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The Role of Hsp70 in
Conferring Unidirectionality
on Protein Translocation into Mitochondria

Christian Ungermann, Walter Neupert,” Douglas M. Cyr

The entry of segments of preproteins of defined lengths into the matrix space of mito-
chondria was studied. The mitochondrial chaperone Hsp70 (mtHsp70) interacted with
proteins emerging from the protein import channel and stabilized translocation interme-
diates across the membranes in an adenosine triphosphate—dependent fashion. The
chaperone bound to the presequence and mature parts of preproteins. In the absence of
mtHsp70 binding, preproteins with less than 30 to 40 residues in the matrix diffused out
of mitochondria. Thus, protein translocation was reversible up to a late stage. The import
channels in both mitochondrial membranes constitute a passive pore that interacts weakly

with polypeptide chains entering the matrix.

How proteins are translocated across mem-
branes during the formation of cellular
structures is largely unknown (1, 2). Be-
cause most proteins are synthesized in the
cytosol, proteins destined for subcellular
compartments must cross the boundary
membranes of organelles. For mitochondria
and chloroplasts, proteins must traverse
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more than one membrane (3, 4). Compo-
nents of protein translocation machinery
and mechanisms for protein targeting have
been identified (I, 3), but how protein
translocation is driven energetically and
rendered unidirectional is still unclear.

In mitochondria, preproteins are trans-
ferred from the cytosol into the matrix in
several steps (3). We investigated events
that occur when the NH,-terminal target-
ing signal of a mitochondrial precursor pro-
tein is translocated across the inner mem-
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brane and segments of it emerge in the
matrix, and examined the components fa-
cilitating these reactions and the energy
requirements of this process.

A series of chimeric precursor proteins
that consisted of NH,-terminal regions with
various lengths of the Neurospora crassa F -
adenosine triphosphatase (ATPase) subunit
9 precursor (pSu9) (5) fused in frame to
murine dihydrofolate reductase (DHFR)
was constructed (Fig. 1). The precursor has
a 66—amino acid presequence with sites for
cleavage by the matrix processing peptidase
(MPP) at positions 35 and 66. Import of the
different Su9-DHFR proteins into mito-
chondria was measured by monitoring the
conversion of the larger precursor (p) to the
smaller intermediate (i) and mature (m)
forms (Fig. 1). This process was dependent
on the membrane potential across the inner
membrane, AW (Fig. 1). A DHFR domain
that is stabilized by a folate antagonist like
methotrexate (Mtx) cannot be translocated
across the mitochondrial membranes (6, 7).
In the absence of Mtx, the Su9-DHFR fu-
sion proteins were completely imported
into the matrix and processed by MPP to
the m form (Fig. 1). Import of such fusion
proteins into mitochondria in the presence
of Mtx led to the formation of translocation
intermediates that spanned both mem-
branes, with the folded DHFR domain re-
maining on the mitochondrial surface. In
the presence of Mtx, pSu9(1-86)-DHFR
was imported and accumulated predomi-
nantly in the p form. A small quantity of
the i form was observed after 10 min, and
additional processing was seen after longer
incubation periods (8). The first cleavage
site on pSu9(1-86)-DHFR was not readily
accessible to MPP in the matrix; and
pSu9(1-94)-DHFR was processed to the i
form more efficiently. This is in agreement
with the observation that approximately 50
amino acid residues are required to span
both outer and inner membranes (7). In the
presence of Mtx, pSu9(1-112)-DHFR also
entered the matrix far enough to allow pro-
cessing from the p to the i form (Fig. 1) (9).

The i form of Su9(1-94)-DHFR did not
accumulate in large amounts over time
when import was arrested with Mtx (Fig. 1).
Most of the iSu9(1-94)-DHFR formed was
recovered in the supernatant of the import
reaction (Fig. 1) (9). Its appearance in the
supernatant was dependent on AW, time,
and the addition of Mtx to reaction mix-
tures. In contrast, pSu9(1-86)-DHFR and
iSu9(1-112)-DHFR were found primarily
in association with mitochondria in the
presence of Mtx (Fig. 1). Experiments with
mitochondria from N. crassa yielded similar
results (8).

When the DHFR domain on pSu9(1-94)-
DHFR was stabilized by Mtx, the NH,-

terminus of this precursor was translocated



into mitochondria where the presequence
was processed; the i form produced cannot
be maintained in the import apparatus and
diffuses out. A similar observation was made
with a fusion protein between precyto-
chrome b2 and DHFR (7), which became
processed by MPP and then dissociated
from mitochondria in the presence of Mtx.
In this case, however, temperatures of 30°
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Fig. 1. Reverse translocation of import intermedi-
ates out of mitochondria. (A) Model of pSug-
DHFR fusion proteins arrested as import interme-
diates, which span both the mitochondrial outer
(OM) and inner (IM) membrane, when methotrex-
ate (Mtx) has stabilized the folded DHFR domain;
M denotes the matrix. Standard cloning tech-
niques were used to fuse regions of the precursor
form of the N. crassa F-ATPase subunit 9 (pSu9)
(5) to murine DHFR (6, 7). Cleavage sites for MPP
are represented by arrowheads. N, NH,-terminus.
(B) Association of different forms of 35S-pSu9-
DHFR fusion proteins with mitochondria in the
presence and absence of Mtx (1 uM). Incubations
of pSu9(1-86)-DHFR, pSu9(1-94)-DHFR, and
pSu9(1-112)-DHFR with isolated yeast mitochon-
dria were at 25°C for 5, 5, and 20 min, respective-
ly. (C to E) Kinetic analysis of the distribution of
different forms of Su9-DHFR fusion proteins be-
tween the mitochondrial pellet and the superna-
tant after centrifugation of import reactions. pSu9-
DHFR fusion proteins were synthesized in reticu-
locyte lysate and then incubated in 100 pl of stan-
dard import buffer with mitochondria (250 wg/mi)
that had been freshly isolated from S. cerevisiae
strain D27310-B (713). Precursor- (p), intermedi-
ate- (i), and mature- (m) sized bands present in the
mitochondrial pellet (P) and acetone precipitates
of supematants from reaction mixtures (S) were
analyzed by SDS-polyacrylamide gel electro-
phoresis and fluorography (73).

to 37°C were required for most of this im-
port intermediate to be released (8). The
presence of longer NH,-terminal segments
in the matrix, such as the additional 18
residues in iSu9(1-112)-DHFR or the ap-
proximately 30 to 35 NH,-terminal residues
of pSu9(1-86)-DHFR, promoted stable as-
sociation with the import machinery.
When the chelators EDTA and o-phenan-
throline (o-Phe) were used to inhibit MPP
(10), amounts of pSu9(1-94)-DHFR in the
supernatant were reduced, and it efficiently
accumulated with mitochondria (Fig. 2).
The p form of Su9(1-94)-DHFR was stably
arrested spanning the membranes because
the reactivation of MPP by addition of
MnCl, resulted in efficient processing and
release of the i form from mitochondria (8).

Mitochondria were converted to mito-
plasts (11) to allow precursors to be trans-
ported directly across the inner membrane.
Approximately 25 additional residues of
iSu9(1-94)-DHFR entered the matrix of
mitoplasts when its import was arrested
by Mtx (7). In the presence of Mtx,
Su9(1-94)-DHFR was stably inserted
across the membrane of mitoplasts, but
not of mitochondria (Fig. 2) (12). Thus,
retrograde translocation was prevented by
retaining the presequence or by extending
the segment protruding into the matrix
upon selective transport across the inner
membrane.

In view of the known role of matrix
adenosine triphosphate (ATP) in the im-
port of proteins into mitochondria (13, 14),
we asked whether ATP is required to stabi-
lize Mtx-arrested translocation intermedi-
ates with mitochondria. Precursors were in-
cubated with mitochondria or mitoplasts in
the presence of Mtx to allow accumulation
of import intermediates (Fig. 2), then reac-

tion mixtures were divided into two equal
portions. One portion was treated with
apyrase and oligomycin to reduce matrix
ATP levels, but not alter AW (13, 14). The
other portion served as a control. After fur-
ther incubation, the translocation interme-
diates that remained associated with the
import apparatus were determined. For
Su9(1-86)-DHER, depletion of matrix ATP
caused release of the accumulated p form
(Fig. 2). Similarly, after stalling Su9(1-94)-
DHFR import in mitoplasts, the i form was
released into the supernatant after matrix
ATP depletion (Fig. 2). iSu9(1-112)-DHFR
that accumulated in mitochondria in the
presence of Mtx was also released at low
matrix ATP, though not as efficiently as the
two previous constructs (8). Prior to ATP
depletion, the Mtx-arrested import interme-
diates were largely resistant to digestion by
added protease because of the tight apposi-
tion of the DHFR domain to the mitochon-
drial surface (15). After ATP depletion, im-
port intermediates that remained were com-
pletely sensitive to added protease, suggest-
ing that the DHFR domain moved away
from the membrane surface.

Thus, upon depletion of matrix ATP,
membrane-spanning intermediates slid in a
retrograde manner completely or partly out
of the translocation machinery. Matrix
ATP appeared to be required for tight asso-
ciation with components of the import ap-
paratus that stabilize polypeptides in the
import channel during transport into the
matrix.

Previous studies suggested a role of
mtHsp70 in driving translocation (13, 14,
16). To determine a possible interaction of
mtHsp70 with precursor proteins as they
emerge on the matrix side of the inner mem-
brane, we asked whether this mitochondrial
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Fig. 2. Length and matrix ATP requirements for stabilization of pSu9-DHFR translocation intermediates
in mitochondrial membranes. (A) Import of pSu9(1-94)-DHFR into mitochondria and mitoplasts. o-Phe
denotes the addition of 0.4 mM o-phenanthroline and 4 mM EDTA to inhibit MPP (70). Mitoplasts were
generated by swelling mitochondria in low—osmotic strength buffer (77). Analysis of samples was as in
Fig. 1. (B and C) Depletion of matrix ATP promotes retrograde sliding out of mitochondria of Su9-DHFR
import intermediates arrested by Mtx. Two successive incubations (Inc.) were performed for the respec-
tive precursor proteins. In the first reaction, pSu9-DHFR was incubated with mitochondria or mitoplasts
for 10 min at 25°C to promote the accumulation of import intermediates. Samples were then removed for
analysis. Reactions containing Mtx were further incubated in a second reaction for 10 min at 25°C in the
presence (—mtATP) or absence (+mtATP) of apyrase (40 U/ml) and oligomycin (20 wM), which were
added to deplete the matrix of ATP (13, 74). Analysis of samples was as in Fig. 1. (B) Import of
pSu9(1-86)-DHFR into mitochondria. (C) Import of pSu9(1-94)-DHFR into mitoplasts. Proteinase K
treatments (PK; 75 wg/mi) were carried out on ice from 30 min prior to analysis of samples (73).
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chaperone could be recovered in a complex
with Mtx-arrested preproteins. pSu9(1-94)-
DHFR was incubated with mitochondria or
mitoplasts in the presence or absence of
Mtx, and the relative amounts of the various
forms of Su9(1-94)-DHFR that were associ-
ated with mitochondria under different im-
port conditions were assessed (Fig. 3). The
reactions were divided into two equal por-
tions; in one portion, matrix ATP was de-
pleted, whereas in the other, matrix ATP
was kept high. Mitochondria were lysed
with detergent, and coimmunoprecipitation
with antibodies to mtHsp70 was performed.
No coimmunoprecipitation was observed
between mtHsp70 and pSu9(1-94)-DHFR
that was bound to the surface of valinomy-
cin-treated mitochondria. Thus, mtHsp70
did not bind to import intermediates after
lysis of mitochondria (Fig. 3). When
pSu9(1-94)-DHFR was completely import-
ed into mitochondria and matrix ATP was
kept high, little mSu9(1-94)-DHFR was co-
precipitated with mtHsp70. In contrast,
when matrix ATP was depleted, mSu9(1-
94)-DHFR was detected in a complex with
mtHsp70 (Fig. 3). A similar observation was
made when Su9(1-94)-DHFR was imported
into mitoplasts (Fig. 3) (17). DHFR do-
mains of such fusion proteins fold after im-
port into the matrix, so mtHsp70 must have
remained bound to the 28-amino acid
stretch of the Su9 portion.

When the import of Su9(1-94)-DHFR
into mitochondria was arrested with Mtx,
the resulting i form was not found in contact
with mtHsp70, suggesting that the few resi-
dues protruding into the matrix were not
bound by mtHsp70 (Fig. 3). By contrast, in
mitoplasts, Mtx-arrested iSu9(1-94)-DHFR
was firmly bound to mtHsp70 at high matrix
ATP. At low matrix ATP, this same com-
plex was not observed (Fig. 3).

Dissociation of complexes between
mtHsp70 and a protein translocation inter-
mediate upon ATP depletion was unex-
pected, because Hsp70-polypeptide com-
plexes are generally stabilized at low ATP
and high adenosine diphosphate concentra-
tions (18), as was seen for completely im-
ported proteins (Fig. 3). Thus, depletion of

matrix ATP had differential effects on the
binding of mtHsp70 to protein transloca-
tion intermediates and to fully imported
forms. An ATP-dependent complex forms
between mtHsp70 and MIM44 (19), a pe-
ripheral inner membrane protein also
termed Mpilp or Isp45 (20). MIM44 is
essential for protein import and is located at
the inner face of the inner membrane,
where it has at least two activities: It inter-
acts with precursor proteins as they enter
the matrix and concentrates mtHsp70 at
the outlet of the import channel (19). De-
pletion of matrix ATP reduces the level of
complex between mtHsp70 and MIM44
and thus prevents efficient interactions be-
tween mtHsp70 and Su9-DHFR transloca-
tion intermediates. Thus, at low ATP con-
centrations, retrograde movement of import
intermediates occurs at a higher rate than
binding to mtHsp70, and polypeptides dif-
fuse out of the import apparatus.

We next investigated whether mtHsp70
can bind the first part of the presequence as
it emerges in the matrix. The p form of
Su9(1-48)-DHFR was allowed to accumu-
late with mitoplasts in the presence of Mtx.
In this situation, the NH,-terminal 48 ami-
no acid residues of this precursor spanned
the inner membrane, but the cleavage site
at position 35 was not accessible to MPP in
the matrix (Fig. 4). A complex between
mtHsp70 and import-arrested pSu9(1-48)-
DHEFR was observed by coimmunoprecipi-
tation (Fig. 4). When matrix ATP was de-
pleted, this complex was absent, whereas
tight interaction of fully imported and pro-
cessed preprotein with mtHsp70 was seen.
Cross-linking experiments confirmed the
ATP-dependent interaction of this prepro-
tein with mtHsp70 (8). In addition, when
import of pSu9(1-94)-DHFR was arrested
and processing was simultaneously inhibit-
ed by addition of o-Phe, strong cross-links
with both mtHsp70 and MIM44 were ob-
served (8). Thus, the targeting sequence
was bound by mtHsp70 as it entered the
matrix.

This study sheds light on a number of
aspects of the mechanisms and energy re-
quirements of protein translocation. (i)

Fig. 3. Complex formation between Mtx-arrested import intermedi- A Mitochondria  Mitoplasts
ates and mtHsp70. pSu9(1-94)-DHFR was imported into mitochon- 2 3 4 5 6
dria or mitoplasts as described for Fig. 1. After import, the reaction Val + - - + - -
was divided into three equal portions. One portion was treated for Mtx + — + g =
analysis of import (A). (B) Other portions of the import reaction were P -
either incubated to maintain high levels of matrix ATP or treated with m =
apyrase (40 U/ml) and oligomycin (20 wM) to deplete the matrix of

ATP (13). Then, complex formation between mtHsp70 and the dif- B +MtATP

ferent forms of Su9(1-94)-DHFR was determined by coimmunopre- .

cipitation with antibodies to mtHsp70 (75). Input represents 3% of o LT
the total material used for the coimmunoprecipitation reactions. input —mtATP
Complex formation between mtHsp70 and translocation intermedi- p

ates was not detected with preimmune antibodies. The levels of r'n s "

complex formation determined by this method were similar to those

reported for other preproteins (76).
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Translocation of proteins into mitochon-
dria is a fully reversible process up to a late
stage, when segments of as many as 50 to 60
amino acid residues have been transported
across the inner membrane. Unprocessed as
well as processed preproteins can undergo
retrograde movement. Reversible transloca-
tion has also been reported for bacterial
secretion and translocation across the en-
doplasmic reticulum membrane (21). (ii)
Stable translocation across the inner mem-
brane requires not only AW (22), but also
the ATP-dependent action of mtHsp70.
This explains the defects in presequence
processing observed when mtHsp70 func-
tion is compromised (13). (iii) mtHsp70
can bind to both the targeting sequence and
to mature segments of precursor proteins.
(iv) There are two types of interactions of a
preprotein with mtHsp70 in the matrix, one
of which disappears when matrix ATP is
depleted and another of which is stabilized
by the same treatment. The first type holds
for interactions with incoming segments of
a preprotein, the second type for interaction
of mtHsp70 with deeply or fully imported
proteins. (v) Only ~50 amino acid residues
of a preprotein are needed to span both the
outer and inner membranes. MPP has ac-
cess to the presequence of such intermedi-
ates, implying that the actual spanning seg-
ment is even shorter. The spanning seg-
ment is likely to be in an essentially extend-
ed conformation.

Reversibility of translocation could pro-
vide a mechanism for dual targeting of pro-
teins to the matrix and cytosol. Such a dual
targeting event would require a pause in
import, such as might be caused by a folded
domain ~50 to 60 residues beyond the
MPP cleavage site. During this pause, the
precursor would be processed and a fraction
of the precursor would fall back into the

Fig. 4. Binding of the mi- A
tochondrial presequence
by mtHsp70 during pro-
tein translocation across

the inner membrane. Im- M

port of pSug(1-48)-DHFR X

into mitoplasts was as de- B 12 .3
scribed for Fig. 1. (A) Mod- Gl & W=
el of pSu9(1-48)-DHFR W 4 e
arrested with Mtx upon Y sl

import across the mem- m ——
brane of mitoplasts. The
arrowhead represents the

MPP cleavage site at po-  © 2 3
stion 35. N, NH,termi-  _ +MtATP
nus. (B) Analysis of pre- m -
cursor- (p) and mature- Input —mtATP
(m) sized Su9(1-48)- p -
DHFR associated with mi- me-

toplasts. (C) Coimmunoprecipitation of p and m
forms of Su9(1-48)-DHFR with mtHsp70 (see Fig.
3). Input represents 3% of the total sample used
for the coimmunoprecipitation reaction.



cytosol, with the rest being completely im-
ported. In fact, such a pathway might ex-
plain the dual targeting of fumarase in Sac-
charomyces cerevisiae (23).

Finally, our data suggest that the mito-
chondrial import machinery contains a
passive import channel formed by compo-
nents in both membranes. This import
channel accommodates unfolded polypep-
tide chains, but components of the chan-
nel interact only weakly with mature seg-
ments of translocating chains as compared
to mtHsp70.
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Modulation of Epithelial Cell Growth by
Intraepithelial yo T Cells

Richard Boismenu and Wendy L. Havran*

The role played in immune surveillance by 3 T cells residing in various epithelia has not
been clear. It is shown here that activated 3 T cells obtained from skin and intestine
express the epithelial cell mitogen keratinocyte growth factor (KGF). In contrast, intra-
epithelial af T cells, as well as all lymphoid o8 and v8 T cell populations tested, did not
produce KGF or promote the growth of cultured epithelial cells. These results suggest that
intraepithelial yd T cells function in surveillance and in repair of damaged epithelial tissues.

'Thy-l+ dendritic epidermal T cells
(DETCs) (1-3) expressing the invariant
V.3 V51 T cell receptor (TCR) (4, 5) are
found exclusively in the epidermis of the
adult mouse (6), where they exist in inti-
mate contact with keratinocytes. The ex-
pression of a monoclonal antigen recogni-
tion structure by DETCs contrasts with the
large TCR repertoire of nonepithelial o
and 3 T cells. This lack of diversity sug-
gests that DETCs have a limited ligand
recognition capacity and may have a differ-
ent role in immunological surveillance from
that of a T cells (7). We have shown that
DETGC:s recognize self-antigen presented by
cultured or stressed keratinocytes in an ap-
parently non-major histocompatibility
complex (MHC)-restricted fashion (8).
The existence of a functional link between
two cell types normally in close physical
contact led us to investigate the possibility
that this connection extends to the expres-
sion by DETC:s of growth factors acting on
keratinocytes.

Balb/MK  keratinocytes are not viable
when grown under defined serum-free con-
ditions, except when supplemented with
either exogenous KGF, acidic fibroblast
growth factor (FGF), basic FGF, epidermal
growth factor (EGF), or insulin growth fac-
tor-1 (Fig. 1A) (9, 10). Other factors alone
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or in combination could conceivably sup-
port the proliferation of Balb/MK cells (10).
We used the growth factor dependence of
the Balb/MK line to devise an experimental
system with membrane filters that allowed
diffusible factors secreted by the 7-17
DETC line (I11) to reach Balb/MK cells
while preventing direct cell contact.

In transfilter experiments, we assessed
the ability of 7-17 cells to produce a cyto-
kine that would promote the proliferation
of Balb/MK cells. The results of these ex-
periments demonstrated that 7-17 cells, as
well as three other DETC lines (12), release
a soluble factor that can sustain the clonal
growth of Balb/MK cells (Fig. 1, B and C).
Stimulation of 7-17 cells beforehand with
mitogen concanavalin A (Con A) potenti-
ated this activity (Fig. 1D). In contrast, T
cell lines bearing a3 receptors or yd recep-
tors other than V. 3 V1 did not prevent
Balb/MK cell death under identical condi-
tions (Fig. 1D).

The ability of DETCs to inducibly se-
crete a mitogenic factor that targets kerati-
nocytes represents a possible function for a
T cell population expressing a monomor-
phic TCR that exclusively recognizes
stressed or otherwise damaged keratino-
cytes. Consideration of cytokines with the
potential to mediate this effect led us to
investigate KGF as the most likely candi-
date because of its specificity toward kera-
tinocytes (13, 14).

Hybridization of a human KGF comple-
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