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Abstract

Tim44 is an essential component of the translocase of the inner mitochondrial membrane (TIM) complex that mediates transport
of nuclear encoded mitochondrial precursors across the inner membrane. Here, we have investigated the topology of Tim44 by
probing mitochondria with membrane impermeable 3-(N-maleimidopropionyl)biocytin (MPB) followed by the specific immuno-
precipitation of modified proteins. Our data indicate that a single cysteine residue, Cys-369, located in the C-terminal domain of the
yeast Tim44 is exposed to the mitochondrial intermembrane space. © 2002 Elsevier Science (USA). All rights reserved.

Keywords: Mitochondria; Protein import; Tim44; 3-(N-Maleimidopropionyl)biocytin

Mitochondrial biogenesis requires co-ordinated syn-
thesis, transport, and assembly of proteins encoded by
the mitochondrial DNA (accounting for less than 5% of
the total number of mitochondrial proteins) and nuclear
DNA. The outer and inner mitochondrial membranes
contain protein complexes that mediate the passage of
mitochondrial precursors across the membranes or the
insertion of integral membrane proteins. The TIM23
translocase of the inner membrane mediates prese-
quence-dependent protein transport into the mito-
chondrial matrix (for recent reviews see [1,2]). It consists
of two structurally and functionally distinct subcom-
plexes—a Tim17/23 complex representing the translo-
cation channel core and an associated Tim44/mHsp70
complex, the “translocation motor” that utilises the
energy from ATP hydrolysis to drive the movement of
precursors into the mitochondrial matrix. Two different
mechanisms were proposed to explain how vectorial
movement of mitochondrial precursors across the
membrane occurs [3,4]. The “Brownian ratchet” model
proposes that spontaneous precursor unfolding on the
outer membrane surface accompanied by the sequential
binding of mitochondrial heat shock protein 70 kDa
(mHsp70) to the preprotein polypeptide chain on the
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matrix side of the inner membrane provides the driving
force for protein translocation. The “pulling” model
suggests that mHsp70 hydrolyses ATP to provide energy
not only for interaction with the translocated precursor
chain but also to generate a pulling force that actively
unfolds tightly folded protein domains. In both models
Tim44 serves as membrane anchor for mHsp70 in close
proximity to the import sites.

Tim44 was the first component of the TIM23 com-
plex to be identified. It was isolated using a biochemical
approach and independently identified by genetic
screening of yeast mutants defective in mitochondrial
protein import [5,6]. Early reports suggested that Tim44
spanned the inner membrane with the majority of its
N-terminal portion protruding into the mitochondrial
matrix. Tim44 was found in the screen of an antibody
library raised against right-side out, glutaraldehyde fixed
submitochondrial particles because of its ability to
quench the inhibition of protein import into right-side
out vesicles [7]. A C-myc epitope tag fused to the
extreme C-terminus of Tim44 was susceptible to pro-
teolytic degradation in mitoplasts [6]. By cross-linking of
preproteins that had been arrested at the import site, it
was shown that a segment of extended polypeptide chain
33 amino acid residues long was required to reach
Tim44 [8]. About 50 amino acid residues of an extended
polypeptide chain of the precursor are required to span
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both the outer and the inner mitochondrial membranes
[9] indicating that a part of the Tim44 faces the inter-
membrane space of mitochondria. However, there are
also results indicating that Tim44 is associated with the
Tim17/23 complex only at the matrix side of the inner
membrane. Tim44 is synthesised with an N-terminal,
cleavable presequence and imported into mitochondria
in a membrane potential dependent manner [10].
Sequence analysis revealed predominantly a hydrophilic
profile for Tim44 without potential transmembrane
regions [6]. Like a peripheral membrane protein, Tim44
could be extracted from the membrane with a solution
of a high pH or high ionic strength [10,11]. Wild type
Tim44 as well as Tim44 fused at its C-terminus with
c-myc epitope, His-tag of dihydrofolate reductase was
resistant to proteinase K treatment of mitoplasts [11].
Despite the fact that Tim44 is an essential protein, study
of a temperature-sensitive Tim44 mutant revealed that
Tim44 depletion did not reduce the number of import
sites and had little effect on the import of a subset of
mitochondrial precursors [12]. Other studies also dem-
onstrated that Tim44 is not a tranlocation pore forming
protein [13]. At present there is a common agreement
that the N-terminal bulk of Tim44 is located in the
matrix and interacts with mHsp70. The C-terminal
domain was shown to interact with acidic phospholipids
[14] and can be responsible for the association of Tim44
with the Tim17/23 core complex.

First introduced by Bayer [15], MPB is widely used for
cysteine-specific covalent modification of proteins
resulting in the coupling of a biotin moiety to the poly-
peptide chain. Femtomole amounts of available thiol
groups can be detected [15]. Due to bulkiness of the biotin
moiety and the hydrophilic nature of the linker between
maleimide and biotin, MPB is a poor membrane-per-
meant agent. Topology and orientation of several mem-
brane proteins have been determined by MPB labelling
[16-18]. No reaction of biotin maleimides with proteins
lacking cysteine has been observed [17]. In the present
study we have exploited properties of the membrane
impermeable cysteine-selective compound MPB to probe
the topology of Tim44 in intact mitochondria.

Materials and methods

MPB and other chemicals were purchased from Sigma. Antibodies
against yeast Tim44, Impl, Tom40, and Tom70 were obtained from
Schatz. Antibodies against o-MPP were obtained from B. Glick, anti-
Ytal0, and Ytal2 antibodies were a gift from W. Neupert. Antibodies
against human Tim44 and against DnaK were raised by immunising
rabbits with purified recombinant proteins and were manufactured by
Antibody AB, Sweden.

Isolation of mitochondria. Yeast mitochondria were purified ac-
cording to [19]. Rat liver mitochondria were isolated by differential
centrifugation as described in [20].

MPB labelling. Mitochondria (800 pg protein) were resuspended in
1 ml of buffer containing 0.6 M sorbitol, 20 mM Hepes-KOH, pH 7.4

for yeast mitochondria and 0.23 M mannitol, 70 mM sucrose, 20 mM
Hepes—KOH, pH 7.2 for rat liver mitochondria. MPB (0.5 mM) was
added and the mitochondrial suspension was divided into two aliquots.
One sample was incubated with MPB for 30 min, 4 °C. The reaction
was stopped by incubation with 2 mM DTT for 10 min, 4 °C. Mito-
chondria were solubilised in 0.5% Triton X-100 and centrifuged at
14000 rpm, 10 min. Supernatants were subjected to immunoprecipi-
tation for 3-4 h, 4 °C using antisera against mitochondrial proteins
followed by incubation with ProteinA-Sepharose. Pellets were washed
four times with TBS-Tween buffer, loaded with Laemmli solubilisation
buffer and boiled 5 min. The second aliquot of the mitochondrial
suspension (order 2) was treated as the previous sample except that
mitochondria were solubilised with Triton X-100 at the beginning of
the MPB treatment.

SDS-PAGE and Western blotting. Samples were analysed by SDS—
PAGE in the presence of 4 M urea. Separated proteins were blotted
onto nitrocellulose membrane and probed with respective antibodies
followed by horseradish peroxidase-coupled secondary antibodies us-
ing enhanced chemiluminiscence (ECL; Amersham Pharmacia). In
parallel, samples were probed with avidin-peroxidase conjugate to
detect biotinylated proteins.

Computational analysis. Prediction of transmembrane regions in the
proteins was done using the dense alignment surface (DAS) method
[21]. Secondary structure prediction and sequence alignment of Tim44
was done on the ExPASy server (www.expasy.org).

Results and discussion

Due to the presence of porin, the outer mitochondrial
membrane is freely permeable for compounds with a
molecular mass <8 kDa [22]. The inner mitochondrial
membrane is virtually impermeable for charged or hy-
drophilic compounds, including protons, unless specific
transporters are present. MPB has a molecular mass of
524 Da, therefore, it is ideally suited for non-invasive
probing of cysteine residues of proteins outside the inner
membrane. Yeast Tim44 contains a single cysteine res-
idue, Cys-369, at the C-terminal part of the protein.
Therefore, the accessibility of Cys-369 to biotinylation
can be easily monitored using Western blotting with
avidin-conjugated horseradish peroxidase. As controls
for MPB labelling and of mitochondrial intactness, we
have investigated several well-characterised proteins
located at the outer membrane, the inner membrane or
in the matrix. Some biochemical properties of these
proteins are summarised in Table 1. All selected proteins
have at least one cysteine. Tom40 represents the core of
the outer membrane translocation channel [1,2]. Tom70
serves primarily as an import receptor for a subset of
precursor proteins. The large cytosolic domain of
Tom70 participates in the recognition of preproteins
[1,2]. Impl is the yeast homologue of the leader pepti-
dase. It is an integral protein of the inner membrane
exposing its catalytic domain in intermembrane space
and forming a heterodimer with Imp2 protein [23].
YtalOp and Ytal2p belong to the AAA-family of me-
talloproteases that are integral proteins of the inner
membrane, forming the 850 kDa heterodimeric complex
with large domains protruding into the matrix [24].
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Summary of data on proteins used in this study

Species

Name
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number

Mitochondrial
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residues
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Mitochondrial processing peptidase (MPP) in yeast is a
soluble heterodimeric complex consisting of «-MPP and
B-MPP subunits located in the matrix [2]. The mHsp
70 is located mostly in the mitochondrial matrix and
a small fraction of mHsp70 is associated with the im-
port channel on the matrix side of the inner membrane
[1,2].

Fig. 1 shows the results of labelling yeast mitochon-
dria with MPB in the absence and in the presence of
Triton X-100. After labelling, proteins were subjected to
immunoprecipitation with respective antibodies (left
column) followed by Western blotting using avidin-
peroxidase (right column). Proteins of the outer mito-
chondrial membrane, Tom40 and Tom70, were readily
labelled with MPB in intact mitochondria. The degree of
labelling of Tom70 was greater upon solubilisation of
mitochondrial membranes with detergent. It has to be
mentioned that amounts of immunoprecipitated pro-
teins were equal in both samples as verified by staining
of blots with respective antibodies (not shown). Impl
was labelled in intact as well as in solubilised mito-
chondria which was in agreement with topology of this
protein described previously [23]. Tim44 was another
inner membrane protein that could be labelled with
MPB in intact mitochondria. The degree of Tim44 la-
belling by MPB was similar in intact and solubilised
mitochondria suggesting that the only present Cys-369
was free and exposed to the intermembrane space. Two
other inner membrane proteins, Ytal0 and Ytal2, as
well as matrix located a-MPP were biotinylated only
upon solubilisation of mitochondria with Triton X-100
suggesting that the inner membrane was indeed imper-
meable for MPB. It has to be stressed that at high
concentrations (=200 pM) MPB was reported to pene-
trate plasma membrane of mammalian cells [18]. In our
experiments with intact mitochondria we did not
observe any significant modification (<5%) of cysteine
residues located in the matrix proteins even at MPB
concentration of 500 pM. At lower concentrations of
MPB efficiency of protein modification decreased but
the pattern of protein labelling in different intra-mito-
chondrial compartments was similar.
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Fig. 1. Analysis of yeast mitochondrial proteins labelled with MPB.
Labelling and detection were performed as described in Materials and
methods. Left column presents Western blotting results of yeast
mitochondrial proteins separated by SDS-PAGE and probed with
different antibodies. Right column presents Western blot results of
MPB labelling of these proteins, immunoprecipitated with their
respective antibodies. Addition of Triton X-100 is described in Mate-
rials and methods. Arrows indicate positions of molecular weight
standards.

Rat Tim44 contains three cysteine residues and one of
these residues is located close to the Tim44 C-terminus.
We also probed the Tim44 topology in isolated rat liver
mitochondria. Under the conditions used rat Tim44
could not be modified with MPB even in solubilised
mitochondria indicating that all cysteines were inacces-
sible to MPB. Rat mHsp70 was strongly labelled with
MPB after solubilisation of the mitochondrial mem-
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branes, moreover, labelled mHsp70 was coimmunopre-
cipitated with anti-Tim44 antibodies (data not shown).
Previously, we have observed that the in vitro synthes-
ised precursor of Nicotiana plumbaginifolia ATP-synth-
ase F B subunit could be modified with MPB only when
the precursor was unfolded on the mitochondrial surface
[25]. Cysteines hidden in the folded protein were not
available for modification due to the hydrophilic nature
and bulkiness of MPB. This might be the case for rat
Tim44. Alternatively, cysteine groups can form inter or

intra-molecular disulfide bridges also preventing their
modification. Sequence alignment of yeast and rat
Tim44 showed no conservation in the position of
cysteines at their C-terminal domain (Fig. 2A). Yeast
mitochondrial protein import shows no sensitivity to
treatment with sulfhydryl-specific reagents in contrast to
plant and mammalian mitochondrial protein import
systems [25,26]. Taken together, these data suggest dif-
ferent characteristics of cysteine residues in Tim44 from
yeast and other species.
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Fig. 2. (A) Clustal multiple sequence alignment of the C-terminal part of Tim44 from A. thaliana, H. sapiens, C. elegans, and S. cerevisiae. Protein
sequences were obtained from public databases. Accession numbers are NP_181151, NP_006342, NP_012242, and 002161 for A. thaliana, H. sa-
piens, S. cerevisiae, and C. elegans Tim44 proteins, respectively. Hydrophobic segments are shadowed, charged amino acids are presented in bold and
regions of negatively charged amino acids are boxed. (B) Analysis of Tim44 family protein sequences with the DAS transmembrane segment pre-
diction program. Note that precursor forms of Tim44 were analysed by the DAS prediction program. Arrow indicates relative position of yeast Cys-
369. Dashed horizontal lines show the loose cut off prediction score, solid lines indicate the strict cut off.
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Tim44 from different organisms shows a low degree of
primary sequence conservation, however, its secondary
structure and hydrophobicity profiles exhibit striking
similarities even between distantly related species. We
have analysed Tim44 protein sequences from a variety of
species using the DAS transmembrane prediction pro-
gram (Fig. 2B). It has been previously reported that
Tim44 is a hydrophilic protein without potential trans-
membrane regions [6]. More detailed analysis of hydro-
phobicity profiles revealed conservation of a short
hydrophobic segment near the C-terminus of Tim44 in
different organisms. Analysis of this hydrophobic region
revealed a short stretch (8-16 residues) of hydrophobic
or uncharged residues predicted to be mostly in an ex-
tended conformation. Cys-369 of yeast Tim44 was found
within this hydrophobic segment (Fig. 2B).

Does the C-terminal portion of Tim44 protrude into
the intermembrane space? The apparent lack of a
predicted membrane spanning region in the Tim44
molecule would suggest that the short C-terminal hy-
drophobic segment avoids direct contact with mem-
brane lipids and rather interacts with Tim17/23 proteins
only. In a hydrophilic environment inside the translo-
cation channel this segment can be mobile and suscep-
tible to extraction with high pH or salt solution. It has
been shown that Tim44 interacts with preproteins at an
early stage of the translocation [10]. Analysis of the C-
terminal part of Tim44 revealed the presence of clusters
of negatively charged amino acids (Fig. 2A). Together
with acidic domains of Tim23 these clusters (for example
“SPPEQIDDDETE®" in yeast Tim44) might participate
in the initial recognition of precursors on the inner
membrane surface.

In most reports concerning the yeast and mammalian
import systems, Tim44 was found to be resistant to
proteinase K treatment of mitoplasts [11,20,27]. After
inactivation of a temperature-sensitive mutant of Tim44,
yeast mitochondria were still able to import loosely
folded preproteins suggesting that the Tim17/23 com-
plex alone can perform the recognition and transloca-
tion of a subset of mitochondrial precursors [12].

The movement of proteins across membranes
requires that there be large pores or channels. Elec-
trophysiology studies have revealed that mitochondrial
membranes contain channel activities capable of large
conductance. One of these, the multiple conductance
channel (MCC), has been implicated in protein import.
Electrophysiology studies of proteoliposome reconsti-
tuted yeast membrane proteins revealed that the Tim17/
23 complex displays an equivalent activity to the MCC
[28,29]. It can be assumed that the import channel of
intact mitochondria must be closed when the precursor
is not translocated through it. Importantly, in the
absence of mitochondrial presequence peptides, the
reconstituted MCC displays a high probability of being
in an open state. We hypothesise that Tim44 might be

the missing part of the liposome reconstituted TIM
complex which causes the MCC to be in an open state.
The results discussed above may suggest a labile inter-
action between Tim44 and the Tim17/23 core of the
channel. A dynamic interaction between the core of the
TIM23 channel and Tim44 can explain the conflicting
results obtained using protease treatment of mitoplasts.

In conclusion, we have shown that in the intact yeast
mitochondria a single cysteine, Cys-369 located in the
C-terminal domain of the Tim44 was labelled with
membrane-impermeable maleimide, MPB. The C-ter-
minal portion of Tim44 from a variety of species has
been predicted to have positionally conserved stretch of
hydrophobic amino acids. In yeast Tim44, this segment
contains Cys-369 accessible from the outside of the inner
membrane. Taken together these results suggest that the
C-terminal part of Tim44 is exposed to the mitochond-
rial intermembrane space.
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