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Abstract. A purified, artificial precursor protein was
used as a transport vehicle to test the tolerance of the
mitochondrial protein import system. The precursor
was a fusion protein consisting of mouse dihydrofolate
reductase linked to a yeast mitochondrial presequence;
it contained a unique cysteine as its COOH-terminal
residue. This COOH-terminal cysteine was covalently
coupled to either a stilbene disulfonate derivative or,
with the aid of a bifunctional cross-linker, to one of
the free amino groups of horse heart cytochrome c.

Coupling to horse heart cytochrome c generated a
mixture of branched polypeptide chains since this
cytochrome lacks a free alpha-amino group. Both ad-
ducts were imported and cleaved by isolated yeast mi-
tochondria. The mitochondrial protein import ma-
chinery can thus transport more complex structures
and even highly charged “membrane-impermeant” or-
ganic molecules. This suggests that transport occurs
through a hydrophilic environment.

teins cannot be transported across a biological mem-

brane (Zimmermann and Meyer, 1986; Eilers and
Schatz, 1988). It is not clear, however, how completely a
protein must unfold in order to be accommodated by the
translocation machinery. To test the tolerance of this ma-
chinery, we have constructed an artificial mitochondrial
precursor protein which contains a unique cysteine residue
at its COOH terminus. This precursor can be easily and
specifically coupled to a variety of molecules and the re-
sulting adducts can be tested for their ability to import into
mitochondria.

We show that this artificial precursor can function as the
transport vehicle for a “membrane-impermeant” stilbene di-
sulfonate and for cytochrome c that is attached via a branched-
chain configuration. This result suggests that import of pro-
teins into mitochondria occurs through a hydrophilic pore
which can accommodate structures different from, and more
complex than, fully extended linear polypeptide chains.

3 large body of evidence suggests that tightly folded pro-

Materials and Methods

Construction of the Fusion Protein

The starting material was the gene-encoding fusion protein 7/188/189 (Vest-
weber and Schatz, 19884) inserted into plasmid pDS5/2-1 (Stueber et al.,
1984; Hurt et al., 1985). The fusion protein consisted of the first 16 residues
of the yeast cytochrome oxidase subunit IV precursor linked to the NH,
terminus of a modified mouse dihydrofolate reductase (DHFR)! whose

1. Abbreviations used in this paper: DHFR, dihydrofolate reductase; MBS,
maleimido-benzoyl-N-hydroxysuccinimide ester.
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COOH terminus had been extended by the addition of glutamine and cys-
tein. The 5’ half of the fusion gene was excised as an Eco RI-Sac I fragment
and replaced by the corresponding fragment from plasmid pDS5/2-1-pcox
IV-DHFR (Hurt et al., 1984); the fusion gene carried by that plasmid en-
coded the first 22 residues of the cytochrome oxidase subunit IV precursor
linked to DHFR. The new fusion gene generated by the exchange of Eco
RI-Sac I fragments was excised as an Eco RI-Hind III fragment and in-
serted into M13 mp 10. The two cysteine codons (corresponding to position
19 of the presequence and position 7 of DHFR) were replaced by serine
codons (Zoller and Smith, 1983). No selection step was used in this method
except that DNA obtained by primer extension was transformed into the
repair-deficient Escherichia coli strain BMH 71-18 mutS (Kramer et al.,
1984). The resulting fusion gene was excised as an Eco RI-Hind III frag-
ment and inserted into the E. coli expression vector pKK 223-3 (Pharmacia
Fine Chemicals, Uppsala, Sweden).

Labeling and Purification of the Fusion Protein

The fusion gene carried on plasmid pKK 223-3 was expressed in E. coli
strain W3110 in the presence of [*$]0,™~ as follows. 20 ml of a stationary
E. coli culture in LB medium (Maniatis et al., 1982) were harvested and
the cells were resuspended in 200 ml of minimal medium (van Loon et al.,
1983) supplemented with 1 mM of each amino acid except cysteine and me-
thionine. The cells were allowed to grow for 3 h at 37°C, harvested, washed
once with water, and transferred to 200 ml of MgSO,-free minimal medi-
um containing 1 mM isopropy! thiogalactopyranoside. After 15 min at 37°C,
6 mCi of [*S]0,~ (>1,000 Ci/mmol) was added and incubation was con-
tinued for another 15 min at 37°C. From then on, all steps were performed
at 0°C. The cells were sedimented and washed first in 2 ml of 30% sucrose,
20 mM KPi, pH 80, 1 mM EDTA, and then in 2 ml of water. Lysis of the
cells, precipitation of DNA by protamine sulfate, and chromatography of
the extracted proteins on a CM-Sephadex C50 column was done as de-
scribed by Eilers and Schatz (1986). Fractions were analyzed by SDS-12%
PAGE and fluorography, pooled, and dialyzed against 1 liter of 0.25 M KCl,
20 mM Hepes-KOH, pH 7.4, 1| mM EDTA, 0.1 mM dithiothreitol (DTT),
0.1 mM phenylmethylsulfonyl fluoride (PMSF), 10% (vol/vol) glycerol for
10 h, and then twice for 12 h each against 1 liter of the same buffer without
DTT. Aliquots were frozen in liquid nitrogen and stored at ~70°C. They

The Journal of Cell Biology, Volume 107, (No. 6, Pt. 1) Dec. 1988 2045-2049 2045



could be stored for 21 mo without detectable loss of import efficiency. The
yield was 60-75 ug and the specific activity 6-7 X 10° dpm/pg protein.

Derivatization of the Purified Fusion Protein

Horse heart cytochrome c (type VI; Sigma Chemical Co., St. Louis, MO}
was dissolved to 10 mg/ml in 100 pl of 20 mM NaPi, pH 70, and reacted
for 10 min at room temperature with a fivefold molar excess of maleimido-
benzoyl-N-hydroxysuccinimide ester (MBS). MBS was added as an 80-mM
solution in DMSO. Excess cross-linker was removed by gel filtration through
a Sephadex G-10 spin-column (Pharmacia Fine Chemicals) that was cen-
trifuged for 5 min at 1,000 g in a 1-ml plastic syringe. Residual cross-linker
in the eluate (100 pl) was blocked by adding 10 pl of 1 M Tris/HCI, pH
70, incubating for 10 min at room temperature, and repeating the gel filtra-
tion step. The MBS-derivatized cytochrome ¢ was added in 200-fold molar
excess to the purified fusion protein. After 30 min at room temperature, re-
maining free maleimide groups were blocked by adding DTT to 2 mM and
incubating for 5 min at room temperature.

The membrane-impermeant fluorescent dye, 4-acetamido-4-maleimidyl-
stilbene-2,2"-disulfonic acid (Molecular Probes Inc., Junction City, OR) was
dissolved to 4.9 mg/ml (10 mM) in 50 mM NaPi, pH 70, and added in 1,000-
fold molar excess to the purified fusion protein for 1 h at room temperature.
Excess maleimide groups were blocked by 2 mM DTT and incubation for 5
min at room temperature.

Miscellaneous

Mitochondria were isolated from the wild-type Saccharomyces cerevisiae
strain D273-10B (ATCC 25657; MAT «) as described (Daum et al., 1982).
Import experiments were done as outlined in the accompanying paper (Vest-
weber and Schatz, 1988b) with 200 pg of mitochondria and 20 pl of free or
derivatized fusion protein (corresponding to 250 ug of purified fusion pro-
tein). All other methods are outlined in the accompanying paper (Vestweber
and Schatz, 1988b).

Results

Construction of the Artificial Precursor Protein

The artificial precursor protein used in this study was a fu-
sion protein whose single cysteine residue was the COOH-
terminal amino acid. The protein could thus easily and spe-
cifically be derivatized at its COOH terminus. The protein
is a variant of the previously described fusion protein which
consists of a mitochondrial presequence (the first 22 residues
of the yeast cytochrome oxidase subunit IV precursor) linked
to mouse DHFR. This protein is readily imported and cleaved

Figure 1. Purification of the radio-

graph of a SDS-12% polyacrylamide
gel stained with silver is shown. Lane
1, molecular mass markers (mo-
lecular masses in kD are marked on
the left); lane 2, 0.05 % of the total E.
coli extract; lane 3, 125 ng of the
purified fusion protein; and lane 4,
purified authentic mouse DHFR.
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labeled fusion protein. The photo-

by mitochondria in vitro and in vivo (Hurt et al., 1984,
1985). The protein’s two cysteine residues (in position 19 of
the presequence and in position 7 of DHFR) were re-
placed by serine residues, and its COOH terminus was ex-
tended by glutamine and cysteine. The protein was expressed
and labeled with [3S]Os in E. coli, and purified. A typi-
cal purification yielded between 60 and 75 pg protein (from
200 ml culture). Its specific radioactivity was ~v6-7 x 108
dpm/mg and its purity >95% as judged by silver staining of
an SDS-polyacrylamide gel (Fig. 1).

COOH-Terminal Modification of the Fusion Protein

The first coupling reaction involved covalent attachment of
4-acetamido-4'-maleimidyl-stilbene-2,2'-disulfonate (Fig. 2)
to the protein’s COOH-terminal sulfhydryl group. The reac-
tion was essentially quantitative with respect to the fusion
protein. The product migrated more slowly on SDS-poly-
acrylamide gels (Fig. 3, compare lanes / and 2). Although
the structure of the adduct was not checked further, the prop-
erties of the two reactants predict a single, well-defined
product.

The second coupling reaction involved covalent attach-
ment of cytochrome c. Horse heart cytochrome ¢ was first
derivatized with the bifunctional cross-linker MBS at one of
its many internal lysine residues and then coupled via the
free maleimide group of the cross-linker to the fusion pro-
tein’s COOH-terminal cysteine ¢horse heart cytochrome lacks
a free sulfhydryl group). Since the alpha-amino group of
horse heart cytochrome c is acetylated (Margoliash et al.,
1961), this coupling reaction should generate branched-chain
isomers. We did not characterize these isomers in more de-
tail. However, of the 19 lysine residues in horse heart cyto-
chrome c, one is at position 5 and another five residues up-
stream of the COOH terminus; the minimal branch size of
the adducts is thus four amino acid residues. Analysis of the
reaction product by SDS-12% PAGE confirmed that >90%
of the fusion protein was converted to a discrete band of
lower mobility. Adducts containing more than one cyto-
chrome ¢ per molecule were not detected in significant
amounts (Fig. 4, compare lanes / and 2).

Both Precursor Derivatives Are Imported and
Cleaved by Isolated Mitochondria

When the precursor derivatives were incubated with ener-
gized yeast mitochondria, ~1/3 of the molecules were cleaved
to a smaller size (Fig. 3, lane 6; Fig. 4, lane 3). The cleaved
molecules were inaccessible to externally added protease
(Fig. 3, lane 7, Fig. 4, lane 4) unless the mitochondrial mem-
branes were lysed with Triton X-100 (Fig. 3, lane 8; Fig. 4,
lane 5). Deenergized mitochondria failed to cleave or inter-
nalize the precursor derivatives (Fig. 3, lanes 9 and 10; Fig.
4, lanes 6 and 7). By these criteria, both precursor deriva-
tives are imported into isolated mitochondria.

In the derivative containing cytochrome c, the cytochrome
¢ moiety is unlabeled. Resistance of the imported precursor

0, Figure 2. Structure of the

QCH=CH QN:—_IJ charged fluorescent dye 4-acet-

amido-4'-maleimidyl-stilbene-
soH HO;S O 2,2-disulfonic acid.
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Figure 3. The fusion protein containing a COOH-terminal stilbene
disulfonate is imported by isolated mitochondria. The 33S-labeled
adduct was presented to energized yeast mitochondria and the mito-
chondria were then analyzed by SDS-12% PAGE and fluorography.
Lane /, underivatized fusion protein; lane 2, derivatized fusion pro-
tein (>95% appears to be derivatized as indicated by the mobility
shift). Lanes / and 2, 20% of the amount of fusion protein that was
added to each import assay. Lanes 3 and 6, mitochondria that had
imported the fusion protein or its adduct; lanes 4 and 7, same as
lanes 3 and 6 but mitochondria treated with 500 ug proteinase K/ml
for 15 min followed by addition of 2 mM PMSF before analysis;
lanes 5 and 8, same as lane 4 but protease treatment performed on
mitochondria that had been lysed by 1% Triton X-100; lane 9, mito-
chondria incubated with the derivatized fusion protein in the pres-
ence of valinomycin; lane 0, same as lane 9 but mitochondria
treated with proteinase K immediately before analysis. A fluoro-
gram of the dried SDS-polyacrylamide gel is shown. The fusion
protein used here (DV12-cox IV-DHFR) is cleaved twice, probably
because of the mutation that had been introduced two residues up-
stream of the normal cleavage site. As noted before (Eilers and
Schatz, 1986), the imported DHFR moiety is cleaved to a protease-
resistant fragment in the presence of Triton X-100 and proteinase
K. This fragment migrates only slightly faster than the smaller of
the two “mature” forms of the fusion protein generated by the
matrix-located processing protease.

derivative to externally added proteinase K in the absence
of Triton, thus, does not exclude the possibility that the
cytochrome ¢ moiety had remained outside the mitochon-
dria, but had escaped digestion merely because it is inher-
ently resistant to proteinase K. This possibility was rendered
unlikely by the observation that iodinated horse heart cyto-
chrome c was readily degraded by proteinase K (not shown).
Also, any conformational alteration induced by the coupling
procedure should increase, rather than decrease, the suscep-
tibility to protease.

Upon subfractioning the mitochondria by controlled lysis
with detergent (Fig. 5), the cleaved underivatized fusion pro-
tein and the cleaved fusion protein derivatized with the stil-
bene dilsulfonate were completely recovered with the soluble
matrix; similarly, 80-90% of the cleaved fusion protein cou-
pled to cytochrome ¢ was recovered with the soluble matrix
contents. Under these conditions, >90% of two mitochon-
drial membrane proteins remain in the pellet (Vestweber and
Schatz, 1988b). The COOH-terminally modified fusion pro-
teins, thus, do not become stuck in the membrane, but appear
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Figure 4. The fusion protein coupled to cytochrome c is imported
by isolated mitochondria. Experimental details were as described
in Fig. 3. Lane ], underivatized fusion protein; lane 2, 20% of the
cytochrome ¢ adduct that was added to each of the import assays;
lane 3, mitochondria that had imported the adduct; lane 4, same as
lane 3 but after treating the mitochondria with 500 pg proteinase
K/ml for 15 min at 0°C, followed by addition of 2 mM PMSF; lane
5, same as lane 3 but after treating the mitochondria with protease
in the presence of 1% Triton X-100; lane 6, mitochondria that had
been incubated with the adduct in the presence of the uncoupler
valinomycin; lane 7, same as lane 6 but after treating the mito-
chondria with protease. In this, the protease-resistant DHFR frag-
ment (see legend to Fig. 3) is not observed (lane 5), perhaps be-
cause the attached cytochrome ¢ had impaired tight folding of the
DHFR moiety.

to be completely transported across both mitochondrial
membranes.

Import Kinetics of the Derivatized Fusion Proteins

Isolated mitochondria imported the two derivatives with ap-
proximately the same rate and similar efficiency as the un-
derivatized fusion protein (Fig. 6). The underivatized fusion
protein, in turn, is imported into mitochondria at a similar
rate and efficiency as the F\-ATPase B-subunit (Eilers, M.,
and T. Endo, unpublished observations). We conclude that
all these proteins use identical or very similar import mecha-
nisms. The data reported in the accompanying paper (Vest-
weber and Schatz, 1988b) strongly support this view.

Discussion

Earlier work in several laboratories has shown that the infor-
mation for translocating a precursor protein across a mem-
brane resides predominantly, if not exclusively, in the
precursor’s signal sequence (Lingappa et al., 1984; Hurt et
al., 1984; Horwich et al., 1985; van den Broeck et al.,
1985). The attached polypeptide chain may interfere with the
function of the signal sequence or determine the ultimate
transmembrane orientation of the protein, but it does not ap-
pear to contribute essential information to the translocation
process itself. Once the translocation machinery has en-
gaged a precursor protein via the signal sequence, it seems
to be “blind” to the nature of the passenger protein.
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Figure 5. Both derivatives of the fusion protein are imported into
the soluble matrix space. Mitochondria were allowed to import the
underivatized fusion protein (DV12-cox IV-DHFR), its adduct
with cytochrome ¢ (+ Cytochrome c), and its adduct with the stil-
bene disulfonate (+ Stilbene disulfonate). They were then reiso-
lated by centrifugation and lysed with the indicated concentrations
of the nonionic detergent octyl-polyoxyethylene (octyl-POE) as de-
scribed in the accompanying paper (Vestweber and Schatz, 1988b).
After ultracentrifugation, pellets (P) and supernatants (S) were
analyzed by SDS-12% PAGE and fluorography for the distribution
of uncleaved (p) and cleaved (m) fusion protein.

The present study shows that the mitochondrial protein
import system even tolerates passenger proteins that are
branched or that carry highly charged organic molecules
which are normally considered to be membrane imper-
meant. This makes it unlikely that a polypeptide chain is
moved across the membrane by specific recognitions of pep-
tide bonds and ratchet-like transposition of these bonds along
a fully extended polypeptide chain. If this were true, the
branched cytochrome ¢ adducts would be translocated only
with difficulty, if at all.

Transport of branched polypeptide chains may even be a
physiological process. It has been shown that cell surface
proteins such as the lymphocyte homing receptor gp9QMEL!4
is conjugated to ubiquitin, which is probably attached via an
isopeptide bond (Siegelman et al., 1986). Since ubiquitin is
a cytosolic protein, ubiquitination of cell surface proteins re-
quires the transport of a branched polypeptide into the lumen
of the endoplasmic reticulum. While there is no direct evi-
dence for such a process in the endoplasmic reticulum, our
findings with the cytochrome ¢ adduct show that branched
polypeptide chains can be transported across a biological
membrane.

During their translocation across the endoplasmic reticu-
lum or the two mitrochondrial membranes, precursor pro-
teins remain accessible to urea and alkaline pH (Gilmore and
Blobel, 1985; Pfanner et al., 1987). This has been inter-
preted as evidence that the polypeptide chains are translo-
cated through a hydrophilic channel which remains accessi-
ble to water-soluble protein denaturants. Our present data
support and extend this conclusion; the fact that a stilbene
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Figure 6. Time course of im-
port into mitochondria for the
underivatized fusion protein
v and its adducts with cyto-
a—" chrome c¢ and the stilbene
disulfonate. Precursors were
o incubated with isolated mito-
/ chondria for the indicated
times at 30°C and import was
stopped by addition of 10 pg/
ml valinomycin. Mitochon-
dria were subsequently treat-
ed with 0.5 mg/ml proteinase
K for 15 min at 0°C. The protease was stopped by addition of 2 mM
PMSF. Mitochondria were reisolated, lysed in gel electrophoresis
sample buffer, and analyzed by SDS-12% PAGE and fluorography.
The mature size precursor band was scanned, the amount of added
precursor to the import reaction was taken as 100%. (X) Underiva-
tized fusion protein; (@) stilbene dilsulfonate adduct; (A) cyto-
chrome ¢ adduct.

40

. Import
T

minutes

disulfonate readily passes a membrane if attached to an ap-
propriate precursor protein places a lower limit on the size
of the proposed hydrophilic channel. It also raises the in-
triguing possibility that precursor proteins may pass a mem-
brane after they have been posttranslationally modified by
phosphorylation or ADP-ribosylation. It is even conceivable
that nucleotides or nucleic acids may be transported across
a membrane provided they are attached to an appropriate
precursor protein. This possibility deserves closer study
since there is strong, if still indirect, evidence that mitochon-
dria import some of their RNA species from the cytoplasm
(Attardi and Schatz, 1988). The tolerance of the protein
translocation machinery is not limitless, however; the ac-
companying paper shows that a tightly folded 6-kD protein
domain cannot pass mitochondrial membranes (Vestweber
and Schatz, 1988b). Similarly, artificial precursors contain-
ing a small domain with an intramolecular disulfide bond at-
tached to prepromelittin, or a tightly folded 6-kD metallothi-
onein domain fused to a truncated F,-ATPase B-subunit
precursor, fail to pass the endoplasmic reticulum or the mito-
chondrial membranes, respectively (Miiller and Zimmer-
mann, 1988; Chen and Douglas, 1987).

We did not expect that the cytochrome ¢ adduct described
here would be translocated. Cytochrome c is not only a sta-
bly folded globular protein, but is internally cross-linked:
two thioether bonds originating from internal cysteine resi-
dues attach the protoheme group to the holocytochrome,
thereby generating a covalent internal loop. This stable struc-
ture has frequently been invoked to explain why only the
heme-free apocytochrome c interacts with lipid model sys-
tems and passes the mitochondrial outer membrane (Korb and
Neupert, 1978; Rietveld and de Kruijff, 1984; Pilon et al.,
1987; Dumont and Richards, 1984). While it is highly likely
that the cytochrome c moiety in our cytochrome c adduct had
retained the covalently bound heme group, we have not
proved this directly since the small amounts of adduct avail-
able to us made such a proof difficult. If the heme group is
still present, then holocytochrome c is not inherently unable
to pass a membrane; its inability to do so in vitro may rather
be caused by “hiding” of its noncleaved signal sequence. The
normal import pathway of apocytochrome c is probably dif-
ferent from that of the vast majority of mitochondrial precur-
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sor proteins since apocytochrome c¢ import does not need a
membrane potential. The complete import inhibition for the
cytochrome c adduct in the absence of a membrane potential
therefore indicates that this construct is not imported by the
normal apocytochrome c pathway, but via the pathway used
by the great majority of mitochondrial proteins.

By attaching various ligands to its COOH terminus and
testing the translocation competence of the resulting adducts,
the artificial precursor described here could be used as a con-
venient yardstick to study the steric properties of the mito-
chondrial protein import system.
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