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SUMMARY

The mitochondrial inner membrane consists of two
domains, inner boundary membrane and cristae
membrane that are connected by crista junctions.
Mitofilin/Fcj1 was reported to be involved in forma-
tion of crista junctions, however, different views exist
on its function and possible partner proteins. We
report that mitofilin plays a dual role. Mitofilin is
part of a large inner membrane complex, and we
identify five partner proteins as constituents of the
mitochondrial inner membrane organizing system
(MINOS) that is required for keeping cristae mem-
branes connected to the inner boundary membrane.
Additionally, mitofilin is coupled to the outer mem-
brane and promotes protein import via the mitochon-
drial intermembrane space assembly pathway. Our
findings indicate that mitofilin is a central compo-
nent of MINOS and functions as a multifunctional
regulator of mitochondrial architecture and protein
biogenesis.

INTRODUCTION

Mitochondria are double-membrane bound, ubiquitous organ-
elles that contain more than 1,000 different proteins and fulfill
numerous functions in the physiology of eukaryotic cells (Dolezal

et al., 2006; Neupert and Herrmann, 2007; Chacinska et al.,
2009; Endo et al., 2011). Most mitochondrial proteins are en-
coded in the nucleus and synthesized on cytosolic ribosomes
as precursor proteins with distinct import signals. The translo-
case of the outer membrane (TOM complex) constitutes the
main entry gate for virtually all mitochondrial precursor proteins.
From the TOM complex precursors are routed to downstream
protein sorting machineries of the different mitochondrial sub-
compartments (summarized in Dolezal et al., 2006; Neupert
and Herrmann, 2007; Chacinska et al., 2009; Endo et al.,
2011). The sorting and assembly machinery (SAM complex)
mediates the integration of B-barrel precursor proteins into the
outer mitochondrial membrane. The mitochondrial intermem-
brane space assembly machinery (MIA) guides cysteine-rich
proteins into the intermembrane space. Precursor proteins
with N-terminal cleavable presequences are translocated by
the presequence translocase of the inner membrane (TIM23
complex). Metabolite carriers are bound to TIM chaperones in
the intermembrane space and are inserted into the inner
membrane by the carrier translocase (TIM22 complex).

The inner mitochondrial membrane consists of two morpho-
logically distinct regions: the inner boundary membrane, which
is in close proximity to the outer membrane, and large tubular
invaginations, termed cristae membranes (Mannella, 2006; Zick
et al., 2009). Several studies have indicated that inner boundary
membrane and cristae membrane domains are distinct sub-
compartments of the inner membrane, as they exhibit an
asymmetric protein distribution (Vogel et al., 2006; Wurm and Ja-
kobs, 2006; Zick et al., 2009). Direct but transient interactions
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between outer membrane TOM complexes and inner boundary
membrane-located TIM23 complexes facilitate transfer of prese-
quence-carrying preproteins from the outer to the inner
membrane (Chacinska et al., 2005; Tamura et al., 2009; Mokran-
jac et al., 2009). The extended cristae membrane structures are
the main sites of ATP synthesis by oxidative phosphorylation
(Gilkerson et al., 2003; Vogel et al., 2006; Wurm and Jakobs,
2006). It has been suggested that the typical architecture of
cristae provides a specific microenvironment that enhances
the catalytic capacity of the OXPHOS system (Mannella, 2006;
Strauss et al., 2008). The border regions between inner boundary
membrane and cristae membranes have been termed crista
junctions. Based on morphological characterization by electron
microscopy, crista junction structures are narrow tubular open-
ings with a defined diameter and length and high membrane
curvature (Renken et al., 2002; Mannella, 2006; Rabl et al.,
20009; Zick et al., 2009).

Aberrant cristae morphologies have been observed in yeast
mutants that are unable to assemble F4F,-ATP synthase dimers
and oligomers (Paumard et al., 2002). The dynamin-like GTPase
Mgm1/0OPA1, which functions in mitochondrial fusion, has also
been shown to be involved in cristae morphogenesis (Arnoult
etal., 2005; Frezza et al., 2006; Meeusen et al., 2006; Yamaguchi
et al., 2008). Prohibitins likely function in this process through
regulation of Mgm1/OPA1 processing (Merkwirth et al., 2008).
John et al. (2005) identified mitofilin as a key player in the control
of cristae morphology. Knockdown of mitofilin induced a massive
increase of the inner membrane surface accompanied by the
formation of large concentric stacks of cristae membranes
and loss of crista junctions. A similar phenotype was observed
in yeast cells lacking the mitofilin ortholog Fcj1, suggesting
that mitofilin/Fcj1 promotes the formation of crista junctions
(Rabl et al., 2009). Mitofilin is found in high molecular weight
complexes (John et al., 2005; Xie et al., 2007; Rabl et al.,
2009). Different views of potential interaction partners of mitofilin
were reported (Xie et al., 2007; Mun et al., 2010; Darshi et al.,
2011), although the main studies addressing mitofilin functions
reported that mitofilin is engaged in homotypic interactions
(John et al., 2005; Rabl et al., 2009). Currently, the molecular
context, in which mitofilin acts in cristae morphogenesis, is
unknown.

For this study, we performed a systematic analysis of mitofilin
partner proteins. We report that mitofilin is part of a large multi-
subunit protein complex in the inner membrane, termed mito-
chondrial inner membrane organizing system (MINOS) for its
role in controlling cristae morphology. Additionally, mitofilin
interacts with the TOM complex and promotes protein import
into the intermembrane space via the MIA pathway.

RESULTS

Mitofilin Interacts with the TOM Complex

Mitofilin is anchored in the inner mitochondrial membrane by an
N-terminal transmembrane segment (John et al., 2005; Rabl
et al., 2009). Its large hydrophilic part, which contains predicted
coiled-coil regions and a conserved C-terminal mitofilin domain,
is exposed to the intermembrane space (see Figure S1, available
online). For an initial screening for possible partner proteins of
mitofilin, we fused a Protein A-tag to the C terminus of yeast

mitofilin (Fcj1) and performed affinity purification mass spec-
trometry based on stable isotope labeling with amino acids in
cell culture (SILAC) (Ong and Mann, 2006). Yeast cells express-
ing Fcj1p,ota Were grown in minimal medium in the presence of
standard amino acids, whereas a wild-type yeast strain was
labeled by the addition of ['*C/'°N]lysine and [**C/'*N]arginine
to the growth medium. Mitochondria were isolated from both
strains, solubilized by digitonin and subjected to IgG affinity
chromatography. Elution fractions were pooled and analyzed
by mass spectrometry. Putative interaction partners of Fcj1
were selected according to the enrichment of “light” peptides
(**C/'*N) originating from the Fcj1pota Samples over “heavy”
peptides (*3C/'°N) derived from the wild-type control samples.
This analysis identified a number of possible candidate proteins,
which included proteins involved in respiration, metabolite
carriers and so far uncharacterized proteins (Table S1). Surpris-
ingly, among the most enriched proteins were two core compo-
nents of the TOM complex, the channel-forming protein Tom40
and the central receptor Tom22. This finding raised the possi-
bility of a link between mitofilin and the outer membrane.

We analyzed the eluates of Fcj1p,oa affinity purification by
specific antibodies. Both Tom40 and Tom22 were copurified
with Fcj1 (Figures 1A and 1B). Subunits of the preprotein trans-
locases of the inner membrane, the respiratory complexes Il,
Ill, and IV and the F4F,-ATP synthase were not detected in
substantial amounts in the eluates (Figure 1A). Separation of
the eluates by blue native electrophoresis revealed that the intact
TOM complex, and not only individual subunits, was copurified
with Fcj1 (Figure 1C).

To exclude that the interaction of TOM with Fcj1 occurs only
after solubilization of mitochondria we performed postlysis
control experiments (Figure 1B). Radiolabeled Tom40 was
imported into mitochondria isolated from Fcj1p,ota Or wild-type
cells. Fcj1prota mitochondria loaded with [2°S]Tom40 were mixed
with unlabeled wild-type mitochondria. After lysis and affinity
chromatography, [>°S]Tom40 was observed in the eluate like
endogenous (unlabeled) Tom40 (Figure 1B, lane 6). However,
when wild-type mitochondria loaded with [*®S]Tom40 were
mixed with unlabeled Fcj1pota mitochondria, [2°S]Tom40 was
not detected in the eluate (Figure 1B, lane 5), demonstrating
that [*°S]Tom40 did not bind to Fcj1p,oa after lysis of the mito-
chondria. These data demonstrate that mitofilin interacts with
the TOM complex in organello.

Lack of Mitofilin Impairs Protein Import via the MIA
Pathway

We asked if the interaction of mitofilin/Fcj1 with the TOM
complex may reveal a connection of Fcj1 to mitochondrial pre-
protein import. Mitochondria, which were isolated from a yeast
strain lacking Fcj1, were incubated with different radiolabeled
precursor proteins that are transported into or across the inner
membrane: the inner-membrane-targeted model preprotein
b,-DHFR and the matrix-targeted B subunit of F{-ATPase (F1f)
are imported via the TIM23 complex and proteolytically pro-
cessed (Figure 2A) (Chacinska et al., 2005); the precursor of
the ADP/ATP carrier (AAC) is imported via the TIM22 complex
and assembles to the mature dimer (Figure 2B) (Chacinska
et al., 2009). These preproteins were imported into fcj74 mito-
chondria in a membrane potential (Ays)-dependent manner; the
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Figure 1. Mitofilin/Fcj1 Interacts with the TOM Complex

(A) Digitonin-solubilized wild-type (WT) and Fcj1p,ota yeast mitochondria were subjected to IgG affinity chromatography, elution with TEV protease, and analysis
by SDS-PAGE and immunoblotting. Load, 4%; eluate, 100%.

(B) **S-labeled Tom40 was imported into wild-type or Fcj1pota Mitochondria as indicated and precursor-loaded mitochondria were mixed with unlabeled wild-
type or Fcj1p.ota Mitochondria prior to solubilization with digitonin. Extracts were subjected to IgG affinity chromatography. Samples were analyzed by auto-
radiography and western blotting. Load, 0.5%; eluate, 100%.

(C) WT and Fcj1p,ota mitochondria were subjected to affinity chromatography as in (A). Samples were analyzed by blue native electrophoresis. Load, 3%; eluate,

100%. See also Figure S1 and Table S1.

import efficiency was moderately reduced compared to wild-
type mitochondria (Figures 2A and 2B). The Ay of fcj14 mito-
chondria was also moderately reduced (Rabl et al., 2009) (Fig-
ure 2C), leading to a reduced import efficiency of preproteins
that are transported into or across the inner membrane. Thus,
we did not obtain evidence that Fcj1 itself is connected to protein
import into the inner membrane or matrix, but the lack of Fcj1
indirectly affects import of presequence-carrying and carrier
precursors via a partial reduction of Ays.

Finally, we analyzed the third protein import pathway that
employs an inner membrane component, the MIA pathway
(Neupert and Herrmann, 2007; Chacinska et al., 2009; Endo
et al., 2011). Yeast Mia40 (Tim40) is an inner membrane protein
with a large intermembrane space receptor domain. MIA
substrates are small intermembrane space proteins containing
characteristic cysteine motifs, such as the precursors of small
Tim proteins. The precursors are translocated across the outer
membrane into the intermembrane space and thus their import
does not require a Ay across the inner membrane. Mia40
transiently binds its substrates in the form of disulfide-linked
import intermediates (Milenkovic et al., 2007; Sideris and Tokat-
lidis, 2007; Stojanovski et al., 2008; Kawano et al., 2009).
Mia40 cooperates with the sulfhydryl oxidase Erv1 to complete
import and oxidative folding of substrate proteins (Stojanovski
et al., 2008; Tienson et al., 2009; Bien et al., 2010). Strikingly,
the import of MIA substrates to a protease-protected location
was strongly impaired in fcj7A mitochondria, as analyzed with

in vitro synthesized 3°S-labeled Tim9 and recombinant Tim10
precursor (Figure 2D). The steady-state levels of Mia40 were
similar in fcj1A and wild-type mitochondria (Figure S2A). More-
over, the lack of Fcj1 did not alter the redox state of Mia40 as
the ratio between oxidized and partially reduced Mia40 was
not affected (Figure S2B, lanes 3 and 4) (Mia40 was fully reduced
by dithiothreitol (DTT) under denaturing conditions; Figure S2B,
lanes 1 and 2).

To determine at which stage the MIA pathway was impaired in
fcj1A mitochondria, we dissected the import stages by use of
blue native electrophoresis. The precursor of Tim9 first forms
an import intermediate with Mia40 and then assembles into the
mature Tim9-Tim10 and TIM22 complexes (Stojanovski et al.,
2008) (Figure 2E, lanes 1-3). The lack of Fcj1 already impaired
the formation of the Tim9-Mia40 intermediate; the subsequent
assembly steps were similarly inhibited (Figure 2E, lanes 4-6).
Dissipation of Ay neither affected the import of Tim9 in wild-
type nor in fcj1A mitochondria (Figure 2E, lanes 7-12), excluding
that the partial reduction of Ay in fcj7A mitochondria was
responsible for the observed import inhibition. The import
pathway of Tim8 can be dissected into a Mia40-intermediate,
formation of oxidized Tim8 and assembly into the Tim8-Tim13
complex. These steps, including the initial Tim8-Mia40 interme-
diate, were impaired in fcj7TA mitochondria (Figure 2E, lanes
16-18). We conclude that mitochondria lacking mitofilin/Fcj1
are impaired in import of precursor proteins into the intermem-
brane space via the MIA pathway.
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Figure 2. Lack of Mitofilin/Fcj1 Impairs Protein Import into the Intermembrane Space
(A) Import of 3S-labeled b,-DHFR and F4f into wild-type (WT) and fcj7.4 mitochondria, followed by treatment with proteinase K. p, precursor; i, intermediate;

m, mature.

(B) *®S-labeled AAC was imported into wild-type and fcj7 4 mitochondria and formation of the mature form (AAC,) was monitored by blue native electrophoresis.
(C) Inner membrane potential of wild-type and fcj7 4 mitochondria was measured using a potential-sensitive fluorescent dye.

(D) Import of *°S-labeled Tim9 or recombinant, purified Tim10; into wild-type and fcj74 mitochondria, followed by treatment with proteinase K.

(E) After incubation with 3°S-labeled Tim9 or Tim8, wild-type, and fcj7.4 mitochondria were solubilized with digitonin and analyzed by blue native electrophoresis.

See also Figure S2.

MINOS—Inner Membrane Partner Proteins of Mitofilin

We asked how mitofilin might affect the MIA pathway. Loss of
mitofilin/Fcj1 leads to characteristic alterations of the mor-
phology of the inner mitochondrial membrane with large stacks
of cristae membrane sheets and loss of crista junctions (John
et al., 2005; Rabl et al., 2009; Mun et al., 2010). Thus, a portion
of the intermembrane space (intracristal space) apparently
becomes segregated in these cristae stacks and we reasoned
that the morphological perturbations in fcj7A mitochondria may
interfere with protein import into the intermembrane space. To
address this possibility we went back to our initial screen for
potential interaction partners of Fcj1 (Table S1). Several candi-
date proteins with hitherto unknown function were found in this
screen. We reasoned that some of these proteins might coop-
erate with Fcj1 in the control of cristae morphology and thus
may also affect the MIA pathway. We raised antibodies against
these proteins to test for a possible association with Fcj1 by
affinity chromatography experiments. Strikingly, five so far un-
characterized yeast proteins identified in our initial screen were
efficiently copurified with Fcj1p,ota (Figure 3A). A large number
of further proteins, including metabolite carriers and proteins of

respiratory complexes, were either not copurified with Fcj1 or
found in only small amounts in the eluate (Figure 3A) (a small
but reproducible fraction of the external NADH dehydrogenase,
analyzed with antibodies against Nde1, was observed in the
eluate).

Three of the identified Fcj1-interactors, Aim5, Aim13, and
Aim37, were found in a screen for proteins that affect mitochon-
drial inheritance (altered inheritance of mitochondria) but were
not further analyzed (Hess et al., 2009). The two other interactors
are encoded by the open reading frames YCL0O57C-A and
YGR235C; we named the proteins Mio10 and Mio27 for mito-
chondrial inner membrane organization components of 10 kDa
and 27 kDa, respectively.

We localized Fcj1 and the five interactors Aim5, Aim13, Aim37,
Mio10, and Mio27 by subfractionation of mitochondria. The
proteins were not accessible to proteinase K added to isolated
mitochondria (Figure 3B, lane 2). When the outer membrane
was opened by osmotic swelling (generation of mitoplasts), the
proteins became accessible to the protease, indicating that
they expose domains to the intermembrane space comparable
to control proteins like Tim21 (Figure 3B, lane 4). Washing of
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(A) 1gG affinity chromatography with digitonin-solubilized wild-type (WT) and Fcj1p,0ta mitochondria and western blot analysis. PiC, phosphate carrier; I-Mgm1,
long form of Mgm1; s-Mgm1, short form of Mgm1; Su b/Su g, subunits b and g of F1F,-ATP synthase. Load, 4%; eluate, 100%.

(B) Isolated mitochondria were diluted in hypoosmotic buffer (Swelling) and treated with Proteinase K (Prot. K) or 500 mM NaCl as indicated.

(C) Separation of soluble and membrane-integral proteins by incubation of mitochondria in Na,COj solutions of pH 11.5 or 10.8 followed by ultracentrifugation.
Total (T), pellet (P), and supernatant (S) fractions were analyzed by SDS-PAGE and immunoblotting.

(D) Protein content of crude and highly purified wild-type mitochondria and isolated outer mitochondrial membrane vesicles (OMV).

(E) Digitonin-solubilized wild-type mitochondria were analyzed by size exclusion chromatography, SDS-PAGE, and immunodecoration. See also Figure S1 and

Table S1.

mitoplasts with a high salt buffer did not lead to extraction of the
proteins, indicating that they are membrane-associated (Fig-
ure 3B, lane 5). When mitochondria were subjected to alkaline
extraction, Fcj1, Aim5, Aim37, Mio10, and Mio27 were recovered
in the pellet fraction together with the control protein subunit g of
the F{F,-ATP synthase, indicating that they are integral inner
membrane proteins (Figure 3C). In contrast, Aim13 was found
in the supernatant fraction together with control proteins like
Tim44 (Figure 3C). Because Aim13 was not released from mito-
chondria upon osmotic swelling, but became accessible to

added protease (Figure 3B), we conclude that Aim13 is a periph-
eral membrane protein exposed to the intermembrane space. To
directly determine if Fcj1 and the interactors Aim5, Aim13,
Aim37, Mio10, and Mio27 are located in the outer or inner
membrane, we purified mitochondrial outer membrane vesicles
and compared them to crude and gradient-purified mitochondria
(Figure 3D). None of the proteins was found in the outer
membrane fraction (with the marker protein Tom40), indicating
that they are inner membrane proteins like the control protein
Tim22 (the Fcj1-TOM interaction across two membranes is
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Figure 4. Mitofilin/Fcj1 and Mio10 as Core Components of MINOS

(A) Serial dilutions of wild-type (WT) and mutant yeast strains on synthetic complete medium containing 3% glycerol incubated at 23°C or 30°C.

(B and C) Protein levels of wild-type, fcj7A and mio10A mitochondria analyzed

by SDS-PAGE and immunoblotting. Arrowhead, unspecific band.

(D) Comprehensive quantitative analysis of the interdependence of MINOS proteins with respect to their association with Fcj1 normalized to the expression levels
of the proteins and the efficiency of bait recovery. Data are represented as mean + SEM (n = 3). See also Figure S3.

disrupted during the procedure of outer membrane purification).
As expected soluble control proteins like Tim13 (intermembrane
space) or Mge1 (matrix) were also not detected in considerable
amounts in the outer membrane fraction. Taken together,
Aim5, Aim37, Mio10, and Mio27 behave as integral inner mem-
brane proteins that expose domains to the intermembrane
space, like Fcj1. In agreement with this localization, one (Aim5)
or two (Mio10, Aim37, Mio27) hydrophobic transmembrane seg-
ments are predicted for these proteins (Figure S1). Aim37 and
Mio27 are homologous to each other (17.4% identity/41.3%
similarity). Aim13, for which no transmembrane segment is pre-
dicted, behaves as peripheral inner membrane protein located
on the intermembrane space side.

It has been suggested that mitofilin/Fcj1 forms a large protein
complex in the inner membrane by homotypic interactions (John
etal., 2005; Rabl et al., 2009). We performed size exclusion chro-
matography using digitonin-solubilized mitochondria and
observed that the major pools of the five inner membrane-
located interactors comigrated with Fcj1 in the high molecular
weight range (Figure 3E, fractions 2-5). A comparison with the
migration behavior of F1F,-ATP synthase complexes and respi-

ratory chain supercomplexes (formed by bci-complex and
cytochrome c oxidase) revealed a large size for Fcj1 and its inter-
actors with a migration in the MDa range. We named the system
of Fcj1 and its inner membrane partner proteins MINOS for mito-
chondrial inner membrane organizing system.

Mitofilin and Mio10 Are Core Components of MINOS

We analyzed yeast strains where the genes for individual
MINOS proteins were deleted. fcj71A and mio10A cells showed
strong growth defects on nonfermentable medium; aim5A and
aim13A cells showed a minor growth delay at 30°C; aim37A
and mio27A cells, as well as a aim37A mio27A double mutant
grew similarly like wild-type cells under the conditions analyzed
(Figure 4A; Figure S3A). Mitochondria were isolated from the
single deletion strains and the steady-state levels of MINOS
components and control proteins were analyzed. Lack of Fcj1
led to a loss of Aim13 and a moderate reduction of the levels
of Aim5, Aim37, and Mio27, whereas the levels of Mio10 and
control proteins were unchanged (Figure 4B). In mitochondria
prepared from the mio10A strain, Aim37 was not detectable
and the levels of Mio27 were moderately reduced, whereas other
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Figure 5. Morphological Alteration of Mitochondrial Inner Membrane in MINOS Mutants

(A-G) Representative electron microscopy images of mitochondrial ultrastructures in WT and yeast deletion mutant strains. Upper row: diaminobenzidine (DAB)
staining (bar represents 1 um), lower row: negative stain cryoelectron microscopy (bar represents 200 nm).

(H) Quantification of WT and mutant cell sections with stacked mitochondrial cristae membranes based on DAB-stained sections (n = 100).

(I) Quantitative analysis of crista junctions observed per DAB-stained cell section. Data are represented as mean + SEM (n = 100).

(J) Mitochondria isolated from wild-type, fcjTA, mio10A, and mio27A cells were subjected to hypoosmotic treatment (Swelling) and Proteinase K (Prot. K)
digestion where indicated. Samples were analyzed by SDS-PAGE and immunodecoration. See also Figure S4.

proteins analyzed were present in similar amounts in wild-type
and mio10A mitochondria (Figure 4C). No major changes in the
steady-state protein levels were observed in aim5A, aim13A,
aim37A, and mio27A mutant mitochondria (Figures S3B-S3D).

We generated yeast strains where Fcj1 was tagged with
Protein A and the genes for individual MINOS proteins were
deleted (Figures S3E and S3F). Lack of Mio10 led to a nearly
complete dissociation of MINOS since the copurification of the
other four MINOS components with Fcj1p,ta Was strongly
decreased (Figure 4D and Figure S3E). Deletion of AIMS5,
AIM13 and AIM37 led to a partial dissociation of MINOS with
differential effects on the co-isolation of the other MINOS
components. Lack of Aim5 considerably destabilized the inter-
action of MINOS components, whereas loss of Aim13 and
Aim37 led to intermediate effects (Figure 4D; Figure S3F).
Mio27 was not required for the stable association of other
MINOS components with Fcj1 (Figure 4D).

In summary, the analysis of yeast mutants for growth, steady-
state protein levels and association of MINOS components
suggests that mitofilin/Fcj1 and Mio10 are the core components
of MINOS.

Defects of MINOS Alter Inner Membrane Cristae
Morphology

We then asked how an impairment of MINOS affects mitochon-
drial morphology. Examination of the mitochondrial network by
fluorescence microscopy revealed a partially altered shape in

aimbA, aim13A, aim37A, and mio10A cells with condensed,
fragmented mitochondria that appeared to accumulate in the
periphery of the cells (Figure S4A), similar to the mitochondrial
morphology observed in fcjTA cells (Rabl et al., 2009). In
mio27A cells only moderate changes of the mitochondrial
network were observed (Figure S4A).

Electron microscopy analysis of wild-type cells showed
cristae with tubular or leaf-like shape and connections of cristae
with the inner boundary membrane (Figure 5A). In yeast cells
lacking Fcj1, mitochondria with an increased inner membrane
surface and stacks of lamellar cristae with no apparent connec-
tion to the inner boundary membrane were observed as reported
(Rabl et al., 2009) (Figure 5B). Morphological analysis of mio10A
cells showed a strikingly similar picture (Figure 5C). Morpholog-
ical analysis of aim5A, aim13A, and aim37A cells revealed an
intermediate phenotype with both mitochondria similar to wild-
type and mitochondria with stacked lamellar cristae discon-
nected from the inner boundary membrane (Figures 5D-5F).
No considerable defect of mitochondrial morphology was found
in mio27A cells (Figure 5G). A quantitative analysis revealed that
70%-60% of fcj1A and mio10A cell sections showed mitochon-
dria with altered cristae morphology (Figure 5H). Morphologically
altered mitochondria were observed in 20%-40% of aim5A,
aim13A, and aim37A cell sections. We counted the number of
crista junction structures visible per cell section and found an
inverse correlation to the number of cell sections with stacked
lamellar cristae (Figure 5I). In wild-type cells, ~5 crista junctions
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per section were observed, whereas this number was reduced to
1.3-1.6 crista junctions per section in aim5A, aim13A, and
aim37A cells. Virtually no crista junctions were observed in
fcj1A (Rabl et al., 2009) and mio10A cells (Figure 5I). Thus, the
extent of inner membrane morphology alteration is most
pronounced in cells lacking Fcj1 and Mio10, underlining their
central role in MINOS.

We determined the consequences of morphological alter-
ations in fcj7A and mio710A mitochondria. In the electron micro-
scopy images, crista junctions were mostly absent. As indepen-
dent approach, we performed osmotic swelling experiments. In
hypoosmotic buffer, the volume of the matrix space of wild-
type mitochondria increases strongly by uptake of water and
the inner membrane expands by partial unfolding of the cristae
tubules, thus rupturing the outer membrane. Soluble proteins
of the intermembrane space like Tim13 are released from mito-
chondria and membrane-anchored proteins facing the inter-
membrane space like Tim23 become accessible to added
protease (Figure 5J, lanes 5 and 7). In both fcj1A and mio10A
mutant mitochondria, release of intermembrane space proteins
and protease accessibility of intermembrane space-exposed
proteins were impaired (Figure 5J) (upon lysis of mitochondria
with detergent, the proteins were digested by protease; Fig-
ure S4B). In contrast, mio27A mitochondria behaved like wild-
type mitochondria upon incubation in hypoosmotic buffer (Fig-
ure 5J). We conclude that the inner membrane of fcj7A and
mio10A mutant mitochondria has a strongly reduced capacity
to expand and rupture the outer membrane. As the total inner
membrane surface appeared rather increased in fcjTA and
mioT10A compared to wild-type, the most likely explanation for
the swelling defect is a disruption of the continuity between
cristae membranes and inner boundary membrane.

We induced permeabilization of the outer mitochondrial
membrane independently of inner membrane expansion. The
pro-apoptotic human protein Bax can permeabilize the outer
membrane of wild-type yeast mitochondria, leading to release
of soluble intermembrane space proteins (Sanjuan Szklarz
etal., 2007), shown here for Tim13 and the intermembrane space
form of Mcr1, whereas outer and inner membrane proteins are
not released (Figure S4C). In contrast, when fcj7A and mio10A
mitochondria were incubated with Bax, the major fractions
of Tim13 and Mecrl,ys were retained in mitochondria (Fig-
ure S4C). Thus, the lack of Fcj1 or Mio10 impairs the release of
intermembrane space proteins, indicating a limited diffusion
between intracristal space and the intermembrane space part
that is located between outer membrane and inner boundary
membrane.

Distinct Functions of Mitofilin in Inner Membrane
Morphology and Protein Import

The identification of MINOS allowed us to address the question if
the morphological alterations in fcjTA mitochondria were
responsible for the observed defects in the MIA pathway. Since
mio70A mitochondria showed similar morphological alterations
as fcj1A mitochondria, we imported the radiolabeled precursor
of Tim9 into wild-type and mio70A mitochondria. In contrast to
the import defect in fcjTA mitochondria (Figure 2), import of
Tim9 was not inhibited in mio10A mitochondria: formation of
the Tim9-Mia40 intermediate, analyzed by a nonreducing gel,

and transport of Tim9 to a protease-protected location were
not diminished in mio70A mitochondria (Figure 6A). Moreover,
the import of Tim9 to a protease-protected location in aim5A,
aim13A, and aim37A mitochondria was similar to that into
wild-type mitochondria (Figure 6B). Thus, the morphological
alterations observed in MINOS-deficient mitochondria do not
lead to a defective protein import into the intermembrane space.
These findings raised the possibility that mitofilin/Fcj1 plays
differential roles in the control of inner membrane morphology
and protein import.

On size exclusion chromatography, the TOM complex
migrated in the 400-600 kDa range but did not comigrate with
MINOS in the MDa range (Figure 3E). Possible explanations
are that a putative MINOS-TOM supercomplex is disrupted by
the chromatographic separation procedure or that a fraction of
Fcj1 can interact with TOM in a MINOS-independent manner.
We generated a yeast strain that expressed Aim5 with a Protein
A-tag. The MINOS components were efficiently copurified with
Aim5p,oa. In contrast, Tom40 was only copurified with Fcj1pyota,
but not with Aim5p,oa (Figure 6C) (the TOM complex was not
altered in the tagged mitochondria; Figure S3G). We thus asked
if the entire MINOS was required for the interaction between Fcj1
and the TOM complex. Affinity purifications of Fcj1p,ota from
mio10A mitochondria were analyzed with antibodies against
Tom40. Tom40 was recovered in the elution fractions in wild-
type and mio10A mutant (Figure 6D), whereas the co-isolation
of MINOS components with Fcj1p,ota Was strongly impaired in
mio10A mitochondria (Figure 4D and Figure 6D). Similarly,
when Fcj1 was purified from mitochondria lacking Aim5 or
Aim13, Tom40 was co-isolated (Figure 6D), whereas the copur-
ification of several MINOS components was impaired (Figure 4D
and Figure 6D). Thus, the integrity of MINOS is not required for
the Fcj1-TOM interaction.

Mitofilin Interacts with Mia40 and Promotes Protein
Import into the Intermembrane Space

We asked if Fcj1 is directly connected to the MIA pathway. The
SILAC analysis of Fcj1 affinity purification experiments did not
lead to a strong enrichment of Mia40 (Table S1). In case of a tran-
sient interaction of Fcj1 and Mia40, the yield of copurification
would be considerably lower. We thus examined the Fcj1pota
affinity purification by western blot analysis for the presence of
Mia40 and reproducibly observed small amounts of Mia40 in
the eluate, whereas control proteins like F1§ and Tim10 were
not copurified (Figure 7A). For an independent demonstration,
we used a yeast strain where Mia40 was tagged with a histi-
dine-extension (Figure 7B). A fraction of Fcj1 was copurified
with tagged Mia40, however, the yield of copurification of Fcj1
was an order of magnitude lower than that of Erv1, the partner
protein of Mia40 in the MIA disulfide relay, which was copurified
with high efficiency as expected (Stojanovski et al., 2008;
Kawano et al., 2009). Control proteins such as porin and Tim23
were not copurified with Mia40 (Figure 7B). These results show
that Fcj1 and Mia40 interact with each other, though not in stoi-
chiometric amounts.

Since Fcj1 interacts with the TOM complex, a transient inter-
action of Fcj1 with Mia40 would help to position Mia40 molecules
in vicinity of the TOM complex. Two models could explain how
the inner membrane-bound Mia40 contacts incoming precursor
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Figure 6. Integrity of MINOS is neither Essential for MIA Pathway nor TOM Interaction

(A) Import of **S-labeled Tim9 into WT and mio704 mitochondria, analyzed by reducing or nonreducing SDS-PAGE and autoradiography.

(B) ®°S-labeled Tim9 was imported into WT, aim134, aim54, and aim37 4 mitochondria, followed by treatment with proteinase K.

(C) Upon digitonin-solubilization WT, Fcj1prota and AimSpo1a mitochondrial extracts were incubated with IgG-Sepharose beads. Proteins were analyzed by
SDS-PAGE and immunodecoration. Arrowhead, unspecific band. Load, 4%; eluate, 100%.

(D) Affinity chromatography using WT, Fcj1prota, FCj1prota mio104, Fcjlpota @im54, and Fcjlpota @im134 mitochondria performed as in (C).

proteins: (1), MIA substrates may first be fully translocated
through the TOM complex into the intermembrane space and
then interact with Mia40; or (2), Mia40 is positioned close to
the exit site of the TOM channel and binds to precursor proteins
during their translocation across the outer membrane. To directly
test the second model, we established an assay that dissects the
translocation of MIA substrates through the TOM complex. We
generated ribosome-nascent chain complexes (RNCs) of Tim9
constructs of various lengths that lacked a stop-codon (Whitley
et al., 1996). The constructs were synthesized and radiolabeled
in reticulocyte lysates. The *®S-labeled precursor polypeptides
were recovered with the ribosomal pellet upon centrifugation
through a sucrose cushion and migrated in the 30-40 kDa range
on SDS-PAGE (Figure S5A, lane 1). When the Tim9-containing
ribosomes were treated with puromycin to release nascent
chains, the large Tim9 species disappeared and free Tim9 was
generated (Figure S5A, lane 2). The same result was obtained

when the ribosomal pellet was treated with RNase A (Figure S5A,
lane 4), indicating that the large species represents the ribo-
some-stalled Tim9-nascent chain bound to a tRNA moiety.
When mitochondria were incubated with the ribosome-bound
Tim9 constructs, high molecular weight species ranging
between ~70-160 kDa were generated (Figure S5B, lane 1). As
expected for Mia40 conjugates, these species were sensitive
to the reductant DTT (Figure S5B, lane 2). The ~100 kDa species
was sensitive to treatment with proteinase K (Figure S5B, lane 4)
and RNase A (Figure S5B, lane 8) and was efficiently precipitated
with cetyltrimethylammonium bromide (CTAB) (Figure S5B, lane
12), as expected for a tRNA-containing conjugate stalled at the
ribosome. In order to demonstrate that the 100 kDa species
was bound to Mia40, we used the mia40-3 allele that generates
a C-terminally truncated Mia40. With mia40-3 mitochondria,
the species indeed migrated faster on nonreducing SDS-PAGE
(Figure S5C), confirming that it represents the RNC-Mia40
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Figure 7. Mitofilin/Fcj1 Recruits Mia40 and Stimulates Protein Import via the MIA Pathway

(A) WT and Fcj1pota mitochondria were solubilized in digitonin buffer. Complexes containing Fcj1 were purified by IgG affinity chromatography and analyzed
by SDS-PAGE and immunoblotting. Load, 4%; eluate, 100%.

(B) Wild-type and Mia40,;s mitochondria were lysed with digitonin. Mitochondrial extracts were subjected to Ni?*-NTA affinity chromatography and analyzed
by NuPAGE and immunoblotting. Load, 1%; eluate, 100%.

(C) Schematic representation of different lengths of Tim9-RNC constructs stalled at ribosomes.

(D) Tim9-RNCs-C2,3,4S of different lengths were incubated with wild-type mitochondria for 5 min. The samples were analyzed by nonreducing NuPAGE and
autoradiography. Load, 10% of RNCs used for the import reactions.

(E) Tim9-RNC-127 was incubated with wild-type and fcj7 4 mitochondria for 15 s and analyzed by nonreducing SDS-PAGE.

(F) Steady-state levels of mitochondrial proteins isolated from wild-type and Fcj1 overproducing cells analyzed by NUPAGE and immunoblotting.

(G) Import of 3*S-labeled Tim9 and recombinant Tim10.; into mitochondria from wild-type and Fcj1 overproducing cells, analyzed by treatment with proteinase
K, SDS-PAGE, and autoradiography (lanes 1-6) or immunodecoration (lanes 7-12).

(H) ®®S-labeled F1B, Su9-DHFR, and AAC were imported into mitochondria. Import reactions were analyzed by treatment with proteinase K and SDS-PAGE (lanes
1-16) or blue native electrophoresis (lanes 17-24). See also Figure S5.
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intermediate. Thus, the ribosome-stalled precursor reached
through the ribosomal exit tunnel and TOM complex to Mia40
in the intermembrane space.

It has been shown that Mia40 efficiently forms an intermediate
with the first cysteine residue of soluble Tim9 (Cys35 of the poly-
peptide chain) (Milenkovic et al., 2007; Sideris and Tokatlidis,
2007). To examine whether the same is true for Tim9 species
stalled at ribosomes, we generated Tim9 constructs where
cysteine residues were replaced by serine. Tim9-RNC contain-
ing only the first cysteine (cysteines 2, 3, and 4 replaced) formed
the Mia40-intermediate like the wild-type precursor (Figure S5D,
lanes 6 and 9). We thus used Tim9-C2,3,4S constructs of
different length to assess the minimal length of ribosome-stalled
precursors required to contact Mia40. The estimated position of
the remaining cysteine residue relative to the outer membrane is
schematically represented in Figure 7C (Tim9 consists of 87 resi-
dues; C-terminal linker residues were added for the longer Tim9
constructs). The assessment is based on a presumed length of
the extended nascent precursor of ~35 residues in the ribosomal
tunnel and 18-20 residues in the TOM complex (Whitley et al.,
1996). Tim9-RNCs were incubated with isolated mitochondria
and formation of the Mia40 intermediate was determined by
nonreducing SDS-PAGE. Tim9-RNC-57 and Tim9-RNC-72
were not able to form a conjugate with Mia40 (Figure 7D, lanes
1 and 2). However, the Tim9-RNC-87 and Tim9-RNC-96 precur-
sors were capable of engaging with Mia40 (Figure 7D, lanes 3
and 4). With Tim9-RNC-87, the first cysteine residue is just
emerging on the intermembrane space side. We conclude that
inner membrane-anchored Mia40 is positioned in close vicinity
to the TOM channel. Interaction of Mia40 with the precursor in
transit across the outer membrane was inhibited in fcj7A mito-
chondria (Figure 7E).

Since Fcj1 only recruits a fraction of Mia40, we asked if Fcj1 is
rate-limiting, i.e., if overexpression of Fcj1 may exert a stimula-
tory effect on the MIA pathway. We generated a yeast strain
that overexpressed Fcj1. The steady state levels of Mia40,
Erv1 and control proteins were not altered (Figure 7F). Import
of radiolabeled Tim9 as well as purified Tim10 into mitochondria
was considerably increased upon overexpression of Fcj1 (Fig-
ure 7G). In contrast, neither protein import via the presequence
pathway (Fif and the matrix-targeted model protein Su9-
DHFR) nor the carrier pathway (AAC) were enhanced by overex-
pression of Fcj1 (Figure 7H). We conclude that overexpression of
Fcj1 stimulates protein import into the intermembrane space via
the MIA pathway.

DISCUSSION

We have identified a large protein complex in the mitochondrial
inner membrane that contains mitofilin and five partner proteins.
This mitochondrial inner membrane organizing system (MINOS)
is crucial for maintenance of cristae morphology. Mitofilin also
interacts with the outer membrane and supports protein translo-
cation into the intermembrane space. We conclude that mitofilin
is a multifunctional regulator of mitochondrial morphology and
protein biogenesis.

The six MINOS proteins are inner membrane proteins exposing
parts to the intermembrane space. Mitofilin, Mio10, Aim5, Aim37,
and Mio27 are integral membrane proteins, whereas Aim13
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behaves as peripheral membrane protein (Figure S1). Mitofilin
and Mio10 are the core components of MINOS and have been
conserved from yeast to humans. Mio10-deficient cells show
growth defects and strong changes of mitochondrial cristae
morphology, including formation of cristae stacks and loss of
crista junctions, like cells lacking mitofilin (John et al., 2005;
Rabl et al., 2009; Mun et al., 2010). Mio10 is crucial for the archi-
tecture of MINOS since a lack of Mio10 disrupts the association
of mitofilin with all other MINOS components. Aim5, Aim13, and
Aim37, which were initially found in a large screen for genes
affecting mitochondrial inheritance (Hess et al., 2009), are also
involved in maintenance of the MINOS complex and cristae
morphology. Yeast mutants lacking any of these Aim proteins
show partial defects of MINOS architecture and mitochondrial
inner membrane morphology. Mio27 is homologous to Aim37,
yet deletion of its gene did not reveal detectable defects.

Previous studies reported different views on potential partner
proteins of mitofilin. (1) Two major mitofilin studies concluded
that mitofilin forms a large complex via homotypic interactions
(John et al., 2005; Rabl et al., 2009). (2) Head et al. (2011)
identified three Caenorhabditis elegans proteins that affect
mitochondrial morphology in an RNA interference screen, mito-
filin, MOMA-1 (mitochondrial outer membrane abnormal) and
CHCH-3 (coiled-coil helix coiled-coil helix domain-containing
protein 3), yet did not show a physical interaction between the
proteins. moma-1 mutants show defects in cristae morphology
similar to mitofilin mutants and MOMA-1 has been conserved
from yeast to humans (Head et al., 2011). The yeast homologs
are Aim37 and Mio27 (Figure S1). The bulk of MOMA-1, however,
was localized to the mitochondrial outer membrane by tagging
and protease protection assays (Head et al., 2011). We per-
formed a detailed localization of authentic/untagged Aim37
and Mio27 and demonstrate that both proteins are integral
proteins of the inner membrane. (3) In further studies, various
interaction partners of mitofilin have been proposed, though
different stringencies were applied to the specificity of the cop-
urification/comigration approaches (Xie et al., 2007; Mun et al.,
2010; Darshi et al., 2011). The protein ChChd3/CHCH-3 was
found in two different approaches, copurification with mitofilin
in humans (Xie et al., 2007; Darshi et al., 2011) and as genetic
interactor of mitofilin in C. elegans (Head et al., 2011). Aim13
and ChChd3/CHCH-3, which are both peripheral inner mem-
brane proteins, are not homologs but share a related C-terminal
motif with conserved cysteines (CHCH maotif; Figure S1), sup-
porting the view that ChChd3/CHCH-3 may be part of MINOS
in higher eukaryotes.

Our study defines three classes of MINOS proteins. The first
class includes the two core components mitofilin and Mio10.
Each of these proteins is crucial for cristae morphology. The
second class includes Aim5, Aim13/ChChd3/CHCH-3, and
Aim37/MOMA-1. These proteins are not strictly essential for
maintenance of inner membrane morphology, but mutants of
a class Il protein lead to partial defects in MINOS and cristae
morphology. The third class includes proteins like Mio27 that
are associated with MINOS but do not lead to defects upon dele-
tion. Since MINOS forms a large complex in the MDa range, it
is evident that multiple copies of MINOS components have to
be present and thus homotypic interactions of components, as
shown for mitofilin (John et al., 2005; Rabl et al., 2009), likely
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contribute to the formation of MINOS. Mitofilin is enriched in
crista junctions (Rabl et al., 2009). Since crista junctions are
lost or their number is diminished in different MINOS mutants,
the available results support the view that the large MINOS
complex contributes to the maintenance of crista junction
structures and is required for keeping cristae membranes
attached to the inner boundary membrane. Different models
are discussed for the formation of mitochondrial cristae (summa-
rized in Zick et al., 2009). In the invagination model, incorporation
of newly synthesized phospholipids into the inner membrane
may represent an early step of cristae biogenesis, leading to
expansion and invagination of the membrane (Renken et al.,
2002). The invaginations are shaped into tubules by oligomers
of ATP synthase, Mgm1/OPA1 and possibly also Mdm33
(Messerschmitt et al., 2003; Arnoult et al., 2005; Frezza et al.,
2006; Meeusen et al., 2006; Vogel et al., 2006; Merkwirth et al.,
2008; Yamaguchi et al., 2008; Zick et al., 2009). MINOS likely
functions late in cristae biogenesis since MINOS mutants can
respire, generate ATP, and contain inner membranes with an
increased surface area (John et al., 2005; Rabl et al., 2009; this
study). MINOS may help to anchor the base of cristae tubules
at the inner boundary membrane and prevent the release of
cristae membranes.

We found that mitofilin plays a further role in mitochondrial
protein biogenesis. Mitofilin-deficient mitochondria show
defects in the import of MIA substrates into the intermembrane
space. Mia40 exposes its large receptor domain to the inter-
membrane space (Neupert and Herrmann, 2007; Chacinska
et al., 2009; Endo et al., 2011). Since the formation of cristae
stacks in mitofilin mutant mitochondria leads to segregation of
a major part of the intracristal space (John et al., 2005; Rabl
et al., 2009; this study), the most obvious explanation would be
that also Mia40 is segregated and thus the efficiency of the
MIA pathway would be indirectly inhibited due to the morpholog-
ical alteration of the inner membrane. In contrast to mitofilin-
deficient mitochondria, however, Mio10-deficient mitochondria
efficiently import MIA substrates, although mutants of both
MINOS class | proteins show comparable defects in cristae
morphology, supporting the view that mitofilin may play a role
in the MIA system.

The mechanistic explanation is provided by the interaction of
mitofilin with the TOM complex. Since mitofilin also transiently
interacts with Mia40, mitofilin helps to position Mia40 molecules
in close vicinity to the protein translocation channel of the outer
membrane (Figure S5E). Mia40 functions as trans receptor on
the intermembrane space side and specifically binds the first
cysteine residues of incoming substrate precursors (Milenkovic
et al., 2007; Sideris and Tokatlidis, 2007; Kawano et al., 2009;
Bien et al., 2010). Using ribosome-nascent chain complexes,
we show that Mia40 interacts with the precursor protein in transit
as soon as the first cysteine residue emerges on the intermem-
brane space side of the TOM complex. Thus, Mia40 has to be
in close proximity to the TOM complex in order to capture the
precursor protein immediately upon arrival in the intermembrane
space. Such a mechanism ensures that the reduced cysteine
residue cannot engage in incorrect disulfide bond formation in
the intermembrane space (that is less reducing than the cytosol)
and thus Mia40 can protect the precursor from nonproductive
interaction.

We conclude that mitofilin is a multifunctional protein. The
assembly with inner membrane proteins is critical for formation
of MINOS and controlling cristae morphology. Additionally, mito-
filin interacts with the outer membrane and helps to position
Mia40 in close proximity to the protein import site.

EXPERIMENTAL PROCEDURES

Isolation and Fractionation of Mitochondria

Saccharomyces cerevisiae mitochondria were isolated by differential centrifu-
gation (Stojanovski et al., 2007). For testing submitochondrial localization of
proteins, mitochondria were diluted in hypoosmotic buffer to permeabilize
the outer membrane and subsequently treated with proteinase K. Membrane
integration of proteins was analyzed by incubation of isolated mitochondria
in 0.1 M Na,COj3 and ultracentrifugation to separate membrane-bound and
soluble proteins.

Affinity Purification and Mass Spectrometry

For affinity purification of Protein A-tagged proteins mitochondria were solubi-
lized with digitonin and extracts were incubated with IgG-Sepharose beads.
Bound proteins were eluted with TEV protease. When SILAC-labeled mito-
chondria were used, elution fractions from the '2C/™*N and "3C/'®N samples
were precipitated with acetone, mixed for digestion with trypsin and subjected
to mass spectrometric analysis. Histidine-tagged Mia40 was purified by Ni?*-
NTA affinity chromatography. Bound proteins were eluted with buffer contain-
ing 400 mM imidazole.

Import of Proteins into Mitochondria

Mitochondrial precursor proteins for in vitro import reactions were either
synthesized in reticulocyte lysate in the presence of [*°S]methionine or recom-
binantly expressed in Escherichia coli and purified. The precursor proteins
were incubated with isolated mitochondria (Stojanovski et al., 2007). The mito-
chondria were re-isolated and analyzed by SDS-PAGE or blue native
electrophoresis.

Native Analysis of Protein Complexes

For blue native electrophoresis mitochondria were solubilized in digitonin-con-
taining buffer (1% [w/v] digitonin, 20 mM Tris-HCI, pH 7.4, 0.1 mM EDTA,
50 mM NaCl, 10% [v/v] glycerol, and 1 mM PMSF). After a clarifying spin,
10x loading dye was added and protein complexes were separated on blue
native polyacrylamide gradient gels (Stojanovski et al., 2007). For separation
of protein complexes by size exclusion chromatography, isolated mitochon-
dria were solubilized in digitonin buffer and applied on a TSK400W column
(Tosoh Biosciences, Tokyo, Japan).

Electron Microscopy

For cryosectioning yeast cells were fixed in 1% formaldehyde and 3% glutar-
aldehyde on ice. For diaminobenzidine staining, yeast cells fixed in 3% glutar-
aldehyde were incubated in a mixture containing 2 mg/ml diaminobenzidine
and 0.06% hydrogen peroxide. Cells were postfixed with 1.5% KMnQy,, post-
stained with 0.5% uranylacetate and embedded in Epon 812.

Generation of Ribosome-Nascent Chain Complexes

Generation of RNCs was performed essentially as described (Gilmore et al.,
1991). The TIM9 open reading frame was amplified by PCR with a forward
primer containing an SP6 promoter and a reverse primer allowing for the dele-
tion of the stop codon. Tim9-RNCs of different length specified by the number
of amino acid residues (Tim9-RNC-57, -72, -87, -96, -127) were generated by
modifying the reverse primer and using different templates. Tim9-RNC-57,
Tim9-RNC-72, Tim9-RNC-87 were obtained by amplification of the TIM9
coding sequence from yeast genomic DNA. Tim9-RNC-96 was obtained
from genomic DNA using a reverse primer that contained the sequence for
nine additional lysine residues. Tim9-RNC-127 was obtained by using a
plasmid (pGEM42) coding for Tim9 fused to dihydrofolate reductase (1769).
Tim9-RNCs containing cysteine substitutions were derived from plasmids
containing mutagenized TIM9 alleles described in Milenkovic et al. (2007).
The following cysteine residues were changed to serine: Tim9-C1S (1580 or
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1760), Tim9-C1,4S (1546), Tim9-C2,3,4 (1587), and Tim9-C1,2,3,4S (1548).
The obtained PCR products were used for in vitro transcription using the
mMESSAGE mMACHINE kit (Ambion) and translation using the Flexi Rabbit
Reticulocyte Lysate System (Promega) in the presence of [*°S]methionine.
Translation reactions were performed for 10-15 min at 20°C. After a clarifying
spin at 20,000 x g and 4°C for 15 min, the lysate was loaded on a sucrose
cushion (25% sucrose, 20 mM HEPES-KOH, 2 mM magnesium acetate,
120 mM potassium acetate, 1 mM PMSF, pH 7.4) and centrifuged at
355,000 x g at 4°C for 35 min (TLA 120.2 rotor; Beckman Coulter, Brea,
CA). The RNC-containing pellets were resuspended in a buffer composed of
20 mM HEPES-KOH, 2 mM magnesium acetate, 100 mM potassium acetate,
1 mM PMSF, 600 mM sorbitol, pH 7.4, and used for further experiments. RNCs
were precipitated using hexadecyltrimethylammonium bromide (CTAB)
according to Gilmore et al. (1991). Samples were incubated in digitonin/
CTAB buffer (20 mM Tris-HCI, pH 7.4, 250 mM sodium acetate, 0.5 mM
EDTA, 10% [v/v] glycerol, 50 mM NaCl, 1% [w/v] digitonin, 1 mM PMSF,
50 mM iodoacetamide, 1% [w/v] CTAB) with yeast tRNA (50 nugin a 200 pl reac-
tion) as carrier for 10 min at 30°C. Precipitated material was recovered by
centrifugation at 20,000 x g for 15 min. In order to release nascent chains
from ribosomes, 3 mM puromycin was added and samples were incubated
for 5 min. For digestion of tRNA, RNase A (1:50 diluted; QIAGEN) was added
and samples were incubated for 5 min at 25°C.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and one table and can be found
with this article online at doi:10.1016/j.devcel.2011.08.026.
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