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THE PROBLEM OF how proteins are
transiocated across biological mem-
branes is a salient feature in biochem-
istry and cell biclogy. In the case of the
bacterial plasma membrane, the endo-
plasmic reticulum (ER), chloroplasts
and mitochondria, many of the compo-
nents involved in mediating protein
translocation have been identified.
However, many open questions exist
with regard to several aspects of these
translocation events. For example, pro-
teins appear not to traverse membranes
in a folded state, but rather as extended
polypeptide chains. How is this unfold-
ing achieved? How is energy harnessed
to cause unfolding? How is the unfolded
state maintained? On completion of
translocation how does the protein
then refold to its native structure?
Another important question concerns
the nature of the driving force for the
movement of proteins across mem-
branes. The translocation process is
generally observed to be unidirectional;
what is the basis of this phenomenon?
Some insights into these questions
have recently been gained. Increasing
evidence indicates that the trans-
location process is integrally coupled
to the action of a set of molecular
chaperones located in the cytosol and
in the mitochondrial matrix (Table [).
Mitochondria represent an attractive
system in which to study the basic
mechanisms and energetics of protein
translocation events, for a number of
reasons. First, powerful in vitro protein
import systems have been established
in which the pathway of protein translo-
cation can be experimentally dissected
into a series of distinct steps. Second,
the bioenergetics are well documented
and can be easily manipulated, enabling
independent modulation of both mem-
brane potential and levels of ATP in the
matrix. Furthermore, many mutants
defective in mitochondrial function
have been identified, particvlarly in
yeast. These mutants have not only
resulted in the cloning of genes encod-
ing proteins essential for mitochondrial
function, but have also proved invalu-
able for analysis of the import process.
With the exception of a small per-
centage of proteins that are encoded by
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Mitochondrial molecular chaperones:
their role in protein translocation

Rosemary A. Stuart, Douglas M. Cyr,
Elizabeth A. Craig and Walter Neupert

After synthesis in the cvtosol, most mitochondrial proteins must traverse
mitochondrial membranes to reach their functional location. During this
process, proteins become unfolded and then refold to attain their native
conformation after crossing the lipid bilayers. Mitochondrial molecular
chaperones play an essential mechanistic role at various steps of this
process. They facilitate presequence translocation, unfolding of the
cytosoHocalized domains of precursor proteins, movement across the
mitochondrial membranes and, finally, folding of newly imported proteins

within the matrix.

the mitochondrial genome, the majority
of proteins are synthesized in the cyto-
plasm as precursor proteins with
amino-terminal presequences, which
are proteolytically removed in the mito-
chondrial matrix. The precursor pro-
teins are imported along a multistep
pathway, and this process normally
occurs by a post-translational mechan-
ism (for a recent review see Ref. 1).
Precursors are initially recognized by,
and bind to, receptor proteins on the
outer surface of mitochondria. The
passage of preproteins across the inner
membrane (IM) is dependent on both a
membrane potential, A¥, across the IM,
and ATP hydrolysis in the matrix. It
requires the participation of a protein-
aceous machinery localized in the IM,
the composition of which has only

recently begun to be unravelled. In
addition, the mitochondrial chaperone
Hsp70 (mt-Hsp70), encoded by the SSCI
gene in Saccharomyces cerevisiae?,
appears to play a decisive role in the
translocation of preproteins across the
mitochondrial membranes. [ncoming
polypeptide chains are thought to rep-
resent a substrate for the matrix-local-
ized mt-Hsp70, and, through a series of
binding and release cycles, mt-Hsp70
medial2s the passage of the protein
into the matrix34,

In this review, we will summarize the
progress made over the past year or so
that has increased our understanding of
the mechanism of protein translocation
into mitochondria. New observations
have, in particular, shed light on the
importance of molecular chaperones,

Table I. Molecular chaperores ‘mpiicated In mitochondrial protein translocation
and folding in yeast

Chaperone Cellular location Essential Ref(s)
SSA1/SSA2 Cytosol Yes 16
YDJ1 Cytoso! No? 17,18
SSC1 (mt-Hsp70) Mitochondrial matnia Yes 2,3
MDJ1 Mitochondrial matrix No® c
MGE1 Mitochondrial matrix Yes d
Hsp60 Mitochondrial matrix Yes 25,26
Hsp10 Mitochondrial matrix Yes 28,8

Viable at 23°C but not at 37°C.

sources.
N, Rowley et al., pers. commun.

&), Héhfeld and F-U. Hartl, pers. commun.

bNonviable on nonfermentable carbon sources; viable at 23°C but not at 37°C on fermentable carbon

oS, Laloraya, B. D. Gambill and E. A, Craig, unpublished.
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] definable levels; thus it is
possible to directly ad-
dress which specific
stages of import are
affected when ATP levels
become limiting for mt-
Hsp70 function®3. Other
ATP-requiring chaperones,
such as Hsp60, do not
play a role in trans-
location per se, and hence
are not determining fac-
tors in these energetic
studies.
Temperature-sensitive
(ts) mutants of the SSCI
gene have also proved
invaluable for the study
of mt-Hsp70 functions. In
addition to the previously
published sscl-2 allele, a
second ts allele of the
Hsp70 gene, ssci-3, was
recently identified. Import
of preproteins into mito-

Figure 1

Model for the role of A\, matrix ATP and mt-Hsp70 in
the translocation of the presequence into the mito-
chondrial matrix. The positive charges and shaded
box on the precursor denote the presequence, which
undergoes cleavage by the matrix processing pepti-
dase (MPP). Import steps proposed to be inhibited in
the sscl-2, sscl-3 and matrix-ATP-depleted mitochon-
dria are indicated, R, receptor; OM outer membrane,

IM, inner membrane.

which appear to function at several dis-
tinct steps of the import pathway.

Manipulation of mt-Hsp70 action

Two important tools exist for studying
the actions of mitochondrial chaperones,
in particular mt-Hsp70; these are (1)
modulation ~f matrix ATP concen-
trations to levels that adversely affect
the ATP-dependent action of mt-Hsp70,
and (2) mutations in the SSCI gene re-
sulting in altered mt-Hsp70 proteins that
are temperature sensitive for function.

In addition to AY, hydrolysis of
matrix ATP constitutes (at least part of)
the driving force for the vectorial move-
ment of preproteins into the matrix. A
critical role of matrix ATP in protein
import appears to be through its facili-
tating the reversible binding of mt-
Hsp70 to incoming polypeptides. In iso-
lated mitochondria, matrix ATP can be
stringently reduced to experimentally

chondria was inhibited
both in vitro and in vivo
in ssc1-2 at nonpermissive
temperatures®. In sscl-3
mitochondria, mt-Hsp70
function was  more
severely affected than in
the sscl-2 mutant (see
below). The sscl-3 mu-
tation mapped to the
amino-terminal  ATPase
domaln, in contrast with
the ssc/-2 mutation, which
was localized to the puta-
tive peptide-binding do-
main at the carboxy-
terminal portion of mt-Hsp70. Mt-Hsp70
from the sscl-2 mutant displays the
ability to bind substrates (release being
proposed to be affected), whereas it
was suggested that the function of
mt-Hsp70 in the ssc/-3 mutant was
compromised at the initial level of
binding to substrates®,

Comparison of these two mutants,
together with the studies of ATP-depleted
mitochondria, has revealed new in-
sights into the role of mt-Hsp70, and,
more specifically, has implicated the
direct involvement of mt-Hsp70 in three
distinct stages of precursor protein
import: (1) binding to amino-terminal
regions of the incoming polypeptide in
order to stabilize the targetting pre-
sequence on the trans-side of the IM,
thereby making the initial import step
irreversible; (2) unfolding of tightly
folded segments of preproteins on the
cis-side of the outer membrane (OM),
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facilitated by binding of mt-Hsp70 to
the matrix-exposed domains of the
polypeptide; and (3) completion of
translocation across the IM by binding
to further domains of the preprotein.

In the following sections, we summar-
ize the findings that gave rise to these
conclusions, and present a model for
the action of mt-Hsp70 that includes the
involvement of other recently identified
mitochondrial chaperones.

Matrix ATP and mt-Hsp70 are required for
translocation of the presequence across
the IM

The passage of the targetting prese-
quence across the IM in response to AY
represents the first committed step of
translocation across the IM. It has
recently become clear that mt-Hsp70
plays an important role in this early
step of import, trapping the prese-
quence in the matrix following its initial
translocation triggered by AV (Fig. 1).

Drastic reduction of matrix ATP to
low micromolar levels caused not only
complete inhibition of import, but also
of presequence translocation across the
IM and subsequent processing in the
matrix, despite the presence of AY.
Thus, in the absence of mt-Hsp70 func-
tion, the precursors accumulated as
import intermediates, being both
unprocessed by matrix processing pep-
tidase (MPP) and accessible to exo-
genously added proteases. These im-
port intermediates were arrested at an
early stage of import, since their further
chase required not only the presence of
ATP in the matrix, but also the AW
across the IM*!%, Similar accumulation
of unprocessed external import inter-
mediates was observed (with the same
precursors) in the ssc/-3 mutant (D. M.
Cyr, R, A. Stuart and W. Neupert, unpub-
lished).

Presequence translocation across the
IM therefore appears to occur in re-
sponse to AW, However, it seems to be a
reversible process (Fig. 1). Mt-Hsp70,
by binding to the incoming polypep-
tides upon their exposure to the matrix,
makes this import event unidirectional
by preventing the polypeptide from
slipping back to the cis-side of the IM.
Binding of mt-Hsp70 could occur
through direct interaction of mt-Hsp70
with the presequence, or with amino-
terminal mature regions of the pre-
cursor. It appears that the mt-Hsp70 is
competent for binding substrates in the
matrix when it is in its ATP-bound state,
and is thus compromised under con-
ditions of matrix-ATP depletion. The
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extent to which mt-Hsp70-ATP is
required for presequence presentation
to MPP was observed to vary from pre-
cursor to precursor and most probably
reflects the stability and depth to which
the presequence can be initially in-
serted into the IM.

Binding of mt-Hsp70 to incoming
polypeptides is required for completion of
translocation

Completion of import, in contrast
with translocation of the presequence,
does not require AY¥, but does require
matrix ATP hydrolysis. This require-
ment for ATP is thought to reflect the
ATP-dependent action of mt-Hsp70, a
notion that is supported by the charac-
terization of the sscl-2 ts mutant,
in which unprocessed precursors ac-
cumulated in vivo when yeast cells
were exposed to nonpermissive
temperatures.

When mitochondria from the sscl-2
mutant were incubated at the nonper-
missive temperature, both insertion
and processing of preproteins could
occur. However, these precursors
remained accessible to exogenously
added proteases. Thus, in the sscl-2
mutant under conditions where mt-
Hsp70 action was impaired, preproteins
accumulated as intermediates spanning
both mitochondrial membranes, again
suggesting that mt-Hsp70 acts at an
tarly step in the translocation process.
Interestingly, such spanning intermedi-
ates could be both co-immunoprecipi-
tated and crosslinked with mt-Hsp70,
indicating that mt-Hsp70 directly inter-
acts with these precursors during the
translocation process®!!,

By contrast, in vitro import in the
sscl-3 ts mutant was more drastically
affected than in the ssc/-2 mutant. Both
import into the matrix and precursor
processing were inhibited in mitochon-
dria from this mutant at nonpermissive
temperatures. These unprocessed pre-
cursors accumulated on the outside of
mitochondria, a situation similar to that
in the matrix-ATP-depleted mitochon-
dria (Ref. 9; R. A. Stuart, D. M. Cyr
and W. Neupert, unpublished). Taken
together, these results indicate an ab-
solute requirement for mt-Hsp70 for
passage of proteins across the mito-
chondrial IM.

The role of cytosolic chaperones in
mitochondrial protein import

It is generally agreed that precursor
proteins cannot traverse membranes in
a folded conformation. This assumption

REVIEWS

is based on several ob-
servations, in particular:
(1) when precursors were
bound to antibodies or
Fab fragments, import was
abolished'?; (2) chimeric
preproteins  consisting
of mitochondrial pre-
sequences and mouse
cytosolic  dihydrofolate
reductase (DHFR) are not
imported if the DHFR
domain is stabilized by
binding of a ligand'3; and
(3) a series of chimeric
proteins, consisting of
a mitochondrial pre-
sequence fused to in-
creasingly large segments
of mature proteins con-
taining DHFR at the car-
boxyl terminus, stall with
the folded DHFR domain
on the surface of the OM
and the amino terminus
in the matrix. These
fusion proteins have been
used to map the minimum
polypeptide length re-
quired to span the outer
and inner membranes, a
distance of -10-12 nm.
Roughly 50 amino acids
are required to span both
membranes!Y. Taken to-
gether, these data would
suggest that a precursor
protein passes through
the mitochondrial import
channels as an extended
polypeptide chain*,

At this stage, one might
ask what the confor-
mation of a mitochondrial
preprotein in the cytosol
is. The following findings
are relevant in this re-
spect. (1) Preproteins in
the cytosol are not usually
tightly folded, as they are
extremely sensitive to
digestion by added pro-
teases. (2) However, do-
mains of some prepro-
teins, such as the DHFR
fusion proteins discussed
above, can be correctly
folded, and these prepro-
teins are still imported efficiently. (3)
The presence of a correctly folded
domain may, however, at least in cer-
tain cases, present a problem for the
efficiency of import. Interestingly,
fusion proteins carrying mutations in

(e)

Figure 2

Model of mt-Hsp70-mediated unfolding of preproteins
outside the mitoshondrion during the translocation
process. Unfolding and translocation of preproteins
into the mitochondrial matrix is proposed to occur by
the following series of events, using a precursor pro-
tein containing a DHFR domain as an example.
{a) Reversible stabilization of DHFR by methotrexate
(MTX) binding. (b) Removal of MTX leads to spon-
taneous partial unfoiding (breathing) of DHFR outside
the mitochondrion. (¢) Unfolded segments of precur-
sor slide in the translocation channel. (d) The ATP-
dependent binding of mt-Hsp70 to a matrix-exposed
segment of the incoming polypeptide serves to secure
it inside the mitochondrion, thereby shifiing the equi-
librium of distribution of the polypeptide. (e) Serial
binding (and release) of mt-Hsp70 leads to completion
of translocation. Abbreviations are as for Fig. 1.

DHFR that destabilize the native state
show an increased rate of import.
Furthermore, additional stabilization of
the DHFR domain by a ligand (see
above) completely blocks import. Thus,
during import, preproteins must unfold

89
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Figure 3

Hypothetical model for the sequential action of mitochondrial chaperonie proteins in the translocation and folding of mitochondrial-matrix-des-
tined precurscr proteins. Cytosolic Hsp70 (ct-Hsp70), together with YDJ, has been suggested to maintain some precursors in an unfolded,

- translocation-competent conformation before membrane trarslocation. Import of precuicars into the matrix is mediated by mt-Hsp70 in an
ATP-dependent manner. The involvement of MDJ and MGE is presentiy under investigation (see text for detalis). Following translocation, pre-
cursors are folded directly or become transferred from mt-Hsp7C to Hsp60. Both processes are proposed to require MDJ and MGE. Folding
by Hsp60 requires both ATP hydrolysis and the action of a further chaperune, Hspl10. Other abbreviations are as for Fig. 1.

either from a native folded state or from
a more loosely folded state. In some
instances, it may be necessary to pre-
vent folding of precursors, since unfold-
ing cannot be managed by the transport
system. Also, in many cases, it may be
necessary to prevent aggregation of
precursors, since loosely folded regions
have a tendency to aggregate, which
may abrogate the ability to become
unfolded. How does a cell deal with all
these problemns? In particular, what is
the mechanism that leads to unfolding
during import?

Cytosolic chaperones, especially of
the Hsp70 family (ct-Hsp70; the SSA
gene family in S. cerevisiae) have been
postulated to interact with precursors
in the cytosol. These chaperones, by
interacting with precursors, most likely
prevent them from folding into a confor-
mation that cannot be unfolded, and
also prevent aggregation'®. Depletion of
ct-Hsp70s in vivo resulted in accumu-
lation of precursors of the B-subunit of
the mitochondrial protein F,-ATPase . In
addition to members of the Hsp70 fam-
ily, another chaperone, YDIJ1, which is a
cytosolic homologue of the bacterial
Dnaj, has been implicated in playing a
role in efficient post-translational
import into mitochondria, especially at
elevated temperatures'™® (the role of
this chaperone will be discussed in
detail in another article in this series,
by D. M. Cyr and M. C. Douglas). The
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presence of an unfoldase activity, either
in the cytosol or on the mitochondrial
surface, that would actively support the
unfolding of precursors, has not been
demonstrated.

ATP-mt-Hsp70 promotes unfolding of
precursors outside mitochondria

inhibitlon of precursor import Into
mitochondria of ssc/-2 mutants could
be overcome if the precursor was (arti-
ficially) unfolded in 8M urea before
import’. This suggested that the
translocation of an unfolded protein
could be driven by this cefective mt-
Hsp70, whereas translocation of a par-
tially folded protein could not?, Further
observations supporting a role of mt-
Hsp70 in precursor unfolding come
from studies of the import pathway of
cytochrome b, (Refs 7, 8). Cytochrome
b, is targetted to its functional location,
the intermembrane space, by a bipar-
tite signal sequence. How this signal
operates is a matter of debate, and two
models are currently being discussed,
the ‘conservative serting’ and the ‘stop-
transfer’ models®?i, I-1espective of the
soiting pathway used, a recent study of
the energetics of import has demon-
strated a role for mt-Hsp?0 in unfolding
tightly folded segments of precursor
proteins outside the mitochondria. The
import of cytochrome b, displayed a
very strong requireméni for matrix ATP.
In the absence of matrix ATP, the pre-

cursor accumulated on the outer sur-
face of mitochondria as an unprocessed
species that was accessible to exter-
nally added proteases. This necessity
for matrix ATP reflected dependence on
the action of mt-Hsp70, as very similar
results were observed in the above-
mentioned ssc/-2 and sscl-3 mutants
{Ref. 22; R. A. Stuart and W. Neupert,
unpublished). If, however, the pre-
cursors of cytochrome b, and derived
fusion proteins, which also displayed
strong mt-Hsp70 requirements, were
denatured in 8 M urea before import,
they could be very efficiently imported
into both ATP-depleted mitochondria
and ssc-3 mutant-mitochondria®2,
Cytochrome b, (L-lactate dehydrogen-
ase) contains both flavin and haem as
prosthetic groups. About the first 100
residues of the mature polypeptide
chain form a tightly folded structure
which forms the cytochrome b.- or
haem-binding domain®. This folded
domain most probably prevents the
stable insertion of the presequence in
the matrix, unless unfolded through the
action of mt-Hsp70 (see below) . Hence,
precursors containing this domain
requite ATP-dependent binding of mt-
Hspil to the matrix-exposed part of the
protein to mediate its unfolding. By con-
trast, precyiochrome b, constructs in
which this domain has been deleted or
disrupted can be processed with very
high efficiency in the appareit absence
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of mt-Hsp70 activity”®. Taken together,
the data suggest a function of mt-Hsp70
in supporting the unfolding of precur-
sors on the mitochondrial surface. A
possible mechanism is that, by binding
to segments of precursors on the
matrix side, stabilization of an unfolded
conformation on the mitochondrial
surface is favoured.

Model for the action of Hsp70 In the
translocation of proteirs into mitochondria

To summarize, we propose the fol-
lowing model for the translocation of
polypeptides into the matrix and the
involvement of mt-Hsp70. Mt-Hsp70
appears to participate in at least three
distinct stages of import which, together,
serve to confer unidirectionality and
provide the driving force for the import
process.

The transport apparatus of the OM
guides the amino-terminal presequence
of the precursor into the intermem-
brane space. The translocation machin-
ery of both the OM and the IM is pro-
posed to form proteinaceous channels
that mediate the passage of an unfolded
polypeptide chain. In response to AW,
the matrix-targetting presequence of
preproteins crosses the IM in a re-
versible manner. Binding of mt-Hsp70 to
the incoming polypeptide upon ex-
posure to the matrix serves to anchor
this motif in the matrix «nd, by so
doing, prevents the escape of the pre-
cursor back to the cis side of the IM. In
this manner, the translocation of the
preprotein into the matrix is commit-
ted, and mi-Hsp70 has thus conferred
unidireciionality on the process (Fig. 1).

Spontaneous relaxing, or ‘breathing’,
of the remaining mature parts of the
polypeptide chain outside the mito-
chondrion would then render segments
of the protein free to pass across the
membrane. In this manner, the protein
is translocated in a stepwise manner
where further binding of mt-Hsp70 com-
mits increasing amounts of the protein
to the matrix and thus shifts the equi-
librium of the protein structure outside
the mitochondrion towards the un-
folded state, which ultimately draws it
towards the unfolded preprotein on the
trans-side of the IM. If, however, unfold-
ing of domains outside the mitochon-
dria is drastically reduced, for example,
by stabilization of a domain through its
interaction with a ligand, there would
be no spontaneous sliding across the
translocation channel, and mt-Hsp70
could not drive the equilibrium towards
the matrix (Fig. 2). This sequence of
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Hypothetical model for the nucleotide-modulated binding and dissociation of unfolded pro-
teins to mt-Hsp70, involving MDJ and MGE. Mr-Hsp70-ATP and MDJ are theught to interact
with the unfolded newly imported polypeptide, to form an MDJ-mt-Hsp70-ATP substrate
complex. Substrate-stimulated ATP hydrolysis converts mt-Hsp70 to a form with high affin-
ity for substiate, mt-Hsp70-ADP. Dissociation of the substrate occurs following the inter-
action of MGE with this complex. Existence of a stable Dnak-Dnal-GrpE~substrate com-
plex has not been demonstrated in bacteria, so the analogous mitochondrial complex is
depicted here in parentheses. MGE might function by exchanging the bound ADP from mit-
Hsp70 for ATP. (It is also possible, however, that a nucleotide-free intermediate exists.)
Exchange/release of the ADP from mt-Hsp70 results in dissociation of the complex, set-
ting free the substrate and allowing its subsequert transfer to Hsp60 for folding.

events would share a number of fea-
tures with the ‘Brownian ratchet’ model
proposed recently®.

Folding of imported polypeptide chains Is
mediated by chaperones in the matrix
Following membrane translocation,
newly imported polypeptides have to
attain their native conformation in
order to function. In many cases, this
appears to be au assisted process,
involving the transfer of the imported
protein from mt-Hsp70 to another
matrix-localized molecular chaperone,
Hsp60 (Fig. 3)*5%-2. Folding mediated
by Hsp6) is ATP dependent and re-
quires the action of another chaperone,
Hspl0 (Ref. 28). Sequential interaction
of imported polypeptides with
mt-Hsp70 and Hsp50 was suggested
following the observation, in sscl-2
mitochondria, that urea-denatured pre-
cursor proteins containing DHFR could
be imported into the mitochondrial
matrix; however, it remained bound to

v

mt-Hsp70 in an unfolded and protease-
sensitive state. This proposal was
further supported in another study,
where it was shown that a newly
imported protein could be successively
co-ismmunoprecipitated with mt-Hsp70
and Hsp60 (Ref. 6). The details of how a
mt-Hsp70-hound imported polypeptide
is transferred to Hsp60 are unclear. An
analogy can be drawn with the situation
in bacteria, where work with reconsti-
tuted systems suggested that transfer
from DnaK to GroEL is tightly regulated
by Dna) and GrpE®. However, some
proteins might be able to fold without
the assistance of Hsp60 and Hspld, as
indicated in Fig. 3.

Recently, a mitochondrial DnaJ
homologue, MDJ (mitochondrial Dnal,
termed MDJ1 in yeast), was identified,
and is associated with the inner face of
the IM (N. Rowley et al., unpublished).
Deletion of the MDJI gene was not
lethal; however, mdjl nuil mutant cells
could not grow at 37°C and were petite
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at all temperatures. Folding of newly
imported proteins and stability against
heat denaturation were reduced in the
mdil null mutant. MDJ1 is thus not
essential for folding and refolding of
proteins, but makes these processes
more efficient and becomes limiting at
higher temperatures (N. Rowley et al,
unpublished). MDJ1 therefore re-
seinbles bacterial Dnal, which is not
essential at normal temperatures but is
required for refolding of denatured pro-
teins at elevated temperatures?®.
Furthermore, a GrpE homologue has
been found in yeast mitochondria. Dis-
ruption of the gene encoding the mito-
chondrial GrpE (MGE, mitochondrial
G-pE) is lethal in yeast (5. Laloraya,
B. D. Gambill and E. A. Craig, unpub-
lished). The precise functions of MDJ
anc MGE are not known. On the basis of
the data obtained so far, and of the
apparent similarities to the bacterial
system’-®, a model can be proposed
for the cooperation of mt-Hsp70, MDJ
and MGE in facilitating folding and
refolding of imported proteins (Fig. 4).
This model emphasizes the importance
of matrix ATP, which is required to con-
fer binding competence to mt-Hsp70.

The question remains as to whether
MDJ and MGE are also required for fa-
cilitating import of precursor proteins.
With mdjl mutaats, no deficiency in
import at normal or elevated tempera-
ture was observed, indicating that this
chaperone is not necessary for import.
Howvever, it cannot be excluded that,
under certain conditions, MDJ increases
the efficiency of import, Mt-Hsp70
seeins to bind to incoming precursor
proteins in the absence of MDJ1, and
perhaps also to release precursors ef-
ficiently. The possible function of MGE
in this process awaits further character-
ization of the protein.

Concluding remarks

Analysis of protein translocation into
mitochondria has furthered our under-
standing and appreciation of the im-
portance of molecular chaperones. The
participation of these proteins at differ-
ent stages of miochondrial protein
import is vital. Molecular chaperones
act in concert to ensure that prepro-
teins to be ‘ranslocated can attain, or
be maintained in, a conformation com-
patible with passage across mem-
branes. In addition, their action under-
lies the driving force (together with AW)
and confers directionality on the
translocation event. Can these new
insights into chaperone function be rel-
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evant for other membrane systems?
Already the Hsp70 homclogue BiP
(encoded by KAR2) in the ER has been
implicated in the passage of proteins
across the ER membrane. Interestingly,
transport of secretory proteins was
defective in kar2 mutants, and prepro-
teins accumulated on the surface of the
ER as unprocessed species®. It remains
to be seen whether similar chaperone-
assisted mechanisms also facilitate the
translocation of - preproteins into
chloroplasts and peroxisomes.
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