now a tight coupling between synthesis
and lI’|S€I“I0!I has been assumed. Efforts should be
tishing a vesicle system derived
from inner membranes that would be competent in
protein translocation. With regard to the idea that mito-
chondrial protein export is evolutionarily related to
prokaryotic protein export, it would be interesting to
further characterize and isolate the peptidase(s) perfor-
ming the (second site) cleavage at the outer surface of
the inner membrane to compare them with their bacterial
counterparts.

Further questi iri ion include: What
is the nature of somng signals residing in the mature
part of imported proteins, such as the inner membrane
pmleins subunit 9 of the F,F, ATPase, the ADP/ATP
carrier, the uncoupling protein, the phosphate carrier
and the nuclear d b h
omdase" What are lhe principles by whlch the ordered

of i bunits into multi-subunit pro-
tein complexes occur? Are there helper proteins
(‘chaperones’) which assist in the assembly of imported
and mitockondrially made p ? How are the cyto-
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