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Import of Mitochondrial Carriers Mediated by
Essential Proteins of the Intermembrane Space

Carla M. Koehler, Ernst Jarosch, Kostas Tokatlidis,
Karl Schmid, Rudolf J. Schweyen, Gottfried Schatz*

In order to reach the inner membrane of the mitochondrion, multispanning carrier pro-
teins must cross the agueous intermembrane space. Two essential proteins of that
space, Tim10p and Tim12p, were shown to mediate import of multispanning carriers into
the inner membrane. Both proteins formed a complex with the inner membrane protein
Tim22p. Tim10p readily dissociated from the complex and was required to transport
carrier precursors across the outer membrane; Tim12p was firmly bound to Tim22p and
mediated the insertion of carriers into the inner membrane. Neither protein was required
for protein import into the other mitochondrial compartments. Both proteins may function
as intermembrane space chaperones for the highly insoluble carrier proteins.

Most proteins imported to mitochondria
are synthesized with a cleavable NH,-ter-
minal targeting sequence and are sorted to
their correct intramitochondrial location by
the dynamic interaction of distinct trans-
port systems in the outer and inner mem-
branes (1). The TIM system in the inner
membrane consists of two integral mem-
brane proteins, Tim17 and Tim23, which
make up the inner membrane import chan-
nel. Complete translocation into the matrix
is coupled to adenosine triphosphate (ATP)
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hydrolysis and is mediated by Tim44,
mHsp70, and GrpE. However, some of the
most abundant inner membrane proteins,
such as the metabolite carriers, are synthe-
sized without a cleavable NH,-terminal pre-
sequence and therefore do not engage with
the Tim23 channel. It has been suggested
that import of these proteins is directed by
one or more internal targeting signals.(2),
but the exact mechanism is still poorly de-
fined. In the cytosol of the yeast Saccharo-
myces cerevisiae, chaperones escort these in-
soluble carrier proteins preferentially to the
outer membrane receptors Tom37 and
Tom70 (3). The carriers then move
through the TOM channel in the outer
membrane and insert into the inner mem-
brane, bypassing the ATP-dependent

im23 system, which transports proteins
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across the inner membrane (4, 5).

Here we report that the transfer of in-
soluble carrier proteins from the TOM sys-
tem of the outer membrane across the aque-
ous intermembrane space to the inner
membrane is mediated by Tim10Op and
Tim12p, two cysteine-rich proteins of the
intermembrane space. The two proteins are
35% identical and are essential for viability.
They were discovered as multicopy suppres-

sors of mitochondrial RNA splicing defects
and were initially termed Mrsllp and
Mrs5p (6-8).

To identify the function of Tim10p and
Tim12p, we constructed temperature-sensi-
tive mutants by in vitro mutagenesis (9).
Haploid yeast cells expressing a tempera-
ture-sensitive timl0-1 or timl2-1 protein
grew at wild-type rates at 25°C but stopped
growing 6 to 8 hours after a shift to 37°C on
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Tim23p |5 = e = - Fig. 1. Tm10p and Tim12p are required for import of
mitochondrial carrier proteins and Tim22p. (A) The pa-
Tim1p o s rental wild-type strain (WT) and the two mutant strains

-

were grown in lactate medium for 16 hours at 25°C and
then shifted for 8 hours to 37°C. Mitochondria were iso-

lated and analyzed by SDS-PAGE and immunoblotting
with monospecific rabbit antisera for AAC, porin, cytochrome b,,, and Tim11p (20, 40, and 80 pg loaded)
and PIiC, DiC, and Tim22p or Tim23p (50, 100, and 200 ng loaded). Blots were decorated with
['2®l]-protein A. (B) Precursors were synthesized in vitro and incubated at 25°C with fully energized
wild-type or mutant mitochondria, followed by protease K treatment, SDS-PAGE, and flucrography (73).
Aliguots were analyzed for import after 2.5, 5, 10, and 15 min; p, precursor; i, intermediate form; m,
mature form; —AW, absence of a membrane potential; import for 15 min into wild-type mitochondria

uncoupled by 25 uM FCCP.

Fig. 2. Tim12p is required A

fermentable as well as nonfermentable car-
bon sources. Return to 25°C did not restore
growth (10). Mitochondria purified from
heat-arrested tim10-1 cells contained dras-
tically reduced steady-state concentrations
of several carriers located in the inner mem-
brane—including the ADP-ATP carrier
(AAC), the phosphate carrier (PiC), and
the dicarboxylate carrier (DiC) (11)—as
well as of Tim22p (12) (Fig. 1A). A similar
but milder defect was found in mitochon-
dria from the heat-arrested timI2-1 mutant,
with the exception of Tim22p, which was
not detectable. Both arrested mutants had
wild-type levels of proteins sorted to the
outer membrane, matrix, intermembrane
space, and inner membrane that were un-
related to the carrier family. Thus, the de-
fect in both mutants was specific for the
metabolite carrier family and for Tim22p.
To determine whether the import of car-
riers was impaired, we tested mitochondria
from the heat-arrested mutants for their
ability to import radiolabeled precursors
synthesized in vitro (13) (Fig. 1B). Import
was assessed by protection from added pro-
tease, which removes nonimported precur-
sor. The observed import defects mirrored
the deficiency in steady-state levels: import
of AAC and PiC was inhibited by 85% in
timl0-1 mitochondria and by 50% in
timl2-1 mitochondria, whereas import of
Tim22p was inhibited by 85% in both
timl0-1 and timl2-1 mitochondria. All of
the proteins whose import into isolated mi-
tochondria was affected by the two muta-
tions lack a cleavable targeting signal. In
contrast, import or proteolytic processing of
mitochondrial precursor proteins with a
cleavable NH,-terminal targeting prese-

for insertion of AAC into the PR

inner membrane, whereas

Tim10p is required for trans- -

location of the AAC across
the outer membrane. (A)
AAC was synthesized in
vitro and incubated with
wild-type (WT) and tim12-1
mitochondria for 8 min at

25°C in the presence or ab-
sence of a membrane po-
tential (A¥). Mitochondria
were then divided into equal
aliquots that were either left

untreated (—) or treated with

proteinase K (PK, 30 or 200 ug/ml) for 15 min at 4°C, followed by 1 mM PMSF. Where
indicated, mitochondria were extracted with 100 mM Na,CO, for 30 min at 4°C. After
centrifugation at 100,000g for 15 min, pellet (P) and supernatant (S) were precipitated with
10% trichloroacetic acid (TCA) and analyzed by SDS-PAGE and fluorography. Standard
(STD): 10% of the radioactive precursor present in each assay. (B) Import was as in (A).

B
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The designated samples were then treated with trypsin (100 pwg/mi) for 30 min at 4°C,
followed by addition of trypsin inhibitor (200 pg/ml). Two aliquots were converted to mitoplasts (MP) in the absence or presence of proteinase K (50 p.g/ml),
separated into pellet (P) and supernatant (S), and then analyzed as in (A). (C) Import into tim70-1 mitochondria was as in (A). After import, three equal aliquots
were taken: one was left untreated (—), whereas the other two were treated with proteinase K (30 or 200 pg/mi) for 15 min at 4°C, followed by addition of 1
mM PMSF. All samples were then analyzed as in (A).
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quence was unaffected by either mutation,
regardless of whether the precursors were
targeted to the intermembrane space or to
the matrix.

Import of the AAC precursor into wild-
type mitochondria occurs in several discrete
stages (5). In stage 1, the soluble carrier,
escorted by cytosolic chaperones, binds to
the mitochondrial import receptors. In
stage 2, it-partially (and probably reversibly)
inserts across the TOM pore in the outer
membrane, becoming partly inaccessible to
proteinase K. In stage 3, the carrier accu-
mulates on the outer surface of the inner
membrane, becoming inaccessible to pro-
teinase K in intact mitochondria, but not in
mitoplasts (mitochondria - whose outer
membrane has been selectively ruptured).
In stage 4 (which requires an electric po-
tential across the inner membrane), the
carrier inserts fully into the inner mem-
brane and is then unable to be extracted
with alkali, with only a small NH,- or
COOQH-terminal part accessible to protease
in mitoplasts. In stage 5, dimerization of the
inserted carrier in the inner membrane
completes the process.

To determine the specific stage at which
the import of carriers was blocked in the
timl0-1 and tml2-1 mutants, we allowed
mitochondria from the heat-arrested cells to
import AAC and then either alkali-extract-
ed or converted them to mitoplasts in the
presence of protease. In agreement with
published results, AAC inserted into the
inner membrane of wild-type mitochondria
only in the presence of an inner membrane
potential, the inserted protein was resistant
to protease in mitochondria and mitoplasts,
and the fully inserted carrier was not ex-
tracted by alkali (Fig. 2, A and B). In con-
trast, import of the carrier into mitochon-
dria from heat-arrested timl2-1 cells was
blocked at stage 3 even in the presence of an
inner membrane potential: the imported
carrier was resistant to protease in intact
mitochondria (Fig. 2A) but not in mito-
plasts (Fig. 2B) and remained largely alkali-
extractable (Fig. 2A). (Nonspecific losses of
alkali-extractable AAC most likely were
caused by nonspecific adherence to the tube
wall.) Import of multispanning carrier pro-
teins into fully energized im12-1 mitochon-
dria thus resembled the incomplete import
into wild-type mitochondria lacking an in-
ner membrane potential.

Import of AAC into mitochondria from
the heat-arrested tml0-] mutant was
blocked at an earlier stage than import into
timl2-1 mitochondria: the precursor was
bound to the mitochondria, but most of it
remained protease-accessible (Fig. 2C), and
what little was imported remained alkali-
extractable (11). The import block caused
by loss of Tim10p function thus occurs be-
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fore or at stage 2, suggesting that Tim10p is
required for transfer of the carrier across the
outer membrane.

" To show directly that Tim10p interacted
with AAC during import, we imported ra-
diolabeled AAC into fully energized or un-
coupled mitochondria, removed nonim-
ported protein by protease treatment, react-
ed the mitochondria with a cleavable cross-
linker, and analyzed the radioactive cross-
linked products by SDS—polyacrylamide gel
electrophoresis (PAGE) and fluorography
(14). Import into fully energized wild-type
mitochondria yielded only a low percentage
of cross-linked products, presumably because
the imported carrier was rapidly inserted
into the inner membrane (Fig. 3A). Little
cross-linking was detected with mitochon-
dria from the tmi0-1 mutant (Fig. 3A),
because the carrier was not transported
across the outer membrane. In contrast, at
least two cross-linked products were found

A timi2-1 tim10-1

L REPORTS|

after import into fully energized or uncou-
pled tmlI2-1 mitochondria or into uncou-
pled wild-type mitochondria. Each of the
two cross-linked products was as abundant
as the non—cross-linked AAC, and their
apparent masses were 10 and 20 kD greater
than that of AAC. Both products could be
immunoprecipitated by monospecific anti-
serum against Tim1O0p in uncoupled wild-
type mitochondria (Fig. 3B) and tml2-1
mitochondria (I11), indicating that they
contained Tim1Op. Upon cleavage with
2-mercaptoethanol, the cross-linked species
yielded only the radioactive 34-kD band of
AAC (11). Thus, loss of Tim12p function,
or uncoupling of wild-type mitochondria,
caused accumulation of Tim10p-bound
AAC inside the outer membrane. The large
cross-linked bands may contain Tim12p, but
antibodies against Tim12p could not estab-
lish this point with certainty.

To identify proteins that interact with
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Fig. 3. Tm10p can be cross-linked to the AAC
precursor during import and forms a complex with
Tim12p and Tim22p. (A) Import was performed with
wild-type, tim12-1, and tim10-1 mitochondria in the
presence or absence of a membrane potential
(AW), and mitochondria were re-isolated and divid-
ed as follows. One-quarter was precipitated with
TCA (—DSP); the rest (1 mg/ml) was cross-linked
with DSP (74). Asterisks mark the location of two
major cross-linked products of about 44 and 54 kD.
(B) AAC was imported into uncoupled wild-type mi-
tochondria. After import, one-seventh of the assay
was precipitated with TCA (—=DSP), and the re-
mainder was incubated with DSP. Two-sevenths
were precipitated with TCA after cross-linking,
and the remainder was denatured with SDS and
subjected to immunoprecipitation either with pre-
immune antiserum (CS) or with antiserum to
Tim10p (74). “X" marks the two major cross-linked
products that were detected in (A), and the aster-
isk marks another immunoprecipitated fragment
that may contain Tim10p. (C) Mitochondria from a
strain expressing a COOH-terminal hexahistidine-

= Q. - AAC
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AAC

tagged Tim10p [Tim10H6p (74)] were solubilized at 2 mg/ml by 0.5% digitonin. As a control, 150 pg
of extract was withdrawn (T), and 1 mg was incubated with Ni?*-agarose beads. The beads were
washed, and bound proteins were eluted with 1% SDS (B). To assess the effectiveness of binding,
150 pg of the unbound proteins (S) was also analyzed. Proteins co-isolating with the hexahistidine-
tagged Tim10p were identified and quantified by immunoblotting. The fraction of bound and un-
bound protein is given below each panel. Mitochondria from the parental wild-type strain were

analyzed as a negative control.
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Tim10p and Tim12p, we searched for yeast
genes whose overexpression abrogated the
conditional lethality of the tml0-1 and
tim12-1 mutations (15). No suppressor was
identified for the tim10-1 mutation, but we
isolated one strong suppressor for the
timl2-1 mutation. After subcloning, this
suppressor proved to be the TIM22 gene.
Overexpression of TIM22 allowed the
timl2-1 mutant to grow at the restrictive
temperature 37°C but was without effect on
the conditional lethality of the timl0-1 mu-
tant or a timl 2 null strain (I11). None of the
genes for other known components of the
mitochondrial import system, including
TIM23 or TIMI17, were identified in this
multicopy suppressor screen. Even though
Tim10p and Tim12p are 35% identical,
overexpression of one protein did not sup-
press the lethality caused by the tempera-
ture sensitivity of the other (11).

The results presented so far suggested
that Tim10p, Tim12p, and Tim22p interact
functionally and genetically. To test for a
physical interaction between TimlO0p,
Tim12p, and Tim22p, we constructed a
yeast strain in which all Tim10p molecules
had a COOH-terminal hexahistidine tag
(16). This strain grew as well as the parental
wild type under all conditions tested, sug-
gesting that the tag did not abolish the
function of Tim10p in vivo. Essentially all
of the tagged Tim10p present in digitonin-
solubilized mitochondria was recovered on
the Ni’*-agarose beads (Fig. 3C). More
than 90% of the Tim12p and 80% of the
Tim22p present in the mitochondrial lysate
co-purified with the tagged Tim10p. No
such co-purification was detected if Tim10p
was untagged, and inner membrane pro-
teins such as AAC, Tim23p, Timllp,
Tim44p, and Afg3p (11, 17) did not co-

Fig. 4. Model for the im-
port of mitochondrial
carrier proteins. Proteins
5,6, 7, 20, 22, 37, 40,
and 70 are members of
the TOM complex. Pro-
teins 11, 17, 23, and 44
are members of (or

70

Cytosol 37

oM

purify with the tagged Tim10p (Fig. 3C).
Thus, the genetic and biochemical data

indicated that TimlOp, Timl2p, and
Tim22p are three components of a multi-
subunit complex that mediates import and
insertion of multispanning carrier proteins
into the inner membrane.

Timl10p and Timl2p perform distinct
functions in the import of mitochondrial
carriers because overexpression of Tim10p
did not substitute for loss of Tim12p and
vice versa. Tim10p acted before Tim12p:
Loss of Tim10p function blocked transport
across the outer membrane, whereas loss of
Tim12p function blocked insertion into the
inner membrane. Tim10p was only loosely
associated with the complex because most
of it was solubilized when mitochondria
were converted to mitoplasts (7). Associa-
tion of Tim10p with the inner membrane
may be reversible, allowing Tim10p to (i)
bind precursor whose COOH-terminus is
still in the outer membrane channel or
exposed on the outer surface and (ii) trans-
fer the bound precursor to Timl2p. We
suggest the following model for the import
pathway of a multispanning carrier from the
mitochondrial surface into the inner mem-
brane (Fig.-4). The carrier, after binding to
mitochondrial import receptors, passes
through the outer membrane pore and
binds to Tim10p; this step may be revers-
ible. The carrier is then transferred to
Tim12p, which is associated with Tim22p
on the outer face of the inner membrane.
The membrane-embedded Tim22p finally
mediates the correct insertion of the carrier
into the inner membrane.

Because Tim10p and Timl12p are re-
quired for insertion of Tim22p, which in
turn is required for the insertion of carrier
proteins, TimlOp and TimlZp might in

closely adjacent to) the
Tim23p-Tim17p  com-
plex that mediates im-
port of precurscrs carry-
ing a cleavable NH_-ter-
minal  matrix-targeting 11

IMS

23

+A¥

sequence. Proteins 10, M 17

12, and 22 are members
of the Tim22 complex
that mediates import of
multispanning carrier

Matrix

proteins intc the inner membrane. A carrier precurser exiting the TOM channel is captured by Tim10p in
the intermembrane space and delivered to Tim12p, which is bound to Tim22p at the outer face of the
inner membrane. Transfer to Tim12p triggers the Tim22p-dependent insertion of the multispanning

carrier into the inner membrane.
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principle only be needed to maintain wild-
type Tim22p levels. This model cannot be
excluded, but it cannot readily account for
our findings that partly imported AAC can
be cross-linked to Tim10p in uncoupled
wild-type mitochondria and that overex-
pression of Tim22p fails to suppress loss of
Tim10p function. Thus, we favor the view
that Tim10p and Tim12p interact directly
with each of the different carrier precursors
and that Tim22p, because it is a multispan-
ning inner membrane protein, uses this
same import pathway.

Proteins similar to Tim10p and Tim12p
are present in Schizosaccharomyces pombe and
Caenorhabditis elegans (10), suggesting that
this second TIM complex has been con-
served throughout evolution. Tim10p and
Tim12p may act akin to molecular chaper-
ones: TimlOp may prevent aggregation of
the precursor in the intermembrane space,
and Tim12p may stabilize the precursor in a
conformation that permits its en bloc inser-
tion (I8) into the inner membrane.
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Fucosylated Histo-Blood Group
Antigens Revealed by Retagging
Dag liver,* Anna Arnqvist,” Johan égren, Inga-Maria Frick,

Dangeruta Kersulyte, Engin T. Incecik,T Douglas E. Berg,
Antonello Covacci, Lars Engstrand,f Thomas Borén§

The bacterium Helicobacter pylori is the causative agent for peptic ulcer disease. Bac-
terial adherence to the human gastric epithelial lining is mediated by the fucosylated
Lewis b (Le®) histo-blood group antigen. The LeP-binding adhesin, BabA, was purified
by receptor activity—directed affinity tagging. The bacterial LeP-binding phenotype was
associated with the presence of the cag pathogenicity island among clinical isolates of
H. pylori. Avaccine strategy based on the BabA adhesin might serve as a means to target

the virulent type | strains of H. pylori.

Helicobacter pylori, a human-specific gastric
pathogen, was first isolated in 1982 (1) and
has emerged as the causative agent of chron-
ic active gastritis and peptic ulcer disease (2).
Most infected individuals show no clinical
symptoms, implicating additional factors,
such as genetic predisposition and the geno-
type of the infecting strain, in disease patho-
genesis. Chronic infection is associated with
the development of gastric adenocarcinoma,
one of the most common types of cancer in
humans (3), and H. pylori was recently de-
fined as a class 1 carcinogen (4).

The bacterium colonizes the human gas-
tric mucosa by adhering to the mucous ep-
ithelial cells and the mucus layer lining the
gastric epithelium (5). These adherence
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properties protect the bacteria from the ex-
treme acidity of the gastric lumen and dis-
placement from the stomach by forces such
as those generated by peristalsis and gastric
emptying. The fucosylated blood group an-
tigens Lewis b (Le?) and H-1 (Fig. 1A)
mediate adherence of H. pylovi to human
gastric epithelial cells in situ (6).

We have now biochemically character-
ized and identified the H. pylori blood group
antigen—binding adhesin, BabA. Various
strains of H. pylori were analyzed for binding
to '*’I-labeled fucosylated blood group anti-
gens (Fig. 1B) (7, 8). Three of the five
strains examined bound Le® and H-1. The
receptor specificities of these strains for the
soluble blood group antigens correlate with
their adherence properties in situ (6). The
prevalence of blood group antigen—binding
(BAB) activity was also assessed among 95
recent clinical isolates of H. pylori, and 66%
(63 isolates) bound the Le® antigen (7).
None of the reference strains or the 95 re-
cent isolates bound to the related Le?, H-2,
Le¥, or Le¥ antigens (Fig. 1, A and B). These
results support previous observations of the
receptor specificity of H. pylovi for the Leb
and H-1 blood group antigens (6) and, in
addition, demonstrate the high prevalence of
BAB activity among clinical isolates.

[solates of H. pylori are thought to differ
in virulence and those from individuals with
peptic ulcers most often are type I strains
that express the vacuolating cytotoxin A
{(VacA) and the cytotoxin-associated gene A
(CagA) protein (9). By definition, type II
strains express neither marker. Twenty-one
strains of previously defined type (10) and 73
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