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Abstract

Background: The mitochondrial intermembrane space (IMS) is home to proteins fulfilling numerous essential
cellular processes, particularly in metabolism and mitochondrial function. All IMS proteins are nuclear encoded and
synthesized in the cytosol and must therefore be correctly targeted and transported to the IMS, either through
mitochondrial targeting sequences or conserved cysteines and the mitochondrial disulfide relay system. The
mitochondrial oxidoreductase MIA40, which catalyzes disulfide formation in the IMS, is imported by the combined
action of the protein AIFM1 and MIA4Q itself. Here, we characterized the function of the conserved highly
negatively charged C-terminal region of human MIA40.

Results: We demonstrate that the C-terminal region is critical during posttranslational mitochondrial import of
MIA40, but is dispensable for MIA40 redox function in vitro and in intact cells. The C-terminal negatively charged
region of MIA40 slowed import into mitochondria, which occurred with a half-time as slow as 90 min. During this
time, the MIA40 precursor persisted in the cytosol in an unfolded state, and the C-terminal negatively charged
region served in protecting MIA40 from proteasomal degradation. This stabilizing property of the MIA40 C-terminal
region could also be conferred to a different mitochondrial precursor protein, COX19.

Conclusions: Our data suggest that the MIA40 precursor contains the stabilizing information to allow for
postranslational import of sufficient amounts of MIA40 for full functionality of the essential disulfide relay. We
thereby provide for the first time mechanistic insights into the determinants controlling cytosolic surveillance of
IMS precursor proteins.
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Background

Proteins of the mitochondrial intermembrane space
(IMS) fulfill numerous critical functions, including en-
zymatic functions in metabolic pathways such as pyrimi-
dine, lipid and heme biosynthesis, functions in the
maintenance of mitochondrial morphology and dynam-
ics, in assembly of the respiratory chain, and in mainten-
ance of the mitochondrial proteome [1-5]. All IMS
proteins are nuclear encoded and synthesized at cyto-
solic ribosomes. For their import, some IMS proteins
rely on so-called bipartite targeting sequences, which
guide them in a TIMM23-dependent manner into the
IMS. However, many proteins lack mitochondrial target-
ing sequences and instead rely on conserved cysteines
and the mitochondrial disulfide relay system for their
IMS import [6-9]. Most often, the conserved cysteines
are arranged in twin-CX,,C motifs, which consist of four
cysteines positioned in opposing antiparallel a-helices
[10, 11]. In the mature proteins, these cysteines form
structural disulfide bonds. For recognition by the import
machinery, substrates additionally contain the so-called
intermembrane space targeting sequences (ITS, also
called mitochondrial intermembrane space sorting sig-
nal, MISS) close to one of the cysteines [12, 13]. Many
substrates of the mitochondrial disulfide relay are
imported in a comparatively slow posttranslational man-
ner, compared to MTS-containing proteins, possibly due
to the tight link of oxidative protein folding and outer
membrane translocation [14, 15]. Consequently, import
is monitored by cytosolic quality control systems ensur-
ing efficient import and avoiding the accumulation of
precursors in the cytosol or clogging mitochondrial
import channels [15-19]. The molecular determinants
controlling this cytosolic surveillance are however only
poorly understood and do not explain preferential
targeting of some precursors but not others.

The central component of the IMS disulfide relay
machinery is the oxidoreductase MIA40 (or CHCH
D4) that serves both as import receptor and oxidore-
ductase. Using a hydrophobic interaction interface,
MIA40 interacts with incoming precursors in a non-
covalent manner [13, 20-22]. Concomitantly, it em-
ploys a redox-active cysteine motif to oxidize and
thereby import precursor proteins [15, 23]. Both,
hydrophobic interface and redox-active cysteine motif
are localized in the core domain of MIA40 which is
highly conserved from yeast to human (Fig. la). In
addition to this core domain, human MIA40 harbors
N- and C-terminal extensions that are not essential
for its enzymatic function as demonstrated by
complementation experiments in yeast [21, 24]. The
N-terminal region of human MIA40 is critical for
interaction with apoptosis-inducing factor (AIFMI)
[25-27]. AIFM1 thereby facilitates the IMS import of
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MIA40, which does not contain an MTS [26]. Ab-
sence of this interaction results in a hampered mito-
chondrial import of MIA40, decreased cellular levels
of MIA40, and consequently, also reduced levels of
MIA40 substrates [25, 26]. However, the relevance of
the C-terminal region of MIA40 is unknown.

In this study, we demonstrate that this region ensures
efficient import of MIA40 into mitochondria. It is highly
negatively charged, and this is an evolutionarily con-
served feature. We demonstrated that truncating the C-
terminal region did not affect the stability or activity of
purified MIA40 in vitro. It did also not affect functional-
ity and localization of MIA40 in intact cells or the stabil-
ity of the mature folded and oxidized protein in the
IMS. Instead, removing the C-terminal region increased
the rate of mitochondrial import, however, at the cost of
a strongly lowered cytosolic stability of the MIA40 pre-
cursor. This lead to mitochondrial import of decreased
amounts of MIA40 and lowered cellular steady-state
levels of MIA40. Lack of the C-terminal region could be
overcome by rerouting MIA40 import and equipping the
protein with an MTS. We could transfer the stabilizing
properties of the C-terminal region of MIA40 by fusing
it to different variants of the IMS-protein COX19. Col-
lectively, this demonstrates that the C-terminal region
acts in two ways on the MIA40 precursor: by protecting
the MIA40 precursor from proteasomal degradation at
the costs of slowing its mitochondrial import and
leading to extended posttranslational dwelling times of
MIA40 in the cytosol.

Results

MIA40 contains a C-terminal region with a conserved
highly negative charge

The structure of the core domain of human MIA40
has been solved and exhibits a helix-loop-helix con-
formation connected by two disulfide bonds formed
by the four cysteines of the twin-CXoC motif. N-
terminal to this core domain that is important for
hydrophobic interactions with MIA40 substrates is a
small helix that contains the redox-active CPC (Cys-
Pro-Cys) motif. In the structure, both the N- and C-
terminal regions have not been assessed (protein for
structure determination reaches from aa 45-aa 106)
[21]. They are predicted to be mostly unstructured
(Fig. la) and were not considered important for
MIA40 function as deletion of the MIA40 gene in
yeast could be complemented by truncated versions
of human MIA40 [21, 24]. However, recent work in
mammalian cells demonstrated that the most N-
terminal 20-30 amino acids are critical for mito-
chondrial import of MIA40 by AIFMI1 highlighting
non-conserved differences between human and yeast
cells [26].
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Fig. 1. Truncation of the conserved negatively charged C-terminal region of human MIA40 decreases its cellular levels. a Conservation of
the C-terminal domain of human MIA40. Human MIA40 consists of three parts, an N-terminal domain important for interaction with
AIFM1 and MIA40 import, a core domain important for interaction with its substrates and their oxidation, and a negatively charged C-
terminal region (indicated in light blue) with unknown function. The negative charges in the C-terminal region are clustered into three
clusters (indicated in dark blue), and corresponding truncation mutants were employed for further studies. The logo plot was derived
from alignments of MIA40 from 86 species. b Localization of HA-tagged MIA40 variants. HEK293 cells stably expressing the indicated
MIA40-HA variants were incubated for 24 h with 1 ugml™ doxycycline to induce expression. Cells were fixed, permeabilized, and stained
using a primary antibody against the HA epitope (HA, green) and Mitotracker (red). Nuclei were stained with DAPI (blue). Cells were
analyzed by fluorescence microscopy. All MIA40 variants localize to mitochondria. Scale bar, 15um. N=11-15 cells, 2 biological replicates.
¢ Complementation of MIA40 CRISPR-Cas9 clone with truncated MIA40 variants and test of MIA40 substrate levels. Cell lines were stably
transfected with inducible plasmids harboring the indicated variants of MIA40 or with the empty vector (Mock). Expression of MIA40
variants was induced for 7 days with 30 ugml™" cumate in glucose-containing medium. Cells were lysed, and the levels of the indicated
proteins were analyzed by SDS-PAGE and immunoblotting (gray background: MIA40 substrates). Expression of MIA40"" and all truncation
variants, but not MIA40“°*, complemented the loss of endogenous MIA40. Quantification using Image Lab. Data from 2 to 3 experiments
were combined and standard deviations are presented if n>2. d Complementation of MIA40 CRISPR-Cas9 clone with truncated MIA40
variants and test of proliferation. Cell lines were stably transfected with inducible plasmids harboring the indicated variants of MIA40 or
with the empty vector (Mock). Expression of MIA40 variants was induced with 30 ug ml™" cumate in galactose-containing medium. Cells
were analyzed by PrestoBlue cell viability reagent at the indicated times. Fold viability is presented as the viability data of induced cells
divided by the data of non-induced cells of the same cell line. MIA40<>*° cannot rescue the growth of cells depleted of MIA40, while
MIA40"T and MIA4021% can. Data from 6 experiments were combined and standard deviations are presented. e Steady-state levels of
MIA40 variants. HEK293 cells stably and inducibly expressing different MIA40 variants were lysed 24 h after induction of MIA40 expression
(1 ug ml™" doxycycline, DOX), and then analyzed by immunoblotting. Truncated variants of MIA40 are present at strongly decreased levels
compared to MIA40Y (black arrowhead, endogenous MIA40, blue arrowhead, MIA4021%8). Quantification using Image Lab. Data from 3
experiments were combined and standard deviations are presented. f-h Steady-state levels of MIA40 variants. As e, except that different
C-terminal extensions were fused to MIA40%' (f, g) and MIA40%'3" (f, h) and expressed stably, inducibly in HEK293 cells (induction with
1 ug ml™" doxycycline, DOX for 24 h). Either the missing endogenous amino acid residues were added back (light blue bar), or we
exchanged the negative amino acid residues in these add-back parts with positive (red bar, pos.) or neutral (gray bar, neu.) amino acid
residues. Alternatively, we only added the most C-terminal amino acid residues of wild type MIA40, “GSS” (black bar). Only add-back of
the endogenous parts containing the negative charges restored MIA40 levels. Quantification using Image Lab. Data from 2 experiments
were combined. Black arrowhead, endogenous MIA40; red arrowhead, signal of MIA402"" fused to the C-terminal region with negatively

charged residues mutated to positively charged residues

The function of the C-terminal region of MIA40 con-
sisting of about 45 amino acids after the last cysteine of
the structural twin-CXoC motif has not been assessed.
An in silico analysis of this region indicated an accumu-
lation of negatively charged amino acid residues (16
negatively charged amino acids out of the last 35 amino
acids). This anionic character of the C-terminus is
present to varying degrees among MIA40 from different
species (Additional file 1: Figure S1A). Interestingly, no
other twin-CX,,C protein of the human IMS contains
such an extended negative feature at its C-terminus. In
human MIA40, these negatively charged amino acids
clustered into three sections (Fig. 1a) and we thus de-
cided to assess their importance by generating three
truncation variants according to this clustering, either
lacking amino acid residues 108—142 (MIA40°'%%), 122
142 (MIA40%?%), or 131-142 (MIA40°'3Y).

The negative charge of the C-terminal region of MIA40 is
critical for stability in intact cells

We first characterized the three MIA40 truncation vari-
ants and MIA40 wildtype (MIA40%") in vitro. The puri-
fied proteins were stable in solution (Additional file 1:
Figure S1B). They exhibited very similar spectra in circu-
lar dichroism (CD) spectroscopy with an «-helical

content of more than 90% which was more than ex-
pected from in silico predictions (Additional file 1: Fig-
ure S1C). When we analyzed the thermal stability, we
confirmed the previously reported high stability of the
core domain of MIA40Y" for the full-length protein
[21] and found the MIA40 truncation variants to be
equally stable (Additional file 1: Figure S1D). Likewise,
when we tested the stability of the twin-CXoC motif of
MIA40 towards reducing agents, we found similar stabil-
ity of MIA40™" and MIA40 truncation variants (Add-
itional file 1: Figure S1E). Next, we assessed the
importance of the C-terminal region for MIA40 func-
tion. We employed an in vitro reconstituted system [15,
28] and assessed oxidation of the MIA40 substrates, re-
duced human NDUFA8 and COX19, by oxidized MIA40
variants. All MIA40 variants exhibited the same capacity
in oxidizing these substrates (Additional file 1: Figure
S1F). Collectively, our data indicate that the negatively
charged C-terminal region of human MIA40 is not crit-
ical for in vitro stability and activity of the enzyme.

We next analyzed MIA40 variants in cellulo.
MIA40™" and truncation variants were all localized to
mitochondria (Fig. 1b, Additional file 1: Figure S1G).
MIA40YT and MIA40*'%® retained the same semi-
oxidized redox state of their CPC active site (Additional
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file 1: Figure S1H). They were also fully functional as
they complemented a MIA40 depletion cell line (Fig. 1c,
d) [15]. In the MIA40 depletion cell line, levels of most
substrates of the mitochondrial disulfide relay were
strongly reduced. Loss of substrates could be comple-
mented by expressing MIA40Y " and the truncation vari-
ants for 7days (thereby allowing import, maturation,
and accumulation of substrates) but not by expressing
the dominant-negative MIA40“>* variant (Fig. 1c). This
was also reflected in the improved proliferation of the
complemented MIA40 depletion cell line expressing
MIA40YT and MIA40%'%® that was absent when ex-
pressing MIA40<>*° (Fig. 1d). Interestingly, truncation of
MIA40 led to a strong reduction in the steady-state
levels of MIA40 variants, independent of the presence
and position of a tag (Fig. le, Additional file 1: Figure
S1LJ). Still, all truncated variants complemented the loss
of MIA40 in line with previous data based on siRNA ex-
periments that indicated that 10-20% functional MIA40
in the IMS are sufficient to maintain normal levels of its
substrates [14]. To test whether the negative charge of
the C-terminal region of MIA40 was critical for its sta-
bility in cells, we generated additional “charge-change”
variants based on MIA40°!% and MIA40°!3! (Fig. 19).
We thereby found that only the addition of the endogen-
ous negatively charged amino acids increased steady-
state levels (Fig. 1g, h). The addition of neutral amino
acids only increased steady-state levels to a minor extent
compared to the truncated variant, while the addition of
positive amino acids even decreased levels (Fig. 1g, h).
Thus, C-terminal truncation of MIA40 led to strongly
lowered protein levels in cells but did not affect MIA40
localization or activity.

Truncated MIA40 variants are stabilized by proteasomal
inhibition

The low levels of truncated MIA40 might stem from ac-
celerated degradation of the protein. To test this, we
expressed MIA40Y" and MIA40%'* (the variant on
which we focus from now on) in cells lacking the major
protease of the IMS, YMEI1L1, which has previously
been shown to degrade disulfide relay substrates [29,
30]. However, when we expressed MIA40™" and
MIA40%'%® in YMEIL1 knockout cells, we found no
changes in their steady-state levels in contrast to the
known YMEI1L1 substrate STARD7 (Fig. 2a, [31]). We
next assessed the stability of mature MIA40 variants by
emetine chase experiment. Both MIA40%" and
MIA40*'%® were stable over a period of 8h indicating
that once MIA40 truncation variants are matured and
present in the IMS, they are stable (Fig. 2b, Additional
file 2: Figure S2A). This is also in line with the equal sta-
bility of the purified MIA40 variants (Additional file 1:
Figure S1D). Import of certain disulfide relay substrates
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competes with their proteasomal degradation [15, 17,
19]. We thus expressed MIA40 variants in the presence
of the proteasome inhibitor MG132 and tested their
levels. While MIA40Y" levels were not affected by
MG132, levels of MIA40'%® increased, however, by far
not to wildtype levels (Fig. 2c, Additional file 2: Figure
S2B). Since synthesis rates of MIA40™ " and MIA40"%®
were very similar (Additional file 2: Figure S2C,D), we
reasoned that the C-terminal region of MIA40 might be
important during MIA40 import by protecting the pre-
cursor during posttranslational import from proteasomal
degradation. Notably, treatment of YMEIL1 knockout
cells with MG132 did not lead to an additional
stabilization MIA40 variants supporting the notion that
YMEIL is not involved in MIA40 degradation (Add-
itional file 2: Figure S2E).

The C-terminal region protects the cytosolic precursor
from proteasomal degradation and slows down
mitochondrial import

MIA40 import depends on AIFM1 as an intramitochon-
drial import receptor that allows for efficient OMM
translocation, and oxidative folding of its twin-CXoC
core (Fig. 3a). The MIA40-AIFM1 interaction takes
place via the N-terminal region of MIA40 [26]. We
tested whether removal of the C-terminus affected
MIA40-AIFM1 interaction. We precipitated a MIA40
variant lacking the first 40 amino acids (MI1A4029),
MIA40Y T, and MIA40”*® from cells and then analyzed
the precipitates by immunoblot against AIFM1. While
MIA40%* did not coprecipitate AIFM1, the interaction
of C-terminally truncated MIA40 with AIFM1 was not
disturbed but increased (Fig. 3b).

We then directly assessed OMM translocation in an in
organello import experiment. Interestingly, MIA40"'%®
was imported faster than MIA40™" (Fig. 3¢, Additional
file 3: Figure S3A). Complementing in cellulo radioactive
pulse-chase translocation kinetics revealed that
MIA40%'%® rapidly disappeared from the cytosolic frac-
tion, but at the 0-min chase time point (i.e., after 5 min
pulse), levels of mitochondrial MIA40*'%® were higher
than mitochondrial MIA40Y T levels (Fig. 3d).

Next, we employed in cellulo oxidation kinetics ap-
proaches to assess the oxidation of the two structural di-
sulfide bonds of MIA40 during import. Compared to
other disulfide relay substrates, which become oxidized
with half-lives clearly shorter than 20 min, MIA40™"
was oxidized rather slow with a half time of oxidation
close to 90min (Fig. 3e, f [14];). By comparison, for
MIA40%'%, the share of oxidized protein on the total
protein at the respective time point increased much
quicker than for MIA40™" with kinetics similar to other
disulfide relay substrates (Fig. 3e, f [14];). However, this
was only in part determined by a faster occurrence of
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Fig. 2. Lowered levels of C-terminally truncated MIA40 can be partially rescued by proteasomal inhibition. a Steady-state levels of MIA40 truncation
variants in HEK293-based YME1L1 deletion cells. MIA40%1% and MIA40™T were expressed for 2 days stably, inducibly in YMETL1 knockout in medium
containing 30 ug mi~" cumate. Cells were lysed and analyzed by immunoblotting. MiA4
not stabilized by loss of YMETL1. Quantification using Image Lab. Data from 2 experiments were combined. Black arrowhead, endogenous MIA40; blue
arrowhead, signal of MIA40%'%, b Emetine chase analyses of truncated MIA40 variants. Protein expression of cells stably expressing MIA40%'® and
MIA40"T was induced for 24 h prior to the experiment with 1 ug ml™" doxycycline. Emetine was added for indicated times, the cells were lysed after 8 h
and analyzed by immunoblotting. Mature MIA40%% is equally stable as MIA40"". Quantification using Image lab. Data from 3 experiments were
combined and standard deviations are presented. Black arrowhead, endogenous MIA40; blue arrowhead, signal of MIA402'%. ¢ Steady-state levels of
MIA40A1% and MIA40™T upon proteasomal inhibition. Expression of MIA40 variants in HEK293 cells was induced using 1 pg mi~" doxycycline for 16 h.
Concomitantly, cells were incubated with 1 uM of the proteasome inhibitor MG132. Then, cells were lysed and analyzed by immunoblotting. MIA401%8 i
present at strongly decreased levels compared to MIA40™T but can be partially stabilized by proteasomal inhibition. Quantification using Image lab. Data
from 4 experiments were combined and standard deviations are presented. Black arrowhead, endogenous MIA40; blue arrowhead, signal of MIA4OR108

021% s present at decreased levels compared to MIA40"T and is

the oxidized form of MIA40*'*® (compare oxidized band
at 10 min time points in Fig. 3e, f). The major effect was
the rapid drop in levels of reduced (cytosolic)
MIA40%1%8, which essentially terminated import of
MIA40%'%®, Thus, the C-terminal tail affects the stability
of the reduced (cytosolic) form of MIA40 and influences
the speed of OMM translocation.

Next, we tested the influence of proteasomal inhibition
by MG132 on oxidative folding kinetics of MIA40*'%,
Under these conditions, the reduced precursor was
strongly stabilized rendering the import kinetics more
similar to the kinetics of MIA40Y" (Fig. 3g, h). Con-
versely, MIA40Y" was not affected by MG132 treatment
(Additional file 3: Figure S3B). Similarly, depletion of the
membrane potential did not disturb MIA40™ " oxidation
kinetics in contrast to the control protein SOD2 that
was affected in its maturation (Additional file 3: Figure
S3B,C). In this experiment, we could also confirm that
MIA40%1% oxidation kinetics were indeed more rapid
compared to the wildtype (Fig. 3g, h). In summary,
MIA40%T is imported into mitochondria exceptionally
slowly. MIA40'*® is imported faster into mitochondria
which might explain its increased interaction with its
import receptor AIFM1. However, it is rapidly degraded
by the proteasome, and this strong destabilization results
in accumulation of lower levels of oxidized IMS-
localized MIA40.

Bypassing AIFM1- and disulfide-relay-dependent import
increases stability of MIA40”"%8

MIA40YT persists for extended times stably in the cyto-
sol. This is possible due to the stabilizing C-terminal re-
gion of the protein. The lowered stability of MIA40"%®
in the cytosol should in principle be overcome by facili-
tating a rapid import into mitochondria. This can be
achieved by bypassing the AIFM1- and disulfide relay-
dependent import of MIA40 by equipping it with an
MTS should result in an even faster import and should
stabilize MIA40%'%, We equipped MIA40Y" and
MIA40%'*® with the MTS of AIFM1, which has been
previously used to target functional MIA40 to the IMS

[26]. Both proteins became rapidly oxidized indicating
efficient IMS import (Additional file 4: Figure S4). When
we analyzed the cellular levels of MTS-equipped MIA40
variants, we found that indeed MTS-MIA40*'% was
present at higher levels (Fig. 4a), and levels could not be
much further increased by MG132 treatment as was
possible with untargeted MIA40”'°® (Fig. 4b). Interest-
ingly, also MIA40™" levels were slightly increased by
equipping it with an MTS (Fig. 4a). Next, we tested
whether the stabilizing properties of the C-terminal re-
gion could be transferred to a different mitochondrial
precursor. We thereby either employed the last 35
amino acids of MIA40 or as a control the C-terminal tail
with its charged amino acids changed into neutral amino
acids. We fused these tails to variants of the IMS protein
COX19 (COX19%T and a variant that lacked all four
cysteines of COX19 that are important for COX19 im-
port (COX19%%)), which is also a substrate of the mito-
chondrial disulfide relay and imported in a slow
posttranslational fashion. We observed that all fusion
proteins were present at increased levels compared to
unfused COX19%" and COX19*“® (Fig. 4c) indicating
that elongating COX19 already has a stabilizing effect.
Importantly, fusion of the negatively charged tail led to
an even stronger stabilization of COX19%"' and
COX19*“* (Fig. 4c) confirming the stabilizing properties
of this amino acid stretch. Collectively, our data indicate
that the C-terminal region of MIA40 has a profound
stabilizing effect on the cytosolic reduced precursor and
allows for its continued presence in the cytosol by
preventing its degradation.

Discussion

In this study, we characterized the role of the negatively
charged C-terminal region of human MIA40. We found
that it has a profound stabilizing effect on the MIA40
precursor in the cytosol and that it slows down mito-
chondrial import of MIA40 (Fig. 4d). Import of wildtype
MIA40 proceeds very slowly, even by the standards of
the slow import of other disulfide relay substrates.
Extended dwelling of the MIA40 precursor in the cytosol
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Fig. 3. The C-terminal region of MIA40 slows mitochondrial import and concomitantly protects MIA40 from proteasomal degradation. a Steps in
the biogenesis of MIA40 involve synthesis of the precursor by cytosolic ribosomes, translocation over the OMM, interaction with AIFM1 for
translocation, and oxidation by the disulfide relay. b Interaction between MIA40 variants and AIFM1. HEK293 cells stably expressing different
variants of MIA40-HA (24 h doxycycline) were subjected to native immunoprecipitation (IP) against the HA-tag. Precipitates were analyzed by SDS-
PAGE and immunoblotting against the indicated proteins. AIFM1 co-precipitates with both, MIA40"" and MIA402%, but not with MIA40%4. Blue
arrowhead, signal of MIA40”'%. Quantification using Image lab. Data from 5 experiments were combined and standard deviations are presented.
¢ In organello import assay of MIA40 variants. In vitro translated radioactive proteins were incubated with mitochondria isolated from HEK293
cells. Non-imported proteins were removed by treatment with Proteinase K. Imported proteins were analyzed by reducing SDS-PAGE and
autoradiography. Signals were quantified and the amount of imported protein was plotted. MIA4021% is imported more rapidly than MIA40".
Quantification using ImageQuantTL. Data from 4 experiments were combined and standard deviations are presented. d In cellulo translocation
assay. Synthesis of MIA40 variants was induced 1.5 h before the experiment using 1 pg mi™" doxycycline. Cells were pulse-labeled for 5 min with
35-methionine and chased with cold methionine for different times. After the chase, cells were fractionated into a cytosolic and mitochondrial
fraction. Both MIA402% and MIA40™" are imported into mitochondria, but less of MIA40A108, Cytosolic MIA40™" is stable in contrast to cytosolic
MIA40%%. Quantification using ImageQuantTL. Data from 2 experiments were combined and standard deviations are presented. e, f In cellulo
oxidation kinetics assay to follow oxidative folding of MIA40 variants and COX19 in intact cells. Synthesis of MIA40 variants was induced 1.5h
before the experiment using 1 ug/ml doxycycline. Cells were pulse-labeled for 5 min with **S-methionine and chased with cold methionine for
different times. The chase was stopped by trichloroacetic acid (TCA) precipitation, and then the lysate was treated with mmPEG;, to determine
protein redox states, followed by IP against the HA tag. Eluates were analyzed by Tris-Tricine-PAGE and autoradiography. Reduced proteins were

un., unmodified

modified with mmPEG;,, whereas oxidized proteins remained unmodified. MIA40 becomes oxidized very slow compared to COX19 with half
oxidation times in the range of 90 min. Yet, the reduced cytosolic form of MIA40"T is stable over the course of the experiment. Conversely,
reduced MIA402"%® disappears rapidly. Quantification using ImageQuantTL. Data from 2 to 3 experiments were combined and standard
deviations are presented if n > 2. Red,, reduced; ox, oxidized; un., unmodified. g, h In cellulo oxidation kinetics assay to follow oxidative folding of
MIA402"% in the presence or absence of proteasomal inhibition. As e, except that oxidation kinetics were performed in the presence or absence
of MG132. Reduced MIA402'% is strongly stabilized in an import-competent form by MG132. Quantification using ImageQuantTL. Data from 3
experiments were combined (MIA40"", Additional file 3: Figure S3B) and standard deviations are presented. Red., reduced; ox, oxidized;

exposes the precursor to increased proteasomal degrad-
ation. The addition of the stabilizing C-terminal tail to
MIA40 ensures that sufficient amounts of MIA40 reach
the IMS, thereby allowing efficient import of this key
component of the mitochondrial disulfide relay.

It remains unclear how the negatively charged C-
terminal region of MIA40 achieves stabilization of the
precursor. Stabilization appears to derive from both the
negative charge as well as the simple presence of an
amino acid extension. This was best visible upon fusion
of the C-terminal tail of MIA40 to COX19. Even the ex-
tension with a uncharged tail stabilized COX19. The
presence of negative charges in the C-terminal tail fur-
ther strongly exaggerated this effect (Fig. 4c). This might
also explain differences between the different MIA40
truncation variants. The C-terminal region is predicted
to be unstructured (Fig. la), and charge clustering and
absence of hydrophobic residues are often observed in
such cases [32, 33]. In our CD analyses, we determined a
high a-helical content of MIA40 that would only be in
line with an a-helical structure also of the C-terminal re-
gion. This implies that despite the high negative charge,
the C-terminal regions acquire some structure likely due
to the interaction with other parts of MIA40 [34]. This
interaction might also contribute to cytosolic protection
of MIA40, e.g., because the negative charges cover lysine
residues in MIA40 that might become ubiquitylated. Al-
ternatively, the C-terminal region might simply decrease
aggregation propensity of the unfolded precursor or it

might act as membrane repellant and prevent excessive
association with membranes. It might also bind cations
like Ca** or other protein partners that regulate its
cytosolic stability.

Is there a reason for the slow import of MIA40 com-
pared to other disulfide relay substrates? It appears that
the negatively charged C-terminal tail that is unique to
MIA40 does not only stabilize the MIA40 precursor but is
also at least in part responsible for slow import. One
might therefore speculate that the slow import serves
regulatory purposes and has to be interpreted in the light
of its special mode of import through AIFM1. AIFM1 is
not only the import receptor for MIA40 but also an
NADH:ubiquinone oxidoreductase [35]. Once AIFM1
binds NADH, the protein dimerizes, and only in this form
does it bind the N-terminal region of MIA40 and import
the protein [26]. Thus, AIFM1 might sense the redox state
of the Q-pool as well as IMS levels of NADH to match
MIA40 import to metabolic demands. The strong
stabilization of MIA40 in the cytosol might serve in ensur-
ing a persisting pool of available MIA40 precursor that
might be available for import should AIFM1 become
dimerized. Additionally, MIA40 might also fulfill as of
now unknown extramitochondrial roles. To perform
these, the protein likely needs to become folded. To
ensure sufficient time for folding, MIA40 needs to become
imported slowly and remain stable as a precursor.

In summary, both “unstructured” regions of MIA40
that are specific for higher eukaryotes fulfill non-
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Fig. 4. Bypassing the AIFM1- and disulfide relay-dependent import pathway stabilizes MIA40%'%. a Steady-state levels of MIA40%'% and MIA40™T
upon rerouting the MIA40 import pathway. Expression of MIA40 variants with and without the N-terminal bipartite mitochondrial targeting sequence
of AIFM1 (MTS™" was induced in HEK293 cells using 1 ug mi~" doxycycline for 24 h. MIA40%'% is stabilized by MTS*™. N =2 biological replicates.
Black arrowhead, endogenous MIA40; blue arrowhead, signal of MIA402'%. b Like a, except that concomitantly to expression (16 h doxycyclin), cells
were incubated with 1 pM of the proteasome inhibitor MG132. Then, cells were lysed and analyzed by immunoblotting. MIA40%'% cannot be further
stabilized by MG132 if it is targeted to mitochondria with the MTS®™. Quantification using Image lab. Data from 4 experiments were combined and
standard deviations are presented. Black arrowhead, endogenous MIA40; blue arrowhead, signal of MIA402'%, ¢ Steady-state levels of COX19 variants
extended by the C-terminal stretch of MIA40. Stable HEK293 cells were generated that either expressed COX19"™-HA or a COX19 lacking its four
cysteines (COX1 9*CS_HA), or fusion proteins of these variants that were extended by either the last 35 amino acids of MIA40 (C-MIA) or the stretch of
amino acids in which charged residues were mutated to neutral residues (C-neutral). Expression of COX19 variants was induced using 1 ug mi™'
doxycycline for 24 h. Then, cells were lysed and analyzed by immunoblotting. Elongation of COX19 variants increased steady-state levels. The fusion to
the endogenous C-terminal stretch of MIA40 thereby had the strongest stabilizing effect. Quantification using Image lab. Data from 5 experiments
were combined and standard deviations are presented. Light red arrowhead, COX19"; dark red arrowhead, COX19*“*. d Model. Compared to other
disulfide relay substrates, MIA40 follows an AIFM1- and disulfide-relay dependent import pathway. As a consequence, import and oxidation of MIA40 is
a comparatively slow process. Thus, the MIA40 precursor needs to be stabilized in the cytosol. The negatively charged C-terminus of MIA40 contributes

to this cytosolic stabilization but also appears to delay MIA40 import

J

conserved import functions for the MIA40 precursor:
the N-terminal regions interact with the import receptor
AIFM1, and the C-terminal region stabilizes the MIA40
precursor during its long dwelling time in the cytosol.
Our study also provides insights into the molecular de-
terminants that allow differential precursor recognition
during cytosolic surveillance.

Conclusion

This study provides a detailed characterization of the
function of the negatively charged C-terminal region of
the IMS oxidoreductase MIA40 and thereby allows in-
sights into the molecular determinants of selective pre-
cursor stabilization. We demonstrate that this region is
dispensable for MIA40 function in vitro and in intact
cells; it takes however a crucial role in stabilizing the
MIA40 precursor during its transit from cytosolic ribo-
somes to mitochondria. This stabilization becomes ne-
cessary because of the slow import of MIA40 by its
dedicated import receptor AIFM1 that results in an ex-
tended residence time of the MIA40 precursor in the
cytosol. This stabilization might thereby also allow a
regulation of MIA40 import by metabolic fluctuations.
AIFM1 is only active in MIA40 import when it binds
NADH. Upon loss of NADH from AIFM1, MIA40 im-
port stops. The presence of a stable cytosolic pool of
MIA40 precursor would allow rapid resuming of MIA40
import once NADH becomes available again for AIFM1.

Material and methods

Plasmids and cell lines

For plasmids and cell lines used in this study, see Add-
itional file 5: Tables S1-S3. All cell lines were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) complete
containing 4.5gl™" glucose, 10% fetal bovine serum
(FCS), and 500 ugml™" penicillin/streptomycin at 37 °C
under 5% CO,. For the generation of stable, doxycycline
(DOX)-inducible cell lines, the HEK293 cell line-based

Flp-In™ T-REx™-293 cell line was used with the Flp-In™
T-REx™ system (Invitrogen). Positive clones were se-
lected with DMEM complete containing 100 g ml ™
hygromycin and 10 ugml™" blasticidin. The expression
of stable cell lines was induced for at least 16 h with 1
mg ml™" doxycycline. For the stable complementation of
the HEK293T MIA40 CRISPR cell line #2 [15], the dif-
ferent MIA40 constructs were inserted into the cumate-
inducible PB-CuO-MCS-IRES-GFP-EF1-CymR-Puro
vector (System Biosciences). Positive clones were se-
lected with DMEM complete containing 2 ug ml™" puro-
mycin and expression of the cell line was induced with
30mg ml™ cumate for 5-7 days.

Western blot analysis and antibodies

For analyzing steady-state protein levels, cells were
washed once with ice-cold PBS, harvested in Laemmli
buffer (2% SDS, 60 mM Tris-HCl pH 6.8, 10% glycerol,
0.0025% bromophenol blue) containing 50 mM dithio-
threitol (DTT), and lysed by boiling for 5min at 96 °C
and sonification (60% amplitude, 5 cycles). Protein sam-
ples were analyzed by SDS-PAGE and immunoblotting.
The addition of 2,2,2-trichloroethanol (TCE) into the
SDS-PAGE gel allowed for visualization of migrated
proteins and as a loading control. For antibodies used in
this study, see Additional file 5: Table S1.

Cell treatments with MG132/emetine

To inhibit the proteasome, cells were treated with
MG132 (Sigma-Aldrich) or with DMSO as control. For
western blot analysis, cells were treated for 16 h with
DMEM complete containing 1 pM MG132 and doxycy-
clin. In pulse or pulse-chase experiments, cells were
treated with 5 uM MG132, which was added to all media
except for the chase medium. For the inhibition of the
cytosolic ribosome, cells were treated for 0, 2, 4, or 8h
with 100 ug ml™" emetine (Sigma-Aldrich).
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In vitro protein expression and purification

Experiments were performed as described in [36]. For
recombinant protein expression, MIA40 variants were
cloned into the pGEX-6p-1 (GE Healthcare) expression
vector containing N-terminal cleavable GST tag. The
proteins were heterologously expressed in E. coli Ro-
setta2™ (DE3) cells and lysed by French pressure in lysis
buffer (20 mM Tris-HCI pH 7.4, 200 mM NaCl, 0.2 mM
PMSE). After clearing centrifugation, GST-fused MIA40
proteins were purified using GSTrap 4B columns (GE
Healthcare). The GST-tag was cleaved off using previ-
ously immobilized recombinant PreScission protease.
Further purification and removal of the GST was
achieved via size exclusion chromatography using a
Superdex 16/600 75 pg High Load column (GE Health-
care). The proteins were stored in 20 mM TRIS pH 7.2
and 100 mM NacCl at 4 °C.

Circular dichroism (CD) spectrometry
Prior to the record of the CD spectra, purified MIA40
variants were dialyzed to 100 mM KPi pH 7.2 buffer. For
estimation of the change in the extent of secondary
structure upon unfolding, a series of 13 spectra (each an
accumulation of 5 individual spectra with a data pitch of
1nm) was recorded in a range of temperature between
40 and 100 °C at 5 °C increments.

The ellipticity 6, was normalized to the protein
concentration (c), the number of residues (nr), the
cuvette diameter (/), and the molecular weight (M).

M

emrzgd.C'l'nr

The resulting molar ellipticity 6,,,, was plotted over the
wavelength A. For temperature stability determination,
spectra were recorded between 40 and 95°C. For T,
determination, spectra at 206 and 225 nm were assessed.

In vitro direct redox state assay

To analyze the direct redox state, recombinantly
expressed MIA40 proteins were reduced with 2 mM
tris(2-carboxyethyl)phosphine (TCEP) for 15 min at ei-
ther 4 or 96 °C. Water instead of TCEP was added to the
steady-state and unmodified samples. Free thiols were
modified with the maleimide compound mmPEG,, at a
final concentration of 2mM for 1 h at RT. The unmodi-
fied controls were incubated with water. Samples were
analyzed by SDS-PAGE and Coomassie staining.

In vitro oxidation kinetic with purified proteins

This assay was performed as described in [15]. The radi-
olabeled MIA40 substrates human COX19 and NDUFAS
were synthesized in vitro using the TNT Quick Coupled
Transcription/Translation System (Promega) under
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normoxic conditions. 1 mM DTT was added during the
synthesis to keep the proteins in a reduced state. Redox
state was verified by alkylation assays. The oxidation re-
action was started by adding a dilution of 1:40 of the
radioactive lysate to 5uM recombinant MIA40 protein
diluted in reaction buffer (20 mM TRIS pH 7.2, 200 mM
NaCl, 1 mM EDTA). After indicated times, the reaction
was stopped by adding 10% trichloroacetic acid (TCA).
After TCA precipitation, the pellets were resolved in
Laemmli buffer containing 5mM mmPEG,, and incu-
bated for 1h at RT. Samples were analyzed by SDS-
PAGE and autoradiography.

In organello import assay

For the isolation of crude mitochondria, HEK293 cells
were washed in PBS and resuspended in homogenization
buffer (220 mM mannitol, 70 mM sucrose, 5 mM HEPES/
KOH pH 7.4, 1 mM EGTA) prior to homogenization with
a rotating Teflon potter (Potter S, Braun). The homogen-
ate was cleared of debris and nuclei by centrifugation at
600g for 5 min at 4 °C. The supernatant was centrifuged at
8000g for 10 min at 4 °C to obtain mitochondrial fractions.
Mitochondria were washed in homogenization buffer and
100 ug was taken per import reaction. Radiolabeled pre-
cursor proteins were synthesized for 1 h at 30 °C using the
SP6 promoter TNT Quick Coupled Transcription/Trans-
lation System (Promega) containing 20 uCi [**S]-methio-
nine. Import assays were performed as described
previously [31]. Briefly, protein import was initiated by in-
cubating precursor protein with crude mitochondria at
30°C in the presence or absence of CCCP (1 mM). Import
was stopped after 10, 30, or 60 min by placing mitochon-
dria on ice. All samples were treated with proteinase K
(20 ug ml™") for 20 min to degrade non-imported precur-
sor protein. Mitochondria were then washed in
homogenization buffer containing PMSF (1 mM) and re-
suspended in Laemmli buffer for analysis by SDS-PAGE
and autoradiography.

Immunoprecipitation

For native immunoprecipitation, cells were once washed
and then incubated for 10 min at 4 °C in ice-cold PBS con-
taining 20 mM NEM (N-Ethylmaleimide). After sedimen-
tation (5 min, 500xg, 4 °C), cells were resuspended in 3 ml
native lysis buffer (100 mM NaPi pH8.1, 1% Triton X-
100) per 10 cm plate and incubated for 1 h on ice for effi-
cient native lysis. From here on, the immunoprecipitation
was performed the same for the following experiments:
native immunoprecipitation, pulse assay, and oxidative
protein folding assay and organelle fractionation assay.
Cell debris was sedimented (1h, 20,000xg, 4°C) and the
supernatant was subjected to immunoprecipitation with
equilibrated monoclonal anti-HA agarose conjugate beads
(HA beads; Sigma-Aldrich) at 4 °C overnight under gentle
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shaking. The samples were washed five times in wash buf-
fer A containing Triton X-100 (100 mM NaPi pH 8.1, 1%
Triton X-100, 250 mM NaCl) and once in wash buffer B
without Triton X-100 (100 mM NaPi pH8.1, 250 mM
NaCl). Immunoprecipitated proteins were eluated from
dried HA beads by adding Laemmli buffer and subsequent
boiling for 7 min at 96 °C. Samples were analyzed by SDS-
PAGE or Tris-Tricine-PAGE.

In cellulo pulse assay

Cells were starved in cysteine- and methionine-free
medium (Sigma-Aldrich) for 15 min at 37 °C. Newly syn-
thesized proteins were pulse-labeled for 5, 10, 20, and
40min at 37°C in cysteine- and methionine-free
medium containing 100 uCi ml™' EasyTag EXPRESS 35S
Protein Labeling Mix (PerkinElmer). To inhibit the pro-
teasome, the starvating and pulse medium was supple-
mented with 5uM MG132 (Sigma-Aldrich) or with
DMSO as control. Pulse labeling was stopped by remov-
ing the medium and adding ice-cold PBS. After sedi-
mentation (5min, 500xg, 4°C), the cells were
resuspended in 250 pl denaturing lysis buffer A (30 mM
Tris pH 8.1, 100 mM NaCl, 5 mM EDTA, 2% SDS) and
incubated for 15min at 96°C. 750 pl denaturing lysis
buffer B (30 mM Tris pH8.1, 100mM NaCl, 5mM
EDTA, 2.5% Triton X-100) was added and the samples
were incubated for 1h on ice. From here on, the immu-
noprecipitation was performed as described above. Sam-
ples were analyzed by SDS-PAGE and autoradiography.

In cellulo oxidation kinetics assay

The assay to follow the oxidative protein folding of pro-
teins in HEK293 cells was performed as described in
[14]. Cells were starved in cysteine- and methionine-free
medium (Sigma-Aldrich) for 15 min at 37 °C. Newly syn-
thesized proteins were pulse-labeled for 5min at 37°C
in cysteine- and methionine-free medium containing
200 uCiml™ EasyTag EXPRESS 35S Protein Labeling
Mix (PerkinElmer). To inhibit the proteasome, the star-
vating and pulse medium was supplemented with 5 uM
MG132 (Sigma-Aldrich) or with DMSO as control. Pulse
labeling was stopped by removing the medium and add-
ing chase medium containing 20 mM methionine. The
chase was performed for 0, 10, 20, 40, and 90 min at
37 °C and stopped by adding ice-cold 8% trichloroacetic
acid (TCA). After TCA precipitation, the samples were
resolved in modification buffer (0.2M Tris pH7.5, 6 M
urea, 10mM EDTA, 2% SDS) and the proteins were
modified with a final concentration of 15 mM mmPEG;,
for 1h at RT. Reduced control samples were treated
with 2mM Tris (2-carboxyethyl)phosphine (TCEP) for
5min at 96 °C previous to modification. Oxidized con-
trol samples were resolved in modification buffer with-
out mmPEG;, After modification, 250 pul denaturing
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lysis buffer A was added and the samples were incubated
or 15min at 96°C. Afterward, 750 ul denaturing lysis
buffer B was added and the samples were incubated for
1h on ice. From here on, the immunoprecipitation was
performed as described above. Samples were analyzed by
Tris-Tricine-PAGE and autoradiography.

In cellulo translocation assay

To follow the posttranslational import of newly synthe-
sized proteins into mitochondria of HEK293 cells, this
assay was performed as the oxidative protein folding
assay with the following modifications and as described
previously [14]. After the case, cells were fractionated
for 30 min at 4°C in ice-cold fractionation buffer (20
mM  4-(2-hydroxyethyl)-1-pipera- zineethanesulfonic
acid [HEPES] pH7.4, 250 mM sucrose, 50 mM KCl,
2.5mM MgCl, 1mM DTT, 0.003% digitonin). By cen-
trifugation at 10,000xg, 4°C, the samples were frac-
tionated into a cytosolic and mitochondrial fraction.
The latter was digested for 20 min at 4°C with ice-
cold trypsin buffer (20 mM HEPES, pH 7.4, 250 mM
sucrose, 50mM KCl, 25mM MgCl, 1mM DTT,
25 ugml™! trypsin). TCA with a final concentration of
8% was added to all samples. After TCA precipitation
and immunoprecipitation, the samples were analyzed
by SDS-PAGE and autoradiography.

In cellulo inverse redox state assay

The inverse redox state assay was performed as de-
scribed previously [37]. In short, to block reduced thiols,
cells were once washed and then incubated for 10 min at
4°C in ice-cold PBS containing 15 mM NEM (N-Ethyl-
maleimide). Oxidized controls were pretreated for 10
min at 37°C in warm PBS containing 10 mM diamide
prior to the NEM blockage reaction. Unmodified, min.
and max. controls were washed and incubated for 10
min at 4°C in ice-cold PBS without NEM. Thiol-
exchange reactions were stopped by the addition of 8%
ice-cold TCA. After TCA precipitation, the samples
were resolved in Laemmli buffer containing 5 mM TCEP
by sonification and afterward incubated for 15min at
45 °C. After TCEP reduction, the samples were modified
with mmPEG,, (15uM final concentration) for 1h at
room temperature. Min. shift samples were modified
with NEM instead. For unmodified samples, the same
amount of water was added. Samples were analyzed by
Tris-Tricine-PAGE and immunoblotting.

Immunofluorescence

Immunofluorescence experiments were performed as de-
scribed in [36]. In short, HEK293 Flp-In T-REx cells ex-
pressing HA-tagged MIA40 variants were cultured on
poly-L-lysine-coated coverslips. Cells were stained with
Mitotracker red (Thermo Fisher) for 1h. After cell
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fixation with 4% paraformaldehyde for 15 min, cells were
permeabilized with blocking buffer (10 mM HEPES pH
74, 3% BSA, 0.3% Triton X-100) for 1h. Cells were
washed and incubated with primary (anti-HA, 3F10,
Roche) and secondary antibodies (anti-rat, AlexaFluor
488) for 16h at 4°C and 1h at RT, respectively. After
washing in PBS, nuclei were stained with 1 pg ml™" DAPI
for 15min. Coverslips were mounted onto microscope
slides using mounting medium (30% glycerol, 12% polyvi-
nyl alcohol, 60 mM TRIS, 2.5% 1,4-diazabicyclo-2,2,2-
octan) and dried overnight in the darkness. Cells and
pictures were analyzed by confocal fluorescence
microscopy (Leica Microsystems TCS SP8; Inverse,
DMi 8 CS; PL Apo 63x/1.40 Oil CS2, LAS X) and
Fiji, respectively [38].

Digitonin fractionation

For analyzing the subcellular localization, doxycyclin-
induced (16h) cells were trypsinized and washed in
200 pl ice-cold fractionation buffer (20 mM HEPES pH
7.4, 250 mM Sucrose, 50 mM KCl, 2.5 mM MgCl, 1 mM
DTT). The cells were then resuspended in 800 pl frac-
tionation buffer containing either 0, 0.003, 0.005, 0.01,
0.03, 0.05, 0.1, or 0.3% digitonin (PanReac AppliChem).
25 U Benzonase® Nuclease (Sigma-Aldrich) was added
for DNA degradation. The samples were incubated for
30min on ice while being inverted every 5min. The
supernatant and the pellet fraction was then separated
by centrifugation at 9000g for 10 min at 4 °C. Proteins of
the supernatant were precipitated in ice-cold TCA. The
pellet was resuspended in 800 pl fractionation buffer
containing 25 pgml™" trypsin and the samples were in-
cubated for 30 min on ice while being inverted every 5
min. The proteins of the pellet fraction were then pre-
cipitated in ice-cold TCA. After TCA precipitation, the
samples were resolved in modification buffer (0.2 M Tris
pH7.5, 6 M urea, 10 mM EDTA, 2% SDS). The samples
were sonicated until the pellets were entirely dissolved,
supplemented with Laemmli buffer for analysis by SDS-
PAGE and immunoblotting.

Viability assay

For analyzing the cell viability, cells were adapted and cul-
tured in galactose-containing medium (DMEM supple-
mented with 4.5 g1™" galactose, 2 mM L-glutamine, 1 mM
sodium pyruvate, 1x nonessential amino acids, 50 mg1™"
uridine, 10% FCS and 500 pg ml™* penicillin/streptomycin)
at 37 °C under 5% CO2. Twenty-four hours after the cell
seeding (day 0), the viability of the cells was determined
by treating the cells for 1 h at 37 °C with the PrestoBlue™
Cell Viability Reagent (Invitrogen by Thermo Fisher). The
fluorescence was measured at excitation and emission
wavelengths of 560 and 590 nm, respectively. After the
measurement, the cells were cultured in galactose-
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containing medium containing 30 mg ml™" cumate. Con-
trol cells were treated without cumate. After 1, 3, 5, and 7
days the viability of the cells was measured again. Fluores-
cence values of cells treated with cumate were divided by
fluorescence values of cells treated without cumate.

Conservation analysis and sequence logo

The primary sequence alignment of the MIA40 C-
terminus (isoform 1, CHCHD4.1) was performed by
using the plastp protein-protein BLAST algorithm
(NCBI) and full-length protein sequences provided by
NCBI. The alignment and sequence logo were generated
by Jalview [39] with the help of the algorithm of Clusta-
1IOWS [40]. Sequences from 86 species were aligned for
Fig. 1a. The conservation is depicted as a sequence logo
where the relative size of the respective letters indicates
the frequency in the sequences. The percentage of nega-
tively charged amino acids was calculated and the pres-
ence of patches of at least four negatively charged aa in
a row was analyzed for the C-termini. Protein sequences
of 36 MIA40 substrates were analyzed manually for the
occurrence of negatively charged amino acids.

Three-dimensional structure and secondary structure
prediction

The three-dimensional NMR structure of the core of
MIA40 [2K3]] [21] was illustrated by using the protein
data bank RCSB PDB. The secondary structure of the N-
and C-terminus of MIA40 was predicted with JPred4
[41]. Arrows represent beta-sheets and boxes stand for
alpha-helices.

Quantification and statistical analysis

Immunoblot signals and intensities of autoradiograms
were quantified using Image Lab Software (Bio-Rad La-
boratories GmbH) and ImageQuant TL (GE Healthcare),
respectively. Error bars in figures represent standard de-
viation and the n-number of experiments is noted in
each figure legend.
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