Volume 275, mnnber 1,2, 190104

LIRS 098

Novembey 10460

Polypeptides traverse the mitochondrial envelope in an extended state
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Mustmitochandrind proteins e synthesised as precursors in the ey tosoland imported theough contaet sites between outer and inner mitochuondeial

membranes, The molecular mechanism of membrane tanstovation of precursor proteins is largely unclear, For this report, vivious hybrid proteins

Betwveen portions of the precursor of eytochrome &, and the entire diliydpofolate reductase (DHER) were aecumulated in mitoshomdrial contact

sites. We unexpectedly found that about 30 amino wed residues of the polypeptide chain in transit were xullivient to span both membranes. This

suggests a linear transloction of the polypeptide chain and presents evidence for u high degree of unlolding of polypeptides traversing the mitochon-
drind membranes,

Mitochondria; Contaet site; Protein transtocation: Protein unfolding

1. INTRODUCTION

Mitochondria are cell organelles surrounded by two
membranes, Most mitochondrial proteins are synthesiz-
od in the cytosol and are post-translationally
translocated across the mitochondrial membranes
[1-4]. The mitochondrial outer membrane proteins
MOMI9 and MOM72, which arc exposed on the
mitochondrial surface, function ay import receptors for
the precursor proteins. Further transfer of the precur-
sors into and across the mitochondrial membranes oc-
curs predominantly at sites of close proximity of outer
and inner membranes (contact sites). First, the precur-
sors are inserted into the outer membrane at a common
membrane insertion site, termed the general insertion
protein (GIP), Theentrance of precursors into the inner
membrane then occurs in a step requiring the mem-
brane potential (A¢) across the inner membrane. The
proteolytic removal of the amino-terminal signal se-
quence (presequence) by the processing peptidase in the
mitochondrial matrix can take place during or after
translocation of the polypeptide chain through contact
sites,

Little is known about the actual process of membrane
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translocation of mitochondrial precursor proteins, as is
the case with precursor proteins destined for other cell
organclles. On their import pathway into mitochondria
precursor proteins could be trapped as membrane span-
ning intermediates that were not fully folded and pro-
bably embedded in a proteinaceous environment [5-9].
It remaned unclear, however, whether these precursors
were translocated in a linear fashion or if folded do-
miains had to cross the membranes, To address this
question we have determined the number of amino acid
residues in the membrane spanning part of a polypep-
tide in transit, It turned out that about 50 amino acid
residues were sufficient to span both mitochondrial
membranes, sepporting a view in that mitochondrial
precursor proteins cross the membrarnes in a linear and
quite extended state,

2. MATERIALS AND METHODS

Published procedures were followed for growth of Seccharomiyces
cerevisiae and Neurospora crassa and jsolation of mitochondria [10];
construction of hybrid proteins and other DNA manipulations
f11,12]; synthesis of precursor proteins in rabbit reticulocyte lysates in
the presence of [**S]methionine; import of precursor proteins into
isolated mitochondria and treatment with protease [13,14]; sodium
dodecyl sulfate polyacrylamide gel electrophoresis; fluorography;
quantitation of the fluorographs by laser densitometry [10,14,15],

The import assays contained 10% reticulocyte lysate, 2 mM
NADH, 2 mM MaCl,, 8 mM (NH4),SO04, isolated mitochondria (25
#8 of mitochondrial protein) and BSA buffer (250 mM sucrose, 3%
(w/v) BSA, 80 mM KCI, 10 mM Mops, adjustedto pH 7.2 with KOM)
in a final volume of 55 xl. Where indicated, 1 4M MTX or 1 uM
valinomyein were added; corresponding samples were supplied with
an equivalent amount of solvent. Samples were preincubated with
MTX for 5 min at 0°C. Import reactions were carried out for 5 min
at 25°C.
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LRESULTTS AND DISCUSSTON

To characterize polypeptide chains in transit through
the  mitochondriadl  membranes,  we  studied  the
mitochondeial import of hybrid  proteins between
amino-terminal - portions ol the  precursor  aof
eytochrame A; {16] and entire dihydrotolate reductivse
MHFRY [17) (Fig. DL Atter synthesis in rabbit
reticutoeyte lysates in vitro, the A-DHEFR hybrid pro-
teins were imported into isolated mitochondria from
Saccharomyces cerevivice and proteolytically processed
by processing peptidase, Binding of the specific ligand
wethotrexate (MTXN) (0 DHER blocked its transloca.
don into mitochondria 18] and thus allowed the ae-
cumulation of the hybrid protein ha{1-167, 3-DHER in
mitochondrial contact sites with the eytochrome ha-part
spaniing the mitochondeial membrivies and the Tolded
DHFR exposed on the eytosolic side [12]. We pre-
incubated the various hybrid proteins with methotrex-
ate and tested their import into mitochondria, Hyvbrid
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proteins with the extochivome Appart us short as 76
anino avid residues (plus 6 Huker amizio acid eesiduies)
corthd be specitically processed by intaet mitochondria
(Fig. 1) This suppested that i the presence of
methotrexate  transtocation intermediates i contact
sites were aecumulated,

This was analyzedd in detail with the hybeid protein
H(1-760) . w=DHER s shown in Fig, 2, The hybrid pro-
tein was progessed by mitochondrin in the presence and
in the absenve of methotrexate (Fig. 2, reactions 1 angd
2. Processing of  ba(1-760) . o-DHEFR - by intact
witochondein in the presence of methotresate was
specific according to the following criteria, Tt was
dependent on the membrane potential atcross the inner
membrane since it was blocked by dissipation of the
membrane potential by the potassium  fonophore
valinomivein (Fig. 2, reaction 3). The processing was in-
hibited by the addition  of metal chelators  (o-
phenanthraline and BEDTA)Y that block  the metal-
dependent processing peptidase [19] in the mitochon-

Vrocessing by
mitochondria
Cytachrote hz-p;n't DR AMTK AMEX
1 1l
ha(1-167) ,-DHFR [31] 13642 | 187 | + +
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hy (1= £51) -DHER | 120044 i | + +
- i 188 141
h,(1-109) o -DIFR | 78+8 ] o + +
B ) 4 114 201
ha(1-84), 5-DUFR | 534711 BB + +
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by (1-76), q-DHFR ! + +
- 269
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by (1-47) ¢-DHFR * -
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Fig. 1. Import of cytochrome b2-DHFR hybrid proteins into mitochondria. Hybrid proteins between amino-terminal portions of the precursor of
yeast cytochrome b; [16] and entire mouse DHFR [17] were constructed as described [12]. The following linker amino acid residues were inserted
between the cytoclirome b, part and DHFR. by(1-167), 2-DHFR: Gly, Ile; b2(1-151),.4-DHFR: Gly, Ser, Gly, lle; b(1-109). s-DHFR: His, Arg,
Ser, Gly, lle; b1(1-84)+ »-DHFR: Gly, lle, His, Arg, Ser, Gly, Ile; b,(1-76), ¢-BHFR: lle, His, Arg, Ser, Gly, Ile; b2(1-65)+ -DHFR: Arg, lle, His,
Arg, Ser, Gly, Ile; b2(1-55)+ -DHFR: Arg, lle, His, Arg, Ser, Gly, lle; b,(1-47).. ¢-DHFR: 1le, His, Arg, Ser, Gly, lle. The hybrid proteins were
synthesized in reticulocyte lysates by coupled transcription/translation and labeled with [**S)methionine. Incubation of the reticulocyte lysate with
isolated yeast mitochondtia in the presence of a membrane potential was performed as described in section 2. In the absence of methotrexate
(—=MTX), all hybrid proteins were specifically processed by mitochondria and transported to a location not accessible to externally added pro-
teinase K (40 zg/ml). In the presence of 1 xM MTX, all hybrid proteins remained accessible to proteinase K. The arrow indicates the site of cleavage
by mitochondrial processing peptidase to the intermediate-sized form.
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drinl mateix (Vig, 2, reaetion 43 Provessing of
cytochrone by by processing peptiduse aceurs between
wiino acid residues 31 and 32 of the presequence,
vielding the intermediatessized form [12), The shift in
the apparent molecular weight ot a(176) o DHIER
upon incubation with imitochondrin is in good ngree-
ment with this processing site. (Processing to ihe
mature-sized  protein  ocgurs  between  amino  acid
residies 80 and 81 {16,20] and thus cannot take place
with £:(1-76) 4 o-DHER.) [n the absence of methotrex-
ate, the processed protein was fully imported and thus
protected against externally added proteinase K (lig. 2,
veaction 1), In the presence of methotrexate, however,
the processed protein was accessible to externally added
proteinase K (Fig. 2, reaction 2) under conditions wheic
the outer membrane barrier of mitochondria remained
intact (10,12,15,21}. The suseeptibility of the protein to
proteolytic cleavage both on the matrix side and on the
cytosolic side demonstrites that it was accumulated in
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contaetsites [3,6,12,22] As expected die to the high ens
dogenons protease resistanve of DHER complexed with
methorrexate, the trestment with proteinise K relensed
the complete DR domain into the supernatant (Iig.
20 eeaction ). Morcover, erystadlographic data reveal
thit the amino-terminal portion o DEHR i« located in-
side the molecule and directly involved in the binding of
ligaened with its residues 8, 9, 10and 31 {23,24]. This sup.
ports the canclusion that the DIFR domain of the
hybrid protein containing methotresate has not entered
the membranes. Thus, 31 amino acid residues are suffi-
cient to span both mitochondeial membranes at contact
sites and to allow access for two soluble proteases (pro-
teinase K matris processing peptidase), To verity this
finding with another organism, we pertormed the ex-
periments also with mirochondria from Newrospord
crassa and abtained similar results (data not shown).
Is the H2(1-76). o-DHIEFR that was accumulated in
contict sites on the correct import pathway? In Fig. 3A
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Fig. 2. Accumulation of cytochrome 53(1-76)..s-DHFR in mitochondrial contact sites. b(1-76)+s-DHFR was transported into isolated yeast
mitochondria (reaction 1) as described in the legend to Fig. 1. Reactions 2-4 contained 1 pM MTX and in addition | xM valinomycin (reaction
3) or 0.4 mM 1,10 phenanthroline/12 mM EDTA (reaction 4). After incubation for § min at 25°C, the mitochondria were isolated and washed
in buffer containing 250 mM sucrose, { mM EDTA, 10 mM Mops, pH 7.2, | aM MTX, | #M valinomycin, and 0,4 mM 1,10-phenanthroline.
The samples were divided into halves and one half was treated with proteinase K (+Prot.K). The reisolated mitochondria and the supernatants
(Sup.) were analyzed by SDS-PAGE and fluorography. Results quantified by laser densitometry are given as the means of five experiments & SE.
By analysis of the marker proteins cytochrome ¢, cytochrome b,, and Fi# it was confirmed that the mitochondrial outer and inner membranes
remained intact at the various conditions (+/ — MTX; + /- Prot. K), similarly to controls reported previously [10,12,15,21]. p, precursor protein;
i, intermediate sized protein.
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wo show that the processed protein was stably seried
into the witochondsial membrages sinee it could not be
releised by treatiment of the mitochondria ar various
silt conventritions, ws was simikarly found with other
precursar proteins arrested in contact sites {6,22]. We
previously showed that anly the translocation across the
mner membrane of an awine-terminal part ol the
precursor depends on the meombrane potential whereis
translocation of the remainder of the precursor can take
plice in the abscuce of 4y {5,12]. For the experiment
shown in Fig, 33, b:01-760), - DIHFR was st ac-
cumulated in contiet sites, Then valinomyein was add-
ed to dissipate the mitochondrinl membrane potentiad,
The mitochondria were reisolated, resuspended  in
methotrexate-frec inedium and invubated at 25°C Vig,
3B demonstrates that the completion of import of
D2(1476), - DHEFR indeed occurred in the absence of
Q¢ This confirms that the processed 02(1-70) . - DHER
in contact sites was beyond the Ay-dependent step, i.c,
remained inserted into the inner membrane, and was on
the correct import pathiway.

In summary, we have shown that about 50 amino
acid residues of a polypeptide chain in transit are suffi-
cient to span both mitochondrial membanes and to
allow access to two soluble proteases. This surprising
short length of the membrance spanning polypeptide
demonstrates that the penetration of precursor proteins
through membranes does not have to oceur by a
transfer of domains but rather involves translocation of
the chainin a linecar fashion.

Our results allow a preliminary caleulation of the
possible conformations of precursor proteins in transit.
Fifty amino acid residues correspond to about 7.5 nm in
length in e-nelical conformation [25], 17.5 nm in @&-
structure, and 18.1 nm in a fully extended conforma-
tion [26]. As the exact structural arrangement of the
mitochondrial membranes at contact sites is unknown,
we will take in account various estimations for the
distance spanned by the ca 50 amino acid residues, The
distance across two protein-rich membranes is 15-18
nm [27], in agreement with the thickness of mitochon-
driagl contact sites (18-20 nm) assessed by electron
microscopic studies [12]. On the assumption that the
precursor protein has to traverse at least the thickness
of two adjacent simple unit membranes, the distance
would be 12-14 nm [28,29]. Assuming that the two
mitochondrial membranes would form a so-called non-
bilayer structure (Hi phases) [30,31], the thickness
would be about 14 nm. Yet, it has to be emphasized that
in electron micrographs of mitochondrial contact sites a
non-dense structure is always visible between the two
membranes. In any of these cases, the polypeptide
chain must be in a quite extended conformation in order
to span the two membranes.

Considering the complexity of translocation in an at
least two-step reaction that involves insertion into the
outer membrane at the GIP-site [13,14] and the Ay-
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Fig. 3. Cytochrome #a(1-76). o-DHER arrested in contact sites is
on the correct import pathway, (A) The translocation intermediate is
not releused from mitochondria at higher salt concentrations.
0(1-76).. - DHEFR way accunmulated in mitochondrial contact sites in
the presence of MTX as described in the legends to Figs 1 and 2, The
mitochondria were isolated and incubated in 250 mM sucrose, 1 4M
MTX, 10 mM Mops, pH 7.2, and | #M valinomycin at the indicated
KCl-concentrations for 15 min at 0°C. The mitochondria were
reisolated, and mitochiondria (Mit.) and supernatants (Sup.) were
analyzed for intermediate-sized protein (i-ba[1-76]+ sDHFR) by SIDS-
PAGE, fluorography and densitometry. As control, IF;-ATPase
subunit # imported into the matrix (m-FF4) was used, (B) Chase of the
translocation intermediate by completion of import in the absence of
methotrexate, 52(1-76). « DHFR was accumulated in contact sites in
the presence of MTX as described above. Then 1M valinomycin was
added, The mitochondria were reisolated, washed once in BSA-buffer
(250 mM sucrose, 3% BSA, 80 mM KCl, 10 mM Mops, pH 7.2, 1 uM
valinomyein) and incubated in this buffer for the indicated times at
25°C. Then treatment with proteinase K was performed. In parallel
samples, import was performed in the absence of MTX (‘control') or
MTX remained present in all incubations (‘no chase’).

dependent translocation through the inner membrane
[5,32], it appears very unlikely that the translocation at
contact sites would occur through a simple and short
channel that would be much shorter than the distances
calculated above. Our results therefore provide
evidence for an extensive unfolding of polypeptides in
transit. As a hypothesis we propose that precursor pro-
teins may be unfolded to such a degree that the
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backbone of the polypeptide chain beeomes exposed
while being translocated through proteinaceaus sites in
mirochondrial contagt zones,
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