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The maintenance of correct mitochondrial shape requires
numerous proteins that act on the surface or inside of the
organelle. Although the soluble F-box protein Mfb1 was recently
found to associate peripherally with mitochondria and to regulate
organelle connectivity in budding yeast, how it localizes to
mitochondria is unknown. Here, we show that two tetratricopep-
tide repeat proteins—the general preprotein import receptor
Tom70 (a component of translocase of the outer membrane) and
its paralogue Tom71—are required for Mfb1 mitochondrial
localization. Mitochondria in cells lacking Tom70 and Tom71
form short tubules and aggregates, aberrant morphologies similar
to those observed in the mfb1-null mutant. In addition, Mfb1
interacts with Tom71 in vivo, and binds to mitochondria through
Tom70 in vitro. Our data indicate an unexpected role for Tom70
in recruitment of soluble proteins to the mitochondrial surface,
and indicate that Tom71 has a specialized role in Mfb1-mediated
mitochondrial morphogenesis.
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INTRODUCTION
Mitochondria form elaborate tubular networks that constantly
remodel their shape and distribution in response to intra- and
extracellular cues (Chan, 2006a; Hoppins et al, 2007). Defects
in mitochondrial shape and distribution are linked to human
neurodegenerative disorders, highlighting the physiological
relevance of organelle dynamics (Chan, 2006b). Studies in yeast
and multicellular eukaryotes continue to identify new proteins
required for mitochondrial morphogenesis, indicating that esta-
blishment and maintenance of mitochondrial architecture is a
complex process (Okamoto & Shaw, 2005; Frazier et al, 2006).

A large number of soluble and membrane-integrated proteins
act on the surface or inside of mitochondria to regulate organelle
shape. Most of these morphology proteins are synthesized as
precursors (preproteins) in the cytoplasm, targeted to mito-
chondria, sorted to the correct mitochondrial subcompartments
and refolded/assembled into functional complexes through the
general protein transport pathways (Neupert & Herrmann, 2007).
An emerging group of soluble morphology proteins mature in the
cytoplasm and transiently or stably associate with the surface of
mitochondria. Examples of the latter include Mdm30 and Mfb1,
two peripherally associated F-box proteins that form distinct
complexes on the cytoplasmic face of the outer membrane (Fritz
et al, 2003; Dürr et al, 2006; Escobar-Henriques et al, 2006;
Kondo-Okamoto et al, 2006). F-box proteins can function as
components of Skp1–Cul1–F-box-protein (SCF) ubiquitin–ligase
complexes, in which they bind to substrates for ubiquitin-
mediated proteolysis; however, they are also found in non-SCF
protein complexes that carry out various cellular functions.
Although Mdm30 has been shown to regulate degradation of a
known mitochondrial fusion protein, Mfb1 regulates the length
and connectivity of mitochondrial tubules by an unknown
mechanism. Mitochondrial targeting of Mfb1—and presumably
Mdm30—is likely to be essential for function; however, factors
that recruit these F-box proteins to the mitochondrial surface have
not been identified.

Here, we report that Mfb1 interacts with Tom71 (a component
of translocase of the outer membrane; Bömer et al, 1996;
Schlossmann et al, 1996), a tetratricopeptide repeat (TPR) protein
that is a paralogue of the mitochondrial preprotein import receptor
Tom70 (Hines et al, 1990; Steger et al, 1990). Moreover, we show
that binding of Mfb1 to mitochondria requires Tom70 in vitro. Our
data establish that Tom70 and Tom71 have overlapping functions
in Mfb1 mitochondrial localization that are essential for the
maintenance of mitochondrial morphology.

RESULTS
Mfb1 interacts with Tom71
To identify proteins that recruit Mfb1 to the surface of mito-
chondria, we carried out biochemical tandem affinity purification
and mass spectrometry for Mfb1-specific interacting proteins (data
not shown). This approach identified Tom71, a mitochondrial
protein anchored to the cytoplasmic face of the outer membrane
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(Bömer et al, 1996; Schlossmann et al, 1996). Tom71 is a
paralogue of the mitochondrial preprotein import receptor Tom70
(Hines et al, 1990; Steger et al, 1990).

Specificity of the Mfb1–Tom71 interaction was confirmed
by co-precipitation assays (Fig 1A). This co-immunoprecipitation
was inefficient but specific, as no significant precipitation
was detected in control experiments using wild-type Mfb1.
In addition, overexpression of Mfb1 strongly increased Tom71
co-precipitation (Fig 1B). Under these conditions, we did not
detect co-precipitation of Mfb1 with Tom70, Tom20, Tom22 and
Tom40, the main components of the TOM complex, and Porin, an
abundant outer membrane protein. In addition, interactions of
Mfb1 with endogenous Tom20 and Tom40 were not detected in
co-precipitation assays using Tom20 and Tom40 antibodies (data
not shown). The fact that Tom71 co-precipitation was enhanced
in the absence of Tom70 indicates that Tom70 is not required for
the Mfb1–Tom71 interaction.

Mfb1 localization is disrupted in tom70D tom71D cells
We evaluated the localization patterns of coexpressed Mfb1-green
fluorescent protein (GFP) and mitochondria-targeted red fluores-
cent protein (mito-RFP; Fig 2A). Mfb1-GFP colocalized with
mito-RFP and restored normal mitochondrial morphology in
mfb1D cells (Kondo-Okamoto et al, 2006). Mitochondrial locali-
zation of Mfb1-GFP was not altered in mfb1D tom71D or mfb1D
tom70D cells. Strikingly, Mfb1-GFP remained in the cytoplasm,
and localized poorly to mitochondria in the absence of both
Tom70 and Tom71. In addition, mitochondria lacking Tom70 and
Tom71 were discontinuous and aggregated, aberrant morpho-
logies reported previously in mfb1D cells (Kondo-Okamoto et al,
2006). Nearly 100% of tom70D tom71D cells showed mitochon-
drial morphology defects (Fig 2B). These observations indicate
that Tom70 and Tom71 have overlapping functions in Mfb1
mitochondrial localization.

Biochemical fractionation assays were used to determine
whether Tom70 and Tom71 are required for Mfb1 mitochondrial

association (Fig 2C). In the presence of Tom70 and Tom71, Mfb1-
3HA was found in the mitochondria-enriched pellet (M) and
post-mitochondrial supernatant (PMS; Kondo-Okamoto et al,
2006). In the absence of Tom70, almost all Mfb1-3HA cofractio-
nated in M, indicating that Tom70 is not required for Mfb1
mitochondrial association. By contrast, most of the Mfb1-3HA was
found in the PMS from mfb1D tom71D and mfb1D tom70D tom71D
cells. These different fractionation patterns were not due to changes
in Mfb1-3HA protein levels in the double and triple mutant strains,
although the Mfb1-3HA levels were lower in mfb1D tom70D cells
(Fig 2D). These results are consistent with our findings that Mfb1
interacts with Tom71 in the absence of Tom70, and that Mfb1 does
not form a stable complex with Tom70 in co-precipitation assays.

Finally, the preprotein receptors Tom20 and Tom22, and
Tom5 that transfers preproteins from surface receptors to the
TOM channel (Pfanner et al, 2004), are not required for Mfb1
mitochondrial localization (supplementary Figs S1,S2 online).
Together, our data support the idea that Tom70 and Tom71
mediate Mfb1 mitochondrial targeting independently of other
preprotein-interacting receptors.

Membrane-anchored Mfb1 in tom70D tom71D cells
Aberrant mitochondrial morphology in cells lacking Tom70
and Tom71 might result from defects in mitochondrial locali-
zation of other morphology proteins. To test this possibility, we
expressed TMS-Mfb1-3HA-GFP in mfb1D tom70D tom71D cells.
This membrane-anchored Mfb1 variant contains the amino-
terminal transmembrane segment of Tom20 and restores normal
mitochondrial morphology in mfb1D cells (Kondo-Okamoto et al,
2006). Subcellular fractionation and carbonate extraction assays
indicated that TMS-Mfb1-3HA-GFP was stably associated with
mitochondria and integrated into membranes in the absence of
Tom70 and Tom71 (Fig 3A,B).

Fluorescence microscopy indicated that TMS-Mfb1-3HA-GFP
colocalized with mito-RFP (89% of cells) and restored mitochon-
drial tubular networks in mfb1D tom70D tom71D cells (51% of
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cells; Fig 3C). These observations indicate that morphology
defects in cells lacking Tom70 and Tom71 are caused largely by
the dissociation of Mfb1 from mitochondria.

Tom70 domain required for Mfb1 recruitment
Tom70 and Tom71 share a similar domain structure: an N-terminal
transmembrane segment, 11 TPR motifs and a C-terminal extension
(Fig 4A). The crystal structure of yeast Tom70 was recently deter-
mined, indicating two distinct TPR modules (Wu & Sha, 2006). The
TPR motifs 1–3 and 4–11 form a peptide-binding groove for Hsp70
(heat shock protein 70) and a putative binding pocket for mito-
chondrial preproteins, respectively (Brix et al, 2000; Young et al,
2003; Chan et al, 2006; Wu & Sha, 2006; Fig 4A). The C-terminal
extension consists of two a-helices, which are predicted to form an
interface for Tom70 dimerization (Wu & Sha, 2006; Fig 4B).

To define the Tom70 and Tom71 regions required for
Mfb1 mitochondrial localization and morphology maintenance,

Mfb1-GFP localization and mitochondrial morphology were
quantified in mfb1D tom70D tom71D cells expressing mutant
Tom70 or Tom71 proteins (Fig 4C). Although Tom71 (1–597) was
not stably expressed, other mutant proteins were expressed at
levels similar to, or higher than wild-type proteins (supplementary
Fig S3 online). In cells with either the Tom70 Arg171Ala mutant,
which does not bind to Hsp70 in vitro (Young et al, 2003), or the
corresponding Tom71 Arg200Ala mutant, Mfb1-GFP mitochon-
drial localization (84% and 91%, respectively) was similar to cells
expressing wild-type Tom70 and Tom71 (93–94%). Deletion of
the Tom70 and Tom71 regions, including the TPR1–3 motifs
(DTPR1–3), did not completely disrupt Mfb1-GFP mitochondrial
targeting (29% and 65%, respectively). These results indicate that
the putative Hsp70-binding sites of Tom70 and Tom71 are not
essential for Mfb1 mitochondrial localization.

Tom70 (1–605) and Tom71 (1–627), mutant proteins that lack
the last 12 amino acids but might retain the A25 and A26 a-helices
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Fig 2 | Mfb1 mitochondrial targeting is disrupted in cells lacking Tom70 and Tom71. (A) Mfb1-GFP localization and mitochondria visualized by

mito-RFP in mfb1D, mfb1D tom70D, mfb1D tom71D and mfb1D tom70D tom71D cells. Scale bar: 5 mm. (B) Mitochondrial morphology in wild-type,

tom70D, tom71D and tom70D tom71D cells expressing mito-GFP. (C) Subcellular fractionation of strains used in (A) expressing Mfb1-3HA. The cell

homogenate (H) was separated into post-mitochondrial supernatant (PMS) and mitochondrial pellet (M). Porin and 3-PGK were monitored as

mitochondria and cytoplasm markers, respectively. The asterisk indicates nonspecific bands. (D) Steady-state levels of Mfb1-3HA in total cell extracts

of strains used in (C). 3-PGK was monitored as a loading control. DIC, differential interference contrast; GFP, green fluorescent protein; mito-RFP,

mitochondria-targetted red fluorescent protein; PGK, phosphoglycerate kinase; TOM, translocase of the outer membrane.
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(Fig 4B), restored Mfb1-GFP mitochondrial targeting in mfb1D
tom70D tom71D cells (96% and 94%, respectively). By contrast,
Mfb1-GFP was poorly targeted to mitochondria in cells expressing
Tom70 (1–575), which lacks the entire C-terminal extension (3%).
These targeting phenotypes correlated well with mitochondrial
morphology profiles. Together, our data indicate that the last
two a-helices of Tom70 are important for Mfb1 mitochondrial
localization and morphology maintenance.

Tom70 is necessary for Mfb1 binding to mitochondria
Although Mfb1 localizes to tom71D mitochondria in vivo (Fig 2A),
it dissociates from tom71D mitochondria during subcellular
fractionation (Fig 2B). In addition, Tom70 does not form a stable
complex with Mfb1 in co-precipitation assays (Fig 1A,B). On the
basis of these results, we hypothesized that Tom70 transiently
interacts with Mfb1 during mitochondrial targeting. To test this
possibility, we carried out in vitro binding assays. Previous studies
using similar assays (Hines et al, 1990; Steger et al, 1990) have
successfully shown transient receptor–preprotein interactions that
cannot be detected by co-precipitation and subcellular fractiona-
tion. Consistent with the in vivo localization (Fig 2A), Mfb1-3HA
did not bind to mitochondria in the absence of both Tom70 and
Tom71 (Fig 5A, lane 1). By contrast, Mfb1 co-fractionated with
mitochondria isolated from mfb1D tom70D tom71D cells expres-
sing Tom70 (Fig 5A, lane 3). These results indicate that Tom70 is
required for Mfb1 mitochondrial targeting, raising the possibility
that this receptor protein recruits Mfb1.

As Tom70 is the general import receptor for mitochondrial
preproteins, it is possible that an unknown Mfb1-interacting factor
localizes to mitochondria through Tom70. In this case, loss of

Tom70 would block the biogenesis of this unknown factor and
secondarily disrupt Mfb1 mitochondrial targeting. To test this
possibility, we generated a functional variant of Tom70, Tom70
(HCS), which contains a cleavage site specific for HRV 3C
protease. The cleavage site was inserted between the N-terminal
transmembrane segment and the cytoplasmic domain of
Tom70. On treatment of mitochondria with HRV 3C protease,
Tom70(HCS) is released from the mitochondrial surface
without affecting other mitochondrial proteins. Mfb1-3HA effi-
ciently bound mock-treated mitochondria isolated from mfb1D
tom70D tom71D cells expressing Tom70(HCS) (Fig 5A, lane 5). By
contrast, binding of Mfb1-3HA to HRV 3C-pretreated mitochon-
dria was significantly reduced (Fig 5A, lane 6). HRV 3C treatment
did not affect binding of Mfb1-3HA to mfb1D tom70D tom71D
and mfb1D tom71D mitochondria (Fig 5A, lanes 2 and 4, respec-
tively). These results support the idea that Tom70 recruits Mfb1 to
mitochondria through direct or indirect interaction.

Our live cell imaging, subcellular fractionation and co-
precipitation assays indicate that Mfb1 can localize to mitochon-
dria through interaction with Tom71 (Figs 1A,2A,B). Surprisingly,
Mfb1-3HA did not bind to mfb1D tom70D mitochondria (Fig 5B,
lane 1), although binding was restored by expressing wild-type
Tom70 or Tom70(HCS) in this strain (Fig 5B, lanes 3 and 5,
respectively). HRV 3C treatment specifically disrupted Mfb1-3HA
binding to mitochondria containing Tom70(HCS) (Fig 5B, lane 6)
without affecting binding to mfb1D tom70D and mfb1D mito-
chondria (Fig 5B, lanes 2 and 4, respectively). When introduced
into mfb1D tom70D cells, an additional copy of TOM71 did
not restore Mfb1-3HA mitochondrial binding (Fig 5C, lane 3),
whereas Mfb1-3HA efficiently bound mitochondria on expression
of TOM70 (Fig 5C, lane 1). Interestingly, overexpression of
Tom71 resulted in weak but significant Mfb1-3HA mitochondrial
binding (Fig 5C, lane 5). Proteinase K pretreatment eliminated
co-fractionation of Mfb1-3HA with mitochondria, which verified
that binding occurred through a proteinacious factor (Fig 5C,
lanes 2,4 and 6). Together, these results are consistent with the
idea that Tom71 is able to recruit Mfb1 to mitochondria, although
this targeting activity is reduced in vitro.

DISCUSSION
Here, we have shown that Tom71 is required for Mfb1 mito-
chondrial localization in the absence of Tom70. Conversely,
Tom70 is indispensable for localizing Mfb1 to mitochondria
in cells lacking Tom71. These homologous proteins probably
have overlapping functions in Mfb1 localization. Concomitant
with the accumulation of Mfb1 in the cytoplasm, mitochondria
show aberrant shapes in cells lacking Tom70 and Tom71. A
functional membrane-anchored Mfb1 variant can significantly
rescue mitochondrial morphology defects in the tom70D tom71D
double mutant, indicating that aberrant mitochondrial morpho-
logies in the double mutant are primarily due to dissociation
of Mfb1 from the organelle. However, we do not exclude
the possibilities that Tom70 and Tom71 are required for
localization of other morphology proteins, and that the latter
proteins have direct roles in mitochondrial morphogenesis.
Consistent with these ideas, mitochondrial morphology defects
are associated with the loss of Tom70 function in filamentous
fungi, which do not have Mfb1 homologues ( Jamet-Vierny et al,
1997; Grad et al, 1999).
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In the absence of Tom71, Mfb1 dissociates from mitochondria
during subcellular fractionation, even in the presence of Tom70.
By contrast, Mfb1 binds to mitochondria lacking Tom71 in vitro,
in a Tom70-dependent manner. How can these results be
reconciled? One interpretation is that Tom70 might act as a
receptor that only transiently interacts with Mfb1. Conversely,
Tom71 might act as an assembly partner rather than a transient
receptor for Mfb1. Alternatively, Tom70 and Tom71 might
function in both Mfb1 mitochondrial targeting and association,
which are not mutually exclusive. It is also unclear whether Mfb1
interacts with Tom70 and Tom71 directly or indirectly. Further
studies are needed to clarify these issues.

Although Tom70 is a general receptor that mediates import of
preproteins, including those destined for the outer membrane,
inner membrane and matrix (Chan et al, 2006), it has never been
implicated in targeting of soluble proteins to the mitochondrial
surface. Our study indicates that Tom70 also recruits Mfb1, a
soluble protein, to the surface of mitochondria. In mammalian
cells, Tom70 facilitates targeting of Mcl-1, a Bcl-2 family member
that inserts loosely into the mitochondrial outer membrane and
regulates programmed cell death (Chou et al, 2006). Thus, the role
of Tom70 in protein recruitment to the mitochondrial surface has
been conserved during evolution.

Despite the fact that Tom71 is a paralogue sharing high
similarity with Tom70, Tom71 has only a minor role in mito-
chondrial protein transport (Schlossmann et al, 1996; Koh et al,
2001), and its primary function has not been described. Here, we
show that Tom71 forms a complex with Mfb1 and maintains Mfb1
mitochondrial association. Tom71 might have arisen from a
genome duplication event and co-evolved with Mfb1 to gain a
specialized role in mitochondrial morphogenesis.

METHODS
Yeast strains and growth conditions. Yeast strains were generated
in the W303 backgrounds. Strains and plasmids used in this study
are listed in the supplementary information online. Standard genetic
and molecular biology methods were used for yeast (Burke et al,
2000) and bacterial (Sambrook & Russell, 2001) strains. Yeast cells
were grown as described previously (Kondo-Okamoto et al, 2003).
Quantification of mitochondrial morphology and targeting. Mito-
chondrial morphology and Mfb1 targeting were scored in cells
expressing mito-GFP, or mito-RFP and Mfb1-GFP grown to log
phase (OD600¼ 0.4–1.7) at 30 1C in dextrose media, and stained
with MitoTracker Red. Phenotypes were quantified in 100 cells in
three experiments. Data are the average of all experiments, with
bars indicating standard deviations.
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Biochemical studies. Mitochondrial isolation, subcellular fractio-
nation, carbonate extraction, immunoprecipitation, in vitro
binding assays and immunoblot analysis were carried out as
described previously (Frederick et al, 2004; Kondo-Okamoto
et al, 2006) with some modifications (see the supplementary
information online).
Microscopy. Images of yeast cells were acquired and processed
as described previously (Kondo-Okamoto et al, 2006).
Supplementary information is available at EMBO Reports online
(http://www.emboreports.org).
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