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Unfolding of preproteins and translocation across the
mitochondrial membranes requires their interaction
with mt-Hsp70 and Tim44 at the inner face of the
inner membrane and ATP as an energy source. We
measured the temperature dependence of the rates of
unfolding and import into the matrix of two folded
passenger domains, the tightly folded heme-binding
domain (HBD) of cytochromeb, and the loosely folded
mouse dihydrofolate reductase (DHFR). Despite the
stability of the HBD, its rates of thermal breathing
were fast and the preprotein was imported rapidly at
all temperatures. In contrast, rates of unfolding and
import of DHFR were strongly temperature dependent
and import was significantly slower than unfolding.
In addition, import rates of DHFR were strongly
dependent on the length of the presequence. We propose
that the mitochondrial import motor does not exert a
constant pulling force. Rather, mt-Hsp70 appears to
release a translocating polypeptide chain such that the
precursor can then slide back and refold on the
surface of the mitochondria. Refolding competes with
translocation, and passengers may undergo several
rounds of unfolding and refolding prior to their import.
Keywords import/mitochondria/preprotein/unfolding

Introduction

Translocation of mitochondrial preproteins across the
mitochondrial inner membrane is driven energetically by
hydrolysis of ATP, a process mediated by mt-Hsp70 in
cooperation with Mgelp and Tim44 (Kronidoet al.,
1994; Rassovet al, 1994; Schneideet al.,, 1994, 1996).

(‘swinging crossbridge’) (Glick, 1995; Pfanner and Meijer,
1995; Schatz and Dobberstein, 1996; Vaisal, 1996;
Matouscheclet al.,, 1997). On the other hand, it has been
proposed that unidirectional movement of the translocating
polypeptide chain would be the result of binding of Tim44
and mt-Hsp70 to the unfolded preprotein, controlled by
ATP hydrolysis (Schneidest al., 1994, 1996; Ungermann
et al, 1994; Bertholdet al, 1995). This mechanism is
essentially a ‘Brownian ratchet’ (Neupeet al., 1990;
Simonet al.,, 1992) which combines spontaneous reversible
movements of the translocating polypeptide chain with an
energy-requiring trap that is located at the inner outlet of
the import channel (Schneidet al., 1994, 1996).

A problem appears to arise when a folded domain of a
preprotein reaches the translocation channel, which can
accommodate only unfolded or largely unfolded structures
(Eilers and Schatz, 1986). The ‘ratchet model’, a minimal
model, predicts that unfolding relies on a spontaneous
process determined by the rates of unfolding and refolding.
Limited unfolding or breathing of a folded domain would
allow movement of extended segments of the preprotein
in the protein-conducting channel of the translocase.
Binding of mt-Hsp70-Tim44 to the emerging preprotein
would prevent retrograde movements and thereby shift
the equilibrium to the unfolded state. The ‘swinging
crossbridge’ model on the other hand, predicts that
unfolding is promoted by a ‘power stroke’ of mt-Hsp70
which mechanically pulls on the preprotein and thereby
unfolds a domain on the surface of the mitochondria. A
‘power stroke’ by mt-Hsp70 has been suggested to explain
the efficient import of the tightly folded heme-binding
domain (HBD) of yeast cytochrom® (Glick et al., 1993;
Glick, 1995).

To obtain insight into these complex reactions, we have
analyzed unfolding and import of two chimeric preproteins
which contain folded passenger domains, the cytochrome
b, HBD and mouse dihydrofolate reductase (DHFR). We
show that the overall stability of the domains correlates
neither with the ability of the import machinery to unfold
these protein domains upon import nor with the levels of
ATP in the matrix that are required to unfold the preproteins
at the surface of the mitochondria. Import rates of the
loosely folded DHFR are strongly temperature-dependent

These components are parts of a molecular machinerywhile those of the tightly folded HBD are not. The

which binds segments of the incoming polypeptide chain

import rates of the HBD correlate well with the rates of

at the inner face of the inner membrane and preventsspontaneous thermal unfolding, indicating that unfolding

retrograde movement of the preprotein in the import
channel (Schneidest al,, 1994, 1996; Ungermanet al,
1994).

is rate limiting. Import rates of DHFR are significantly
slower than the rates of its spontaneous unfolding, indicat-
ing a rate-limiting step after unfolding. In addition,

Different hypotheses have been proposed as to howmaximal rates of import of folded DHFR required prese-

this import motor might drive forward movement of quences which were ~100 amino acid residues in length,
preproteins into the mitochondrial matrix. On one hand, though ~50 residues were sufficient to span both mitochon-
it has been suggested that the mt-Hsplith44 complex drial membranes and allow binding of mt-Hsp70 in the
exerts a ‘pulling force’ on the incoming polypeptide chain matrix. By contrast, the length of the presequence was
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not crucial for import rates of the HBD. Our data are

consistent with a mechanism by which folded passengers

undergo several rounds of unfolding and refolding prior A
to their import. Refolding of the passenger on the surface
of the mitochondria competes with translocation of the
unfolded polypeptide chain. DHFR refolds efficiently
while the HBD does not refold tightly due to the release
of bound heme during the initial round of unfolding on

the surface of the mitochondria. N — -
pSug(1-69) r
HBD -

4°C arec

pSug(1-69) P—|==
DHFR f-

Results PRl © 6 88 & © 0 &P &

Stability of folded protein domains and import

into mitochondria

The chimeric preproteins pSu9(1-69)DHFR and pSu9

(1-69)HBD consist of the presequence of the subunit 9 B

of the ATP synthase oNeurospora crassdresidues 1—

69) fused either to DHFR or to the HBD (Xia and

Mathews, 1990). To characterize the stability of the p-

folded protein moieties, radiolabeled preproteins were ’.?;.‘33:.;’,’

synthesizedn vitro in reticulocyte lysate and then treated

with proteinase K (PK) at 4 and 37°C (Figure 1A). The

presequence of both chimeric preproteins was degraded

readily by low concentrations of PK and the folded protein

domains remained. The sensitivity towards PK treatment PpSu9(1-69)

of these folded domains differed significantly. The DHFR HED | e e | [ e e

moiety was degraded by 1 mg/ml PK at 4°C and by PK - +

5ug/ml PK at 37°C. The HBD was clipped by Swelling - -

100ug/ml PK at 4°C or by fug/ml PK at 37°C, and a

folded core fragment was generated which was resistant

to 1 mg/ml PK at 37°C. As determined by sequencing,

the N-terminus of this core fragment corresponds to GIn9 Cc

of cytochromeb,. The C-terminus of the core fragment High ATP

corresponds approximately to residue 90 (unpublished

observation). This core fragment was degraded by PK pSu9(1-69) P-| B P-|

(1 mg/ml) only in the presence of SDS or 4 M urea (data DHFRmut '~ e i 3 &

not shown). e V| |-
We measured import into mitochondria at different

temperatures of the two chimeric preproteins and, as a P~ p-

control, of pSu9(1-69)DHFRmut which contains a folding- "s.';f.(.l:g’ 1= ! 1= .-

incompetent DHFR moiety (Vestweber and Schatz, 1988; m= e | m~--

Teichmanret al., 1996) (Figure 1B). The three preproteins

were imported efficiently at 25°C. At 4°C, pSu9(1- - p-

69)DHFRmut was still imported efficiently, while import DANEH =3}

4°C 25°C

Ik

psSug(1-69) P~
DHFR m- M| a———

-0

HBD
of pSu9(1-69)DHFR was not observed; import of pSu9(1—
69)HBD was almost as efficient as import of pSu9(1-
69)DHFRmut at this low temperature.

m-

PK

Swelling -

The ATP requirement for the import of pSu9(1-
69)DHFRmut, pSu9(1-69)DHFR and pSu9(1-69)HBD
WaS_ InYeStlghateld' ll\/lltofcg(_)rl’;d_rla hwere pre_g‘CUbath to preproteins. Radiolabeled pSu9(1-69)DHFR and pSu9(1-69)HBD
manipulate the levels o Int e_ matrix ( tuattal, . were incubated at 4 and 37°C with increasing concentrations of PK.
1994; Wachteet al, 19_94)- Theﬂ radlo'_abe|ed preproteins  The samples were analyzed by SDS—PAGE and fluorography.
were added to the mitochondria and import at 25°C was Precursor (p) and the PK-resistant fragments (f) are indicated.

determined (Figure 1C). When levels of ATP in the matrix (BS) 'é?fogg%g‘g RChime”g Pg;?lpfgggali:”éo m!}°"5h°$(d1”a6'9§‘:§}§'abe'ed
: ; u9(1— mut, pSu9(1— an u9(1- were

were hlgh, I.€. ~].' mM (Stuar.ey al, 1994)’ all three i‘:mubated with energizepd mitochondria for 10 rFr)ﬂn at 4 or 25°C. When

precursors were imported efﬂcu?ntly and processed 10 ingicated, samples were treated with PK (3a§/ml), or mitoplasts

their mature forms. Upon reduction of ATP levels t0 a were generated by ‘swelling’ of mitochondria and treated with PK.

concentration in the low micromolar range (Stueirtal., Samples were analyzed by SDS-PAGE and fluorography. Precursor

1994), pSu9(1-69)DHFRmut was still imported efficiently, (P) and mature form (m) of the fusion proteins are indicated.

hile import of Su9(l—69)DHFR was reduced. Under (C_) Requwement of matrix ATP for import of‘preprotelns.

hd p L p - . . : Mitochondria were pre-incubated to adjust high and low levels of

these conditions, the intermediate form, iSU9(1-69)DHFR, matrix ATP (see Materials and methods, levels | and V). Radiolabeled

accumulated. It was protected from digestion by PK preproteins were imported into the pre-treated mitochondria for 10 min

in mitochondria but was sensitive to PK in mitoplast at25°C. i intermediate form.

Fig. 1. Folded state and import efficiency of preproteins.
(A) Resistance towards proteolytic degradation of chimeric
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preparations, demonstrating that iISu9(1-69)DHFR accu- A
mulated in the intermembrane space. Similarly, most of
the mature form accumulated in the intermembrane space.
The DHFR moiety was folded (not shown), indicating that
it refolded after translocation across the outer membrane.
Obviously, at low levels of matrix ATP the preprotein was
not translocated across the inner membrane. However, the
DHFR domain was unfolded and translocated across the
outer membrane; it refolded in the intermembrane space
and impaired further import into the matrix. This indicates
that unfolding and translocation of DHFR across the outer !
membrane do not require high ATP levels in the matrix. 04 o e
High ATP levels are required for unfolding and transloca- MTX = = = + g 102 3
tion across the inner membrane of DHFR but not for WEM =: 4 ¢ * Time (min)
translocation of DHFRmut. Thus, the levels of ATP £Eeceat
required for import into the matrix are different for
different precursors of the same length. ATP consumption C
appears not to be tightly coupled to translocation of
segments of defined length of a preprotein. p- |y
pSu9(1-69)HBD, in contrast to pSu9(1-69)DHFR, was
imported at low levels of ATP in the matrix (Figure 1C). k= - - -
The intermediate form did not accumulate, suggesting that

g

-

Free cysteines (%)
3

(=]

Aggregated DHFR (abs. at 320 nm)
o
@

the HBD did not refold in the intermembrane space. These MEM = o= = &
observations indicate that the levels of ATP required MIXNEN = = = & &
for unfolding are different for different folded protein mx;"‘{ = % ¥ 9% =
domains. - - -

In summary, the HBD was unfolded readily by the
mitochondrial import machinery despite its resistance D
towards proteolytic degradation, and it was imported at
low levels of ATP. On the other hand, the import machinery 1000

of the inner membrane could not unfold and import the
DHFR domain efficiently at low temperature or at low
levels of matrix ATP, although the DHFR is degraded
readily by proteases. Thus, the overall stability of protein
domains, as monitored by protease resistance, does not
correlate with the ability of the mitochondrial import
machinery to unfold protein domains during import. The A
rates of unfolding and/or refolding of protein domains 0 10 20 30
rather than their thermodynamic stability may determine Time (min)

the efficiency of their import into mitochondria

Protease resistant DHFR (%)

Fig. 2. Thermal unfolding of DHFR.A) Madification of Cys7 of
Thermal unfolding of DHFR DHFR with NEM. Recombinant DHFR (5QM) was incubated with

. . . 3 mM NEM for 60 min at 4 or 25°C in the absence or presence of
In order to estimate rates of transient unfolding of DHFR 190 um MTX. Subsequently, 5 mM DTT was added and the

and of the HBD, we measured the kinetics of chemical incubation was continued for 30 min. Free sulfhydryl groups were
modification of amino acid side-groups that become then determined by reaction with DTNB (Habeeb, 1972). Absorbance

i at 412 nm was monitoredBj NEM modification causes aggregation
Ei‘(g:t?l?r?gto solvent only after unfolding due to thermal of DHFR. Purified DHFR (5QuM) was incubated at 20°C and the

. . . . . time course of aggregation of DHFR was monitored by light scattering
Mouse DHFR contains a unique cysteine residue in at 320 nm (Langeet al, 1992). The samples contained: 3 mM NEM

position 7 (Cys7) which is buried inside the protein (+NEM, solid line); no additions (-NEM, dotted line); 3 mM NEM
(Stammerst al., 1987; Oefneet al., 1988). We monitored af”ds75g('\l" '\6/'9T)>é &;F’:"Té(/{\_‘E'}"v df‘STEdt"”e)- “i)_N_EM,tmOd'f'Ca“O”
. : of pSu9(1— . Reticulocyte lysate containingvitro

the accessibility of Cys7 to the water-soluble alkylating o ro oG e radiolabeled pSu9(1-69)DHFR was diluted 10-fold in
reageniN-ethylmaleimide (NEM) in order to assess transi- import buffer and incubated at 25°C with 3 mM NEM either directly
ent unfolding of DHFR due to thermal motion. Modifica- (NEM) or after pre-incubation with tM MTX (MTX/NEM). The
tion of Cys7 by NEM was followed by subsequent diluted lysate contained 0.1 mM DTT. After 30 min, free NEM was
detection of free sulfhydryl groups with 5-5ithiobis-(2- guenched with a 15-fold molar excess of DTT. Control reactions

. . . : . received NEM which previously was quenched with DTT. Samples
nitrobenzoic acid) (DTNB) (Habeeb, 1972). Cy_S7 of native were then incubated at 4°C with %@/ml PK. One sample received
DHFR was not modified by NEM at 4°C (Figure 2A), MTX prior to the addition of PK (MTX/PK). Samples were analyzed
whereas the reaction of NEM with dithiothreitol (DTT) by SDS-PAGE and fluorography. pSu9(1-69)DHFR (p) and the
at this temperature was complete in ~2 min (not shown). protease-resistant DHFR fragment (f) are indicat&). Kinetics of

: .~ 4modification of Cys7 at different temperatures. Radiolabeled
This demonstrates that NEM had no access to the bunedpSuQ(l—GQ)DHFR was incubated at the different temperatures with

sulfhydryl group of Cys7 at 4°C. At 20°C, however, Cys7 Ngwm. After the indicated times, samples were quenched with DTT,
was alkylated by NEM, indicating that it became exposed treated with PK, analyzed by SDS—PAGE and quantified with a

to solvent due to unfolding of DHFR driven by thermal phosphoimaging system.
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motion. Alkylation of Cys7 was completely abolished in
the presence of methotrexate (MTX) although Cys7 is not
involved in MTX binding (Stammerst al.,, 1987; Oefner

et al, 1988). NEM treatment caused aggregation of DHFR
(Figure 2B). The time course of aggregation was sigmoidal,
and aggregation was half-maximal after 8 min. This
indicates that aggregation is concentration-dependent and
that thermal unfolding of DHFR is fast at 20°C. In the
absence of NEM, DHFR did not aggregate. NEM-induced
aggregation of DHFR was completely abolished in the

-
[=]
(=]
oy
(=]
o

@
o

>
[=]

Protease resistant HBD (%)
N 2]
o o

Protease resistant HBD (%)
-3
o

- . 0
presence of MTX. In conclusion, unfolding of DHFR due Hen?i,, + - o+ - NEM = + = = + -
to thermal motion does occur at physiological temperature ¢ e DEPC- - 4 - - +

and can be monitored by modification of Cys7 with “ac _ arc
NEM. Alkylation of Cys7 interferes with refolding and
destabilizes the structure of DHFR, which results in
aggregation. In the absence of NEM, DHFR refolds
efficiently and no net unfolding of the protein is observed.
Modification of Cys7 increased the protease sensitivity
of DHFR. This was used to follow unfolding of radio-
chemical amounts of pSu9(1-69)DHFR. When the pre-
protein was treated with PK, it was degraded and the
folded protease-resistant DHFR domain was recovered
(Figure 2C). The preprotein was degraded completely by
PK when it was pre-incubated for 30 min at 20°C with
NEM. When the preprotein was incubated with NEM in the
presence of MTX, the DHFR domain remained protease

()
)

-
& -] ® o
o o o o

N
o

o

Protease resistant HBD (% of total)
Protease resistant HBD (% of total)

<
resistant. pSu9(1-69)DHFR which was alkylated with Time (min)

V] §0 'S\QO 10 20 30

o

&

NEM was not protected by MTX against proteolytic wroac

degradation, indicating that it could not bind the antagonist. Fig. 3. Thermal unfolding of the heme-binding domain of cytochrome
Thus, unfolding of the DHFR domain in the preprotein bz (A) Hemifn ﬁontfibutes to thﬁ overall Stal(ﬁil%)of the HBD. ;’K
; o resistance of the HBD. Recombinant HBD (1 containing hemin
can be analyzed through its protease sensitivity after NEM when indicated was incubated for 30 min with 1 mg/ml PK at either
treatment. o 4 o0r 37°C. The samples were precipitated with TCA, followed by
Using this assay, we measured the kinetics of unfolding SDS-PAGE and quantification with a phosphoimag®). Frotease
of pSu9(1_69)DHFR due to thermal breathing (Figure 2D), sensitivity of recombinant HBD induced by chemical modification
The half-time for alkylation of pSu9(1—69)DHFR was WitthEl\g ?r DEPC. Whe;]n inddicatec:j, the HBD contair;]ing hemin was
. o . ° ° incubated for 30 min at the indicated temperature with 3 mM NEM
~30 min at 10°C and ~3 min at 25°C. At 37°C, the half- ;07" 1,m DEPC. Subsequently, NEM was quenched with DTT
time for alkylation was faster than 1 min. This indicates that and/or DEPC with imidazole. Samples were then treated with 1 mg/ml
the DHFR domain unfolds spontaneously in a temperature- PK and analyzed as described in (AT)(Protease sensitivity of the
dependent manner. HBD synthesized in reticulocyte lysate. pSu9(1-69)HBD, which
contains a full size HBD (WT), and pfl-167)DHFR, which contains
a truncated HBD that lacks residues 85-8€), were synthesized in

Unfolding of the HBD ) . reticulocyte lysate containing 20M hemin. The radiolabeled
The HBD of yeast cytochromb, consists of 99 amino  precursors were diluted 20-fold in import buffer and incubated for

acid residues (Xia and Mathews, 1990). It contains two 30 min with 1 mg/ml PK. PK was inactivated with PMSF and TCA
cysteine residues, Cys25 and Cys94, and three histidinePrecipitation. Samples were analyzed by SDS-PAGE and quantified

. - . - . - ... with a phosphorimager. Values were corrected for the loss of
residues, His19, His43 and His66. Cys25 is buried inside 353-labeled methionines due to protease treatm@&)tK{netics of

the folded protein while Cys94 is solvent exposed. Cys94 ynfolding of pSu9(1-69)HBD. Radiolabeled pSu9(1-69)HBD was

is not part of the protease-resistant folded core of the HBD, diluted 50-fold in 100 mM KHPQy, pH 7.4. Samples were pre-

which ends at approxima’[e|y residue 90 (unpub”shed incubated for 5 min at_4, .25 and'37°C, a_md subsequently treated with
observation). His19 is solvent exposed; His43 and His66 DPC (7 MW for the indicated time periods and analyzed as

are located in the heme-binding pocket and they are both '

involved in heme binding (Xia and Mathews, 1990). We

expressed a His-tagged version of the HBD and purified indicating that modification of sulfhydryls destabilizes the
the protein in a heme-free form, HBD(—H), and in a form protein (Figure 3B). In addition, treatment of the
where ~30% of the molecules had hemin bound, HBE] HBD(+H) with diethylpyrocarbonate (DEPC), which
(see Materials and methods). Both preparations were modifies the imidazole of histidine residues, rendered the
treated with PK to assess the folded state of the HBD protein sensitive to degradation by PK.

(Figure 3A). HBD(-H) was degraded by PK at 4 and  We synthesized the radiolabeled precursors pSu9(1-69)
37°C. In contrast, HBD{H) was resistant to proteolytic = HBD and pB(1-167)DHFR in reticulocyte lysate, which
degradation at both temperatures. This indicates that hemincontains 2QuM hemin. pSu9(1-69)HBD contains the full
stabilizes the structure of the HBD and that the protein is size HBD corresponding to residues 1-99 of mature
not tightly folded in the absence of the ligand. When the cytochrome b,, while pb(1-167)DHFR contains a
HBD(+H) was pre-incubated with NEM at 37°C and C-terminally truncated HBD (residues 1-84) fused to
subsequently incubated with PK, it was degraded readily, DHFR. Both precursors were diluted in import buffer and
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incubated with 1 mg/ml PK at either 4 or 37°C (Figure 3C).
The full size HBD was completely resistant to PK treatment
at both temperatures, while the C-terminally truncated A
HBD was degraded. This indicates that pSu9(1-69)HBD
contained a tightly bound hemin that stabilized the HBD.
We measured modification by DEPC of the pSu9(1- 1
69)HBD at different temperatures to assess the kinetics
of thermal breathing (Figure 3D). The half-time of modi-
fication of HBD with DEPC was ~80 s at 37°C, 2 min at
25°C and 30 min at 4°C. Similar results were obtained
when NEM was used for modification of the protein. This
indicates that spontaneous transient unfolding of the HBD
due to thermal breathing is faster than breathing of the
DHFR domain at all temperatures.

pSu9(1-69)DHFRmut  pSu9(1-69)DHFR pSu9(1-69)HBD

Import (% of total)

0 10 20 30

Time (min)

Temperature dependence of import rates
pSu9(1-69)DHFRmut, pSu9(1-69)DHFR and pSu9(1-
69)HBD were imported into mitochondria at various
temperatures and the kinetics of import were measured
(Figure 4A). pSu9(1-69)DHFRmut, which is folding
incompetent, was taken up rapidly into the mitochondria
at all temperatures, while the kinetics of import of pSu9(1—
69)DHFR decreased strongly with decreasing temperature.
The import kinetics of pSu9(1-69)HBD were fast and
significantly less temperature dependent than those of the
pSu9(1-69)DHFR.

To estimate the overall rate of protein import, the kinetic
data were fitted to a simple first order equation (Figure 4B).
The rates of import of pSu9(1-69)DHFRmut were high
at all temperatures and they decrease?-fold between C
37 and 10°C (Figure 4B, left panel). Thus, translocation of
an unfolded polypeptide chain is only slightly temperature 1007
dependent. Rates of import of pSu9(1-69)DHFR were
slower than those of pSu9(1-69)DHFRmut at all temper-
atures (Figure 4B, central panel). In addition, they were
strongly temperature dependent, decreasing 35-fold
between 37 and 10°C which corresponds to,g€8B. This
indicates that rate-limiting steps of import are different for
the folding-competent DHFR and the folding-incompetent 0
DHFRmut, in particular at lower temperatures. Fe $2 F2 $F

We compared the rates of preprotein import with those L 58 g 58
of unfolding of the folded DHFR domain (Figure 4B, ¢
central panel). The rates of unfolding of the DHFR rig. 4. import and unfolding of preproteinsa Kinetics of import of
were significantly higher than those of import at all preproteins of pSu9(1-69)DHFRmut, pSu9(1-69)DHFR and pSu9(1-
temperatures, indicating the existence of a rate-limiting 69)HBD. Radiolabeled preproteins were imported into energized
step other than unfolding of the DHFR domain. As the mitochondria at different temperatures. At the indicated time points,
folding-incompetent DHFRmut was imported readily, it gamples were removed and import was stopped with valinomycin.

' . : ’ amples were treated with PK, analyzed by SDS—-PAGE and quantified
appears that the r8f0|d|ng reaction of the breathlng DHFR with a phosphorimaging systenB) Comparison of rates of import
domain competes with the translocation of unfolded seg- and unfolding. Kinetic data of unfolding and import shown in Figures
ments of the polypeptide chain. 2D, 3D and panel (A) were fitted to first order equations and the

: . : corresponding rates were plotted versus temperat@jeF¢lded state
The rates of import of pSu9(1 69)HBD were hlgh at of passenger domains on the surface of mitochondria. pSu9(1-

all temperatures. They decreased only ~3-fold between gg)pHFR and pSu9(1-69)HBD were incubated for 10 min at 4°C with
37 and 4°C, corresponding to a;9<1.4 (Figure 4B, energized mitochondria and samples were divided into two aliquots.
right panel). They were lower than those of import of With one aliquot, mitochondria (M1) and soluble fraction (S1) were
Su9(1-69)DHFRmut at all temperatures. The rates of separated by centrifugation. S1 was then treated withdithl PK.

t foldi fthe HBD irtually indisti The second aliquot was first treated with PK, and mitochondria (M2)
spontaneous uniolding orthe were virually Indistin- o4 sojuple fraction (S2) were separated. Samples were analyzed by

guishable flfom those of preprotein import. ThiS indicates spS-PAGE, and precursors associated with the mitochondria (M1 and
that unfolding of the HBD was rate limiting. Thus, M2) and folded passengers in the supernatant (S1 and S2) were
following unfolding, the protein was imported readily and quantified with a phosphorimager. S1 and S2 values were corrected for

: : : f the loss of*®S due to removal of the presequence upon PK treatment.
tight refolding of the HBD did not occur on the time scale The fractions of DHFR and the HBD released from the mitochondria

of translocation. ) as folded species were calculated=R(S2-S1)/(P1-P2). For control,
In summary, the rates of import of pSu9(1-69)HBD the PK resistance of DHFR and the HBD in the two preproteins was

and their dependence on the temperature correlatedetermined (reticulocyte lysate).

pSu9(1-69)DHFRmut  pSu9(1-69)DHFR pSu9(1-69)HBD

././.J 7 Unfolding Junfolding
Import
Import

Import

=}
2

-
o
I

Rate of import/unfolding (x 10-3 min-1)

-

0 10 20 30 0 10 20 30 0 10 20 30

Temperature (°C)

-
o
o

®
o

=]
o

.

40

Folded DHFR (%)
Folded HBD (%)

N
(=]

204

_

o
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well with the kinetics of unfolding of the HBD. For containing pSu9(1-69)DHFR was treated with PK, ~95%
pSu9(1-69)DHFR, the import rates as well as the rates of was protease resistant. This indicates that DHFR on the
unfolding of DHFR were strongly temperature dependent. mitochondrial surface is folded to a similar extent as in
Unfolding of DHFR was significantly faster than import solution. In contrast, 98% of the HBDs were folded in
at all temperatures, suggesting that several rounds ofreticulocyte lysate but only 16% of the HBDs that were
unfolding and refolding of the DHFR domain precede released from the mitochondria were recovered in a folded
its import. form. Apparently, the interaction of the precursors with
To assess the folded state of passengers on the surfacenergized mitochondria destabilizes the HBD but not
of the outer membrane, pSu9(1-69)DHFR and pSu9(1-DHFR.
69)HBD were incubated for 10 min at 4°C with energized
mitochondria. Under these conditions, DHFR was not Interaction of precursors with mt-Hsp70
imported, and ~20% of the HBDs were imported. The Unfolding of folded preproteins on the surface of the
majority of both preproteins, however, were found associ- mitochondria requires their interaction with mt-Hsp70 in
ated with the mitochondria. The mitochondria were then the matrix. To determine what length of a segment in
treated with 50pg/ml PK, reisolated by centrifugation front of a folded passenger is required to reach mt-Hsp70,
and the supernatants and mitochondrial pellets were ana-we used a number of chimeric preproteins which differ in
lyzed. PK treatment removed most of the associated the length of their presequence in front of the DHFR
precursors from the mitochondria. A total of 60% of moiety (Figure 5A). The shortest precursor, pCoxIV-
the DHFRs that were removed were recovered in the DHFR, had a presequence of 28 amino acid residues. The
supernatant in a folded form where only the presequenceother precursors carried presequences which were derived
had been clipped (Figure 4C). When reticulocyte lysate from the precursor of subunit 9 of the ATPase. They were
52,72, 83, 90 and 98 amino acid residues in length. These
preproteins were incubated with energized mitochondria
A in the presence of MTX to stabilize the folded DHFR

pSUS(1-94)+4 Y Y | DHFR domain (Rassowet al, 1989). As .the MTX—sta}bmzed
DHFR cannot be unfolded by the import machinery, the
pSug(1-86)+4 | Y Y } DHFR preproteins accumulate in a membrane-spanning fashion,
pSus(l-7epd | Y Y }oHrr
pSu9(1-69)+3 [ ' “- DHFR Fig. 5. Binding of mt-Hsp70 to presequences and kinetics of import.
(A) Schematic outline of precursors with presequences of different
pSus(1-48)+4 [ Y lowrr length in front of DHFR. Presequences were derived from the
precursor of subunit 9 of the ATPase Nfcrassa pSu9, or from the
PRI T-ZRRS E’ DHFR precursor of subunit 4 of the cytochrome oxidaseSaferevisiae
B pCoxIV. Numbers in parentheses refer to authentic amino acid residues

derived from the precursors, numbers after the parentheses indicate
amino acid residues that were inserted between the presequences and
PS'-':("‘“’ g | PSU901-94 the start methionine of DHFR during subcloning. MPP processing sites
DHFR ’ DHFR after residues 35 and 66 in pSu9 and after residue 17 in pCoxIV are
- indicated by arrowheadsBJ Interaction of mt-Hsp70 with arrested
ATR- High Low High. Low precursors requires high levels of matrix ATP. Radiolabeled pSu9(1—

c 48)DHFR and pSu9(1-94)DHFR were incubated for 10 min at 25°C
with mitochondria in the presence of MTX and the samples were then

28 52 72 8390 98 halved. One half was incubated to maintain high matrix ATP levels
Y YVYYY while the second half was incubated for 10 min at 25°C with 10 U/ml
51‘:‘:.:'?“3 [ I + > apyrase and fig/ml oligomycin to reduce matrix ATP. Mitochondria
28 52 72 8390 98 were reisolat_e_d, s_olubi_lized vyith ‘_I'riton X}—lOO and subjected to
v [ ] YVYVYY immunoprecipitation with antibodies against mt-Hsp70. Samples were
Xefink with peper= T ~ analyzed by SDS—-PAGE and fluorograph®) Presequence length in
mt Hap70 front of folded DHFR required to interact with mt-Hsp70 and MPP in
37 48 5563 the matrix. pCoxIV-DHFR, and the pSu9-DHFR fusion proteins with
P i ') presequences of 52, 72, 83, 90 and 98 amino acid residues were pre-
by MPP | | d > incubated with MTX and imported into mitochondria. Translocation

arrest of the DHFR fusion proteins was followed by co-immuno-

precipitation with antibodies against mt-Hsp70 at high levels of matrix
D 560 ATP (upper panel), cross-linking with DSS of the arrested proteins to

mt-Hsp70 (central panel) and analysis of processing of the
___________________ presequence by the matrix-processing peptidase, MPP (lower panel).
50 Interaction with mt-Hsp70 and cleavage by MPP is indicated by filled
arrowheads, open arrowheads indicate a negative result. Numbers refer
to the length of the sequence preceding the start methionine of DHFR
(upper and central panel) and to the distance of the MPP processing
site from the DHFR (lower panel)D) Dependence of the import rates
101 DHFR on the length of the sequence preceding DHFR and HBD. pSu9-DHFR
precursors with presequences of 52, 72, 83, 90 and 98 amino acid
residues and pSu9-HBD precursors with presequences of 47, 71 and
5 92 amino acid residues were imported into energized mitochondria at
40 50 €0 70 80 90 20°C and the import rate was determined as in Figure 4. The dashed

line indicates the import rate of the folding-incompetent DHFRmut
Presequence length (aa) precursor.

)

Rate of Import (x10°)
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with their presequence inserted into the mitochondria
and the DHFR domain apposed to the surface of the
mitochondria (Ungermanmt al, 1994). Following the
accumulation of the precursors, the levels of matrix ATP
were manipulated (Stuaet al, 1994; Wachteret al.,
1994). The mitochondria were then solubilized with Triton
X-100 and immunoprecipitations with antibodies against
mt-Hsp70 were performed. When the levels of matrix
ATP were kept high, pSu9(1-48)DHFR and pSu9(1-
94)DHFR were co-precipitated with antibodies against
mt-Hsp70 (Figure 5B). Similarly, the precursors with

presequences longer than 52 amino acid residues were

precipitated with anti-mt-Hsp70 IgG while pCoxIV-DHFR
was not. (Figure 5C, upper panel). This indicates that
52 amino acid residues in front of the folded DHFR domain
are sufficient to span both mitochondrial membranes and
to allow tight binding of mt-Hsp70 to the segment exposed
into the matrix. At lowered levels of matrix ATP, co-
precipitation of pSu9(1-48)DHFR and pSu9(1-94)DHFR
with mt-Hsp70 was drastically reduced (Figure 5B), in
agreement with observations by Matousckeehkl. (1997).
Thus, the association of mt-Hsp70 with an incoming
precursor is promoted by matrix ATP. Tim44 has been
shown to recruit mt-Hsp70 to the import sites in the
presence of matrix ATP. When matrix ATP levels are
reduced, the mt-Hsp70-Tim44 reaction cycle is interrupted
(Schneideret al, 1996). As a consequence, mt-Hsp70
cannot rebind to the incoming precursor and the equilib-
rium ultimately is shifted towards dissociation of mt-
Hsp70 from the precursor.

The interaction of mt-Hsp70 with the arrested prepro-
teins of different length was also analyzed by cross-linking
with disuccinimidyl suberate (DSS). As summarized in
Figure 5C (central panel), cross-linking confirmed the co-
immunoprecipitations. Thus, interaction with mt-Hsp70
was observed with arrested pSu9(1-48) DHFR and with
longer presequences, but not with pCoxIV-DHFR.

The matrix-processing peptidase, MPP, cleaves the

Unfolding of preproteins upon import into mitochondria

100

80

60

40

MTX-arrested SuSDHFR (%)
Imported Su9DHFR (%)

20

v

m v |

Matrix ATP levels

Fig. 6. ATP requirement of the import machinery is not strictly
coupled to preprotein movement. Mitochondria were pre-incubated to
adjust different levels of matrix ATP (see Materials and methods,
levels I-1V). pSu9(1-69)DHFR was incubated for 5 min at 25°C with
these mitochondria in the presence and absence of MTX. Samples
were chilled on ice and incubated for 20 min with G@/ml PK and
analyzed by SDS-PAGE. PK-resistant pSu9(1-69)DHFR which was
arrested in the presence of MTX (left panel) and mSu9(1-69)DHFR
which was imported in the absence of MTX (right panel) were
quantified with a phosphorimaging system. The amount of protein at
high levels of matrix ATP (I) was set to 100%.

unfolding and import of the folded DHFR increased more
than one order of magnitude when the length of the
presequence in front of the folded domain was increased
from 52 to 98 amino acid residues. As shown above,
a presequence of 52 amino acid residues spans both
mitochondrial membranes and allows binding of a mt-
Hsp70. However, this is not sufficient to achieve maximal
rates of protein import. Apparently, more than a single
binding site for mt-Hsp70 has to be exposed to the matrix
in order to allow maximal import rates of DHFR.

The import rates of the HBD fused with presequences
of 47, 71 and 92 amino acid residues were 1.1, 3.6 and
4.4x10%min (Figure 5D). Thus, in contrast to the loosely

Su9 presequence after residues 35 and 66, generatingolded DHFR, the rates of import of the tightly folded

intermediate and mature forms, respectively. When
arrested in a membrane-spanning fashion,
86)DHFR and pSu9(1-94)DHFR were processed to their
intermediate forms while arrested pSu9(1-79)DHFR was
not. Thus, 55 residues in front of the folded DHFR are
sufficient to allow cleavage of the presequence by MPP
in the matrix but 48 amino acid residues are not (Figure 5C,
lower panel).

HBD did not depend strongly on the length of the

pSu9(1-presequence.

ATP consumption and forward movement of
preproteins

To assess how the requirement of the import machinery
for ATP is linked to forward movement of the preprotein
chain in the import channel, mitochondria were pre-

In summary, these data demonstrate that ~52 aminoincubated to reduce the levels of matrix ATP in a stepwise

acid residues in front of a folded protein domain are
sufficient to span both mitochondrial membranes and
allow the interaction with proteins in the matrix.

We asked how the overall rate of import of a folded

manner. pSu9(1-69)DHFR was then incubated with the
pre-treated mitochondria in the presence of MTX to arrest
the protein in a membrane-spanning fashion (Rassow
et al,, 1989) (Figure 6, left panel). The samples were then

passenger depends on the length of the presequencereated with PK. At high levels of matrix ATP, pSu9(1—

The DHFR precursors were incubated with energized 69)DHFR associated with the mitochondria was resistant
mitochondria at 20°C and the rates of import were to PK treatment, indicating that the preprotein was arrested
determined (Figure 5D). pSu9(1-48)DHFR and pSu9(1- in a membrane-spanning fashion and that the DHFR
69)DHFR were imported slowly, with import rates of domain was closely apposed to the outer membrane
4.7 and 510%¥min. Import of pSu9(1-79)DHFR and (Ungermannet al, 1994). When the ATP concentration
pSu9(1-86)DHFR was ~3 times and 5 times faster than was lowered, the arrested preprotein became accessible to
import of pSu9(1-48)DHFR. The rate of import of pSu9(1—- PK, indicating that matrix ATP was required to maintain
94)DHFR was X10%min, which was close to the rate the DHFR domain closely apposed to the outer membrane.
of import of the unfolded precursor pSu9(1-69)DHFRmut The level of ATP in the matrix which was required to
(5.7<10%min). Thus, at 20°C, the overall rate for hold the arrested preprotein firmly was similar to the ATP
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level required for complete import of the preprotein in , Pausing 1

the absence of MTX (Figure 6, right panel). This indicates Folding  Unfolding Translocation Trapping
that ATP is required to hold a preprotein in the translocation
channel and prevent retrograde movement of the polypep-
tide chain. When a folded passenger impairs further import
of a preprotein, the ATP requirement of the import
machinery is not strictly coupled to forward movement of
the polypeptide chain of a preprotein in the import channel.

Discussion ATP dependent cycling

UnfOldlﬂg of proteins in the living (?e” hFiS attracted little  rig. 7. Model for preprotein translocation and unfolding at the import

attention so far since the physiological relevance of site. Translocation of precursors relies on unfolding of passengers on

unfolding has not been clear. In the past years, however, the outside of the mitochondria. After spontaneous unfolding of a

it has become obvious that energy-dependent unfolding passenger domain, refolding competes with membrane translocation of
. . s . h .~ unfolded segments of the polypeptide chain. Several rounds of

of protel_ns IS Important In processes suc . as protein unfolding and refolding precede its import. In the matrix, cycling of

degradation by the proteasome and protein transloc- mt-Hsp70 onto Tim44 and its transfer to the preprotein occurs in an

ation into the endoplasmic reticulum and mitochondria ATP-dependent manner. Hydrolysis of ATP by mt-Hsp70 in complex

(Hochstrasser, 1995; Pfanner and Meijer, 1995; Rubin and with Tim44 is not necessarily coupled to movement of the polypeptide

; ; ; chain in the channel. mt-Hsp70 bound to the preprotein is eventually
leey’ 1995)' The molecular mechanisms underlylng released by uptake of ATP. Another mt-Hsp70 binds to Tim44 and

facilitated UnfOIdmg: therefore, is an important aspect in injtiates a new cycle. High ATP levels ensure saturation of Tim44 with
current cell biology. mt-Hsp70 at the import site where the unfolded polypeptide chain can
be trapped efficiently. This prevents retrograde movement of the
preprotein and refolding on the surface of the mitochondria.
Stability of folded passengers and import into

mitochondria
The mitochondrial protein import apparatus is capable of for import, and several rounds of unfolding and refolding
unfolding folded protein domains which are about to be precede its translocation into the matrix.
translocated across the mitochondrial membranes. We Why is import of the tightly folded HBD only slightly
have analyzed unfolding and import of two types of affected by lowering the temperature or by reduction of
chimeric precursors, one containing DHFR and the other matrix ATP levels? The kinetics of thermal unfolding of
containing the HBD of cytochromig, as folded passenger the HBD at all temperatures were virtually indistinguish-
proteins. The stabilities of the folded passengers, measuredable from the kinetics of its import. This indicates that
by resistance towards degradation by an unspecific PK, unfolding determines the rate of the overall import reac-
differed significantly. DHFR, according to this criterion, tion. The fold of the HBD is stabilized by heme, which
is not very stable, while the HBD appears to be tightly becomes released upon unfolding. The heme-free form of
folded. Resistance to PK correlates well with other para- the HBD was degraded readily by PK, indicating that it
meters characterizing the folding state of proteins such aswas loosely folded. Heme, once released, becomes diluted
the free-energy of folding of DHFR (Endo and Schatz, and may not rebind efficiently to the refolding HBD under
1988) or the melting temperature of HBD (Glik al., import conditions. Thus, in contrast to DHFR, a single
1993). round of unfolding of the HBD may be sufficient to shift

The overall stabilities of the two folded protein domains the equilibrium from a tightly folded to a loosely folded
do not, however, correlate with the ability of the transloc- state. Import of the loosely folded heme-free HBD wiill
ation machinery to import these proteins when fused to a then be efficient at low temperature and at low levels of
mitochondrial targeting signal. The HBD as a passenger matrix ATP, similar to import of the folding-incompetent
was imported efficiently at all temperatures, while import DHFRmut.
of DHFR was strongly temperature-dependent and very
inefficient at low temperature. Interaction of mt-Hsp70 with the incoming

The kinetics of import of DHFR and the HBD were precursor
slower at all temperatures than those of the folding- Mt-Hsp70 cooperates with Tim44 and binds segments of
incompetent DHFRmut. The folded passengers obviously the incoming preprotein as they emerge from the import
slowed down the import process. A comparison of the channel (Schneidest al, 1994, 1996; Ungermanet al.,
rates of unfolding and import revealed that DHFR was 1994). Approximately 52 amino acid residues in front of
imported efficiently at temperatures where it unfolded due the folded DHFR were sufficient to span both mitochon-
to thermal breathing but not at low temperature where drial membranes and allow binding of mt-Hsp70. Efficient
extensive breathing was not observed. At all temperatures,binding of mt-Hsp70 to short, matrix-exposed segments
the rates of thermal unfolding of DHFR were faster than of an arrested precursor required high levels of matrix
the rates of its import. Apparently, the DHFR domain ATP, in agreement with the notion that ATP is required
unfolds, and then refolding of DHFR on the outside of to recruit mt-Hsp70 to the outlet of the import channel
the mitochondria and forward movement of unfolded (Schneideet al, 1996). This reaction cycle is interrupted
segments of the precursor in the TOM and TIM transloc- atlow matrix ATP levels and, as a consequence, the Tim44-
ases are competing reactions (Figure 7). As a consequencanediated association of mt-Hsp70 with the translocation
a single unfolding step of DHFR may not be sufficient intermediate is drastically reduced.
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Unfolding of preproteins upon import into mitochondria

Import of the loosely folded DHFR required rather long the import channel occur spontaneously or are facilitated
presequences (98 residues); fusion proteins with shorterby active pulling of mt-Hsp70 in the matrix since both
presquences (52—72 residues) were translocated with lowprocesses are governed by similar forces. Theoretical
efficiency. These observations are in agreement with thosemodeling of protein translocation is compatible with
of Matouschecket al. (1997). On the other hand, when both mechanisms, the results depending mainly on the
short presequences were fused to the tightly folded HBD, parameters chosen for the oscillation of precursors in the
the precursors were imported at rates similar to those with import channel (Chauwiret al, 1998). Data presented
long presequences. Thus, the interaction of mt-Hsp70 with here are compatible with various modes of mt-Hsp70-
a short matrix-exposed segment of a precursor is sufficientmediated unfolding. However, as shown here, mt-Hsp70
to unfold even a tightly folded passenger such as the does not keep the unfolded polypeptide chain under
HBD. However, mt-Hsp70 apparently cannot maintain the constant tension but rather appears to cycle off and on
precursor efficiently in an unfolded state if only a short the precursor. This allows a relaxation of the extended
segment of the precursor is exposed in the matrix. When polypeptide chain which then slides back in the import
mt-Hsp70 is released from a spanning polypeptide chain, channel. A previously unfolded passenger, such as DHFR,
the precursor slides backwards out of the import channel may then refold on the outside and, thus, several rounds
(Ungermannet al., 1994, 1996). Passengers may then of unfolding and refolding may occur before a sizeable
refold on the surface of the mitochondria or in the segment becomes translocated. To drive unfolding of
intermembrane space. With longer presequences, the probpassengers such as DHFR and the HBD on the surface

ability increases of trapping a precursor at the import
channel before it slides back and refolds. After refolding,
the DHFR has the same stability as before, while the
HBD would not refold tightly, with heme being released
during the initial round of unfolding. A reduction of
backsliding would, therefore, specifically accelerate the
import of DHFR. Accordingly, the import rates of DHFR
should strongly depend on the presequence length.

The dissociation of mt-Hsp70 from the translocating
precursor in the course of a reaction cycle allows a
relaxation of the extended polypeptide chain. In this

of the mitochondria thermodynamically, mt-Hsp70 must
reduce retrograde movements of the translocating polypep-
tide chain. Thus, efficient trapping by mt-Hsp70 of seg-
ments of a precursor as they emerge from the import
channel is critical for import under conditions where
retrograde movement allows refolding of a passenger on
the outside but not for import of folding-incompetent
precursors. Long presequences, high matrix ATP levels
and elevated temperature, which favor binding of mt-
Hsp70 at the outlet of the import channel, are then required
to promote unfolding and import of the folded passenger

way, secondary structures such as sorting signals andat a high rate.
transmembrane helices may be formed, a process that

would not be favored by constant pulling. This may
represent a crucial function of the import motor. Indeed,

Materials and methods

missorting into the matrix of intermembrane space proteins pjasmid constructions

with impaired sorting signals was observed to be relieved
when mt-Hsp70 function was compromised by mutation
or by reduction of ATP levels (Schwarat al., 1993;
Gatneret al, 1995; Gruhleret al., 1997).

ATP and translocation of preproteins

Two observations suggest how matrix ATP may be utilized
by the mitochondrial import motor. First, translocation of

folding-incompetent DHFR was fast and required lower
ATP levels than import of folded DHFR. Secondly, an

MT X-stabilized DHFR domain cannot be unfolded by the

import motor; yet high ATP levels were required to

hold the arrested translocation intermediate in the import
channel. When a folded DHFR domain impairs further
inward movement of the preprotein, ATP consumption at
the import site is obviously not coupled to movement of
the polypeptide chain in the translocation channel. What
force is generated by the import motor and how does it
promote unfolding of folded passengers? The import
motor is operating in an ATP-dependent manner at all
temperatures and promotes import of DHFRmut and of
the tightly folded HBD. The force generated by this

machinery is, however, not sufficient to unfold DHFR at

low temperature or to unfold it at high temperature in the
presence of MTX.

Conclusions
Methods are not available to discriminate directly whether
unfolding of folded passengers and forward movement in

For construction of pSu9(1-69)HBD, a DNA fragment encoding the
N-terminal 99 amino acids of the mature cytochrome (Xia and
Matthews, 1990) was amplified by PCR using the upstream primer,
oligo 1 (5-CCCCAGATCTGAGCCGAAACTGGAT), and the down-
stream primer, oligo 2 (SCCCCAGATCTAGGAGCATAAGGAGG).
The PCR fragment was digested wBglll and cloned into theBanH|

site of a pGem4. A second PCR was performed on this plasmid with
oligo 1 and with the T7 primer. The resulting PCR fragment was digested
with Bglll-Hindlll and subcloned into theBanmHI-Hindlll sites of

the pGem4-Su9(1-69)DHFR, Su9(1-45)DHFR and Su9(LBHHR
(Ungermanret al,, 1994). For construction of His-tagged HBD, the PCR
fragment obtained with oligo 1 and oligo 2 was digested &gl and
cloned into theBanH| site of pQE9 (Qiagen).

Protein translocation into isolated mitochondria

Mitochondria were isolated from yeast strain D27310-B (Daetnal.,
1982). Mitochondria (1 mg/ml protein) were incubated in import buffer
[500 mM sorbitol, 50 mM HEPES-KOH, pH 7.2, 10 mM MgC80 mM

KCI, 2 mM potassium phosphate and 0.01% fatty acid-free bovine serum
albumin (BSA)] containing 2.5 mM ATP, 5 mM NADH, 10 mM
phosphocreatine and 0.1 mg/ml creatine kinase. Import reactions were
started by addition off°S-labeled precursor protein synthesized by
in vitro transcription and translation in rabbit reticulocyte lysate (Pelham
and Jackson, 1976). After incubation as indicated, the samples were
split into three aliquots. One aliquot (—PK) was diluted 2-fold in cold
SEM buffer (10 mM MOPS-KOH pH 7.2, 1 mM EDTA, 250 mM
sucrose) containing tM valinomycin. The second aliquot was diluted

in SEM buffer containing 20@ug/ml PK (+ PK). The third aliquot was
diluted 5-fold in ice-cold hypotonic buffer (20 mM HEPES—KOH pH 7.2)
containing 20Qug/ml PK (swelling+ PK). The samples were incubated
for 25 min on ice. Then 1 mM phenylmethylsulfonyl fluoride (PMSF)
was added and, after 5 min, mitochondria or mitoplasts were reisolated
by centrifugation. The pellet was resuspended in sample buffer. Transloca-
tion arrest of DHFR fusion proteins with MTX was performed as
described (Ungermanet al., 1994, 1996).
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