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Yeast is a facultative anaerobe and uses diverse electron
acceptors to maintain redox-regulated import of cysteine-rich
precursors via the mitochondrial intermembrane space as-
sembly (MIA) pathway. With the growing diversity of sub-
strates utilizing the MIA pathway, understanding the capacity
of the intermembrane space (IMS) to handle different types of
stress is crucial. We used MS to identify additional proteins
that interacted with the sulthydryl oxidase Ervl of the MIA
pathway. Altered inheritance of mitochondria 32 (Aim32), a
thioredoxin-like [2Fe-2S] ferredoxin protein, was identified as
an Ervl-binding protein. Detailed localization studies showed
that Aim32 resided in both the mitochondrial matrix and IMS.
Aim32 interacted with additional proteins including redox
protein Osm1 and protein import components Tim17, Tim23,
and Tim22. Deletion of Aim32 or mutation of conserved
cysteine residues that coordinate the Fe-S center in Aim32
resulted in an increased accumulation of proteins with aberrant
disulfide linkages. In addition, the steady-state level of assem-
bled TIM22, TIM23, and Oxal protein import complexes was
decreased. Aim32 also bound to several mitochondrial proteins
under nonreducing conditions, suggesting a function in
maintaining the redox status of proteins by potentially target-
ing cysteine residues that may be sensitive to oxidation. Finally,
Aim32 was essential for growth in conditions of stress such as
elevated temperature and hydroxyurea, and under anaerobic
conditions. These studies suggest that the Fe-S protein Aim32
has a potential role in general redox homeostasis in the matrix
and IMS. Thus, Aim32 may be poised as a sensor or regulator
in quality control for a broad range of mitochondrial proteins.

Mitochondrial biogenesis depends on coordinated trans-
location machineries to correctly target and fold imported
cytosolic proteins. In the intermembrane space (IMS), a
subset of proteins acquires disulfide bonds in an oxidative
folding pathway (1-4). The mitochondrial intermembrane
space assembly (MIA) pathway consists of the oxidoreduc-
tase Mia40s and sulfhydryl oxidase Ervl that coordinate the
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ixnsertion of disulfide bonds into substrate proteins (3-7).
Substrates typically have a CX3C (i.e., the small Tim pro-
teins) or CX9C motif (i.e., proteins such as Cox19 that may
have a role in complex IV assembly and cross the membrane
in a reduced and unfolded state). Mia40 serves as an import
receptor and mediates disulfide bond insertion (8, 9). Ervl
then reoxidizes Mia40 (9), and the electrons are passed to a
variety of terminal electron acceptors including O, and cy-
tochrome (cyt) ¢ (10, 11). In yeast, the MIA pathway func-
tions under anaerobic conditions with the fumarate/Osml
couple (12). However, Saccharomyces cerevisiae seems to
have additional terminal electron acceptors because strains
deleted for OSM1 and CYCI were still viable under anaer-
obic conditions (12).

In contrast to the endoplasmic reticulum (ER), the MIA
pathway lacks a bona fide disulfide isomerase. With model
substrate Cox19, Mia40 is necessary and sufficient to intro-
duce both disulfide bonds in a coordinated process (13).
However, Mia40 is a peculiar oxidoreductase in that it has no
isomerase activity (14). Within the IMS, glutathione may have
proofreading capacity, preventing the formation of nonpro-
ductive intermediates (15); however, these studies were done
in vitro and may not reflect the scenario in vivo (9, 16). Because
yeast is a facultative anaerobe, it may use different electron
acceptors, such as thioredoxins, glutaredoxins, and iron—sulfur
(Fe/S) cluster proteins, to sustain oxidative folding across
diverse environmental conditions.

Redox control within the mitochondrion is essential for the
proper functioning of the organelle. The thiol-disulfide balance
in the matrix and IMS is quite different; the mitochondrial
matrix is considerably more reducing than the mitochondrial
IMS (17). Redox homeostasis in the matrix and IMS is main-
tained independently (18, 19). In the matrix, glutathione
reductase and mitochondrial thioredoxin reductase are key
regulators (20). Sod2 is a matrix antioxidant that prevents
oxidative damage to proteins by neutralizing reactive oxygen
species (ROS) (21). Any changes in the redox state in one
compartment may affect the other as has been shown for the
ER where inhibiting protein folding has a major effect on
overall cellular redox due to the operation of the refolding
pathway (22).
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Aim32 is a quality control protein of mitochondria

Altered inheritance of mitochondria 32 (Aim32) was first
reported in a study that assessed the mode of action of the
antimalarial drug (primaquine [PQ]) and demonstrated to
counteract PQ-induced oxidative stress in the absence of SOD2
(23). More recently, it was shown by Stegmaier et al. that
Aim32 is a soluble mitochondrial matrix protein, and a pro-
totype of the widely distributed class of Fe/S proteins bearing a
thioredoxin-like ferredoxin (TLF) domain with a bis-histidinyl
coordinated [2Fe-2S] cluster (24). They further postulated a
general role for Aim32 in the degradation of allelochemicals,
such as flavonoids and phenolic compounds. However, a spe-
cific mitochondrial function for Aim32 was not assigned.

The thioredoxin fold of Aim32 is commonly found in oxi-
doreductases and chaperones (25). Proteins with a TLF
domain may function as a thiol-based molecular switch by
modulating disulfide bond formation in target proteins
(26-28). Depending on the structure around the redox-active
cysteine pair, the redox potential of thioredoxins can differ
considerably. Moreover, mutagenesis of cysteine residues
within the characteristic CXXC motif of thioredoxin proteins
considerably changes the redox potential, modulating the
properties of such proteins freely between reducing and
oxidizing activities (29-31). Thus, Fe-S proteins are unique in
that they have the potential of playing multiple roles in redox
sensing and electron transfer within a particular system, and
versatile in their adaptability to the redox status of the cell.
Despite this, the exact biological function(s) of Aim32, and
thioredoxin-like [2Fe-2S] ferredoxins in general, is not well
understood.

In this study, we characterize the biological function of the
TLF protein, Aim32, within the mitochondria. Using several
complementary approaches, we first demonstrate that Aim32
is dually localized to the matrix and IMS of the mitochondria
where it is essential for anaerobiosis. Aim32 has several
binding partners within the IMS, inner membrane (IM), and
the matrix. In the IMS, interactions with Ervl and Osm1 may
support a role in import, whereas additional interactions with
translocon proteins including the TIM22 and TIM23 com-
plexes suggest a role in protein stabilization or assembly of
protein import complexes. Herein, we show that Aim32 may
have a quality control function to maintain the assembly of
protein complexes in which components may have thiols that
are sensitive to damage.

Results
Aim32, Osm1, and Erv1 form a functional complex

Yeast must have other terminal electron acceptors in addi-
tion to cytochrome c (cyt c¢) and the Osml/fumarate couple
because Acyc3Aosml cells were viable under anaerobic con-
ditions (12). Because Ervl assembles in several distinct com-
plexes, we sought to identify additional partner proteins of
Ervl. The HISPC tag (termed CNAP for consecutive non-
denaturing affinity purification) (32) was integrated in frame at
the C terminus of Ervl in plasmids that expressed ERV1 or the
ervi-12 allele from the endogenous promoter. The tagged
proteins were designated as Ervl-HISPC and ervi-12-HISPC
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(Table S1). The plasmids were introduced into a strain deleted
for ERV1 by plasmid shuffling (10). Addition of the tag did not
alter growth properties or Ervl localization, supporting that
Ervl function was not impaired (data not shown). Preparative
scale pull-downs were performed with the aforementioned
strains and the final concentrated eluates were resolved by 10
to 15% SDS-PAGE. Compared with the negative control
(WT + empty vector [Vec]), the proteins (highlighted by ar-
rows) copurified strongly with ervI-12-HISPC extracts
(Fig. S1). The bands were excised from the gel and digested
with trypsin, and the proteins were identified by MS. Specif-
ically, a new partner protein, Aim32, was enriched in the
mitochondrial lysates from the ervi-12-HISPC yeast strain
compared with the control, untagged WT strain (Fig. S1, and
Table S2).

We confirmed the interaction between Ervl and Aim32
using a strain in which Ervl was tagged with a C-terminal
histidine tag (Ervl-His) (10). Similar to cyt ¢ and Mia40, a
fraction (~10%) of Aim32 copurified with Ervl; as a control,
the tested proteins were not detected in the untagged WT
strain (Fig. 1A). Because we have identified Osml as a new
partner protein of Ervl (12), we performed a similar analysis to
determine if Aim32 copurified with a C-terminal His-tagged
Osml (Fig. 1B). We utilized the Osml-His strain (12) and
found that a fraction (~5%) of Aim32 copurified with Osm1.
Using two-dimensional (2D) gel analysis (Blue Native PAGE
[BN-PAGE] followed by reducing SDS-PAGE), Aim32 was
present in several complexes ranging between 70 and 230 kDa
and comigrated with complexes that contained Ervl
(~100-200 kDa) and Osm1 (~100-200 kDa) (Fig. 1C). In sum,
we demonstrate that a subset of Aim32 interacts with Ervl and
Osml in the IMS and migrates in similar-sized complexes.

Aim32 is dual-localized to the IMS and matrix of the
mitochondria

To confirm a function in mitochondria, we localized Aim32
(Fig. 2A). Lysates from spheroplasts were subjected to differ-
ential centrifugation, and fractions from the 13K pellet
(mitochondria) and the 40K supernatant (cytosol) and 40K
pellet (microsomes) were separated by SDS-PAGE. Immuno-
blotting with appropriate markers, Ervl and Ccpl for mito-
chondria, hexokinase for cytosol, and protein disulfide
isomerase and Sec62 for the ER, verified integrity of the frac-
tionation. Aim32 purified with the mitochondrial fraction.

The submitochondrial localization of Aim32 was determined
using osmotic shock in the presence of proteinase K (Fig. 2B).
Outer member marker Tom70 was degraded immediately,
whereas matrix marker Tim44 was inaccessible to protease,
even in low sorbitol concentration. IMS markers cyt b, and Ervl
were degraded as the sorbitol concentration decreased. Aim32
showed a similar degradation pattern to the IMS markers. As a
control, the addition of detergent resulted in degradation of all
proteins. Of note, a small fraction of Aim32 remained protease
resistant at 0 to 0.1 M sorbitol; this may indicate that osmotic
shock did not lyse the mitochondrial outer member or a frac-
tion of Aim32 may be localized to the matrix.

SASBMB
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Figure 1. Aim32 binds to Osm1 and Erv1. A, mitochondria from WT (left panel) or a strain expressing a C-terminal histidine-tagged Erv1 (Erv1-His) (right
panel) were solubilized in 1% digitonin. As a control, 25 g of the total extract (T) was withdrawn, and 500-ug lysate was incubated with Ni**-agarose beads.
The beads were washed, and bound protein (B) was eluted. 25 pg of the flow-through fraction (S) was also included. Samples were resolved by SDS-PAGE
and analyzed by immunoblotting with specific antibodies against Aim32, Mia40, Ccp1, Erv1, and cyt c. B, as in panel A, except that mitochondria from a
strain expressing a C-terminal histidine-tagged Osm1 (Osm1-His) was used. C, WT mitochondria were solubilized as in panel A and then separated in the
first dimension on a 6 to 16% BN-PAGE gel, followed by reducing SDS-PAGE gel in the second dimension. Aim32, Osm1, and Erv1 were detected by
immunoblotting. Aim32, altered inheritance of mitochondria 32; BN-PAGE, Blue Native PAGE; cyt c, cytochrome c.

We used an alternative strategy with in vitro import of
radiolabeled Aim32 followed by osmotic shock to confirm
mitochondrial localization (Fig. 2C). Imported Mia40 and
Aim32 were cleaved by proteinase K, but matrix-localized Su9-
DHER was protected from protease. The addition of detergent
also resulted in degradation of Aim32 and Mia40; DHFR was
not efficiently degraded because it was tightly folded (12). The
imported form of Aim32 was slightly smaller than the trans-
lated standard, which suggests that the N-terminal targeting
sequence may be cleaved (Fig. 2C). To confirm this, using
recombinant matrix processing peptidase (MPP) or the pre-
sequencing processing peptidase (Cym1l), cleavage of radio-
labeled Aim32 was tested (33). Based on a putative cleavage
site at the 13th amino acid (predicted using MitoFates (34)),
MPP likely cleaved Aim32 at the N terminus (Fig. 2D),
resulting in a ~1-kDa shift. In contrast, MPP that was inac-
tivated by the addition of EDTA and o-phenanthroline (35) as
well as Cyml failed to cleave Aim32. MPP activity was
confirmed by cleavage of the Su9-targeting sequence in Su9-
DHEFR (Fig. S2A). Thus, during mitochondrial protein
import, the N terminus of Aim32 enters the matrix for pro-
cessing by MPP.

Because previous studies localized Aim32 to the matrix
(24, 36), which contrasts with our sorbitol gradient assays and
IMS-based interactions with Ervl and Osm1, we utilized the
tobacco etch virus (TEV) protease cleavage assay to determine
the mitochondrial localization of Aim32 in vivo (37, 38). The
TEV protease, under control of an inducible promoter, was

SASBMB

targeted to the IMS (CYB2-TEV) or the matrix (Su9-TEV). A
construct that contains Aim32 with a 3X-FLAG tag, TEV
cleavage site, and HA tag (Aim32 FLAG-TEV-HA) was
cotransformed, and processing of Aim32 was examined
(Fig. 2E). When the TEV protease was induced in both the
IMS and matrix locations, the HA tag from Aim32 was
cleaved and an antibody against Aim32 confirmed the pres-
ence of this Aim32 form, which corresponds to removal of the
~5-kDa HA tag. Although the processing of Aim32 FLAG-
TEV-HA was not complete, additional control experiments
indicated that this cleavage was specific to CYB2-TEV and
Su9-TEV. In particular, a similarly tagged construct express-
ing Nucl that localizes exclusively to the IMS (39) was
processed only when the IMS localized TEV protease (CYB2-
TEV) was induced (Fig. S2B). Such incomplete processing by
the TEV proteases has been reported by Kondo-Okamoto
et al. (37) for Mmmlp. In another set of control experi-
ments, the processing of the construct expressing Sod2 with a
3X-FLAG tag, TEV cleavage site, and HA tag (Sod2 FLAG-
TEV-HA) that is matrix-localized (data not shown) was
examined. Sod2 FLAG-TEV-HA was processed successfully
by the coexpression of the matrix-localized TEV protease
(Su9-TEV) but not the IMS-localized CYB2-TEV protease
(Fig. S2C). A minor species of cleaved Sod2 FLAG-TEV-HA
was visible in all conditions. However, coexpression of the
Su9-TEV resulted in the bulk of the protein being cleaved,
reflected by the size shift that corresponds to the removal of
the ~5-kDa HA tag (Fig. S2C).
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Figure 2. Aim32 is a soluble protein of the mitochondrial IMS and matrix, and the import is facilitated by the TIM23 translocon. A, the WT strain was
grown in YPEG at 30 °C and converted to spheroplasts. The total homogenate (T) was fractionated into mitochondria (P13), microsomes (P40), and
cytoplasm (S40). An equal amount of each fraction was separated by SDS-PAGE and analyzed by immunoblot using the indicated antibodies. Markers
include hexokinase (cytosol), Sec62 and PDI (ER), and Ccp1 and Erv1 (mitochondria). B, mitochondria were incubated in 20 mM Hepes-KOH, pH 7.4, 100 pg/
ml proteinase K, and the indicated sorbitol concentrations at 4 °C for 30 min, followed by addition of 1 mM PMSF. After centrifugation, the pellet was
analyzed by SDS-PAGE and immunoblotted with antibodies against the indicated proteins. C, import of radiolabeled Aim32 into WT mitochondria was
followed by osmotic shock (final concentration 20 mM Hepes-KOH, pH 7.4, 100 pug/ml proteinase K [PK] and 0.06 M sorbitol, termed Mitoplast) as described
in panel B. Su9-DHFR (matrix-targeted) and Mia40 (IMS-targeted) were used as controls. D, mitochondrial processing peptidase (MPP) cleavage assay was
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Aim32 association with the membrane was tested using
carbonate extraction over the pH range 10.5 to 12.5 (Fig. 2F)
(40). In control reactions, integral membrane protein Tim23
remained in the pellet until pH 12, whereas soluble cyt ¢ was
present in the supernatant over the entire pH range. Mia40,
which is anchored by a single transmembrane domain, showed
an intermediate pattern switching from the pellet to the su-
pernatant at pH 12. Aim32 remained in the supernatant over
the entire pH range, indicating that Aim32 is a soluble protein.
In sum, Aim32 is a soluble protein that localizes to the
mitochondrial IMS and matrix.

Additional characterization of the Aim32 import pathway
revealed that Aim32 import required a membrane potential
(Ay) for translocation, and this import was reduced by 80% in
the tim23-2 mutant mitochondria ((41) and Fig. 2G). Aim32
import in the presence of the Ervl-specific inhibitor
MitoBloCK-6 (42) was also reduced by 55% (Fig. 2H). Thus,
Aim32 translocation requires the TIM23 translocon for import
into the mitochondrial matrix, and the MIA pathway may be
required for partitioning Aim32 to the IMS or for modification
of redox properties.

Aim32 is structurally similar to TLF proteins

Multiple protein sequence alignment using PROMALS (43)
shows that the C-terminal portion of Aim32 sequence aligns
well with the sucrase/ferredoxin-like family proteins from
Arabidopsis thaliana (UniProt identifier, Q9FG75) and
Aspergillus fumigatus (UniProt identifier, Q4WDIS8). Second-
ary structure predictions revealed that the C-terminal region of
Aim32 (~100 amino acids) has an overall a-helix/p-strand
architecture, which is a variation of the classical thioredoxin
fold (Fig. S3A). Furthermore, the C-terminal TLF domain
contains a CXgC and HX3H motifs and a key tryptophan
residue that is conserved among other known ferredoxin
proteins (Fig. S3B). Our analyses are in agreement with studies
published by Stegmaier ez al. (24) that experimentally show
that Aim32 coordinates a [2Fe-2S] cluster. Thus, Aim32 is a
bona fide [2Fe-2S] protein, and the CXgCX,HX3H motif
within Aim32 most likely constitutes its active site.

Conserved residues within the CXgCX,,HX3H motif of Aim32 are
important for function

The requirement for Aim32 under different growth condi-
tions was tested with a strain deleted for AIM32 (Aaim32).

Aim32 s a quality control protein of mitochondria

AIM32 is not an essential gene but is required for growth on
rich or minimal glucose medium under anaerobic conditions
and on respiratory media at 37 °C (Fig. 3, A and B). When rich
glucose media was supplemented with ethidium bromide
(EtBr), which causes loss of mitochondrial DNA (referred to as
po; (44)), the Aaim32 strain and control Atim54 strain were not
viable (Fig. 34). Growth in the presence of hydroxyurea (HU)
and reductant N-acetylcysteine was also tested because deletion
of the AIM32 homolog, APD1, results in HU sensitivity (24, 45).
The Aaim32 strain was sensitive to HU, and the addition of N-
acetylcysteine did not restore growth (Fig. 3C). Furthermore,
the Aaim32 strain displayed increased growth sensitivity in the
presence of an uncoupler (Fig. S4A). However, growth defects
observed under anaerobic conditions and in the presence of
HU were rescued by subsequent expression of plasmid-borne
AIM32 (Figure 3, B and C and Fig. S4D). No change in mito-
chondrial network morphology was observed between the
Aaim32 and parental WT strain (Fig. S4C). Thus, the Aaim32
strain has a petite-negative phenotype, and Aim32 is required
for respiration at elevated temperatures, and against HU-
induced stress. To address the importance of the conserved
residues in the CXgCX,HX3H motif as well as the conserved
tryptophan (Fig. S3B), strains that contained mutations in these
residues were constructed (termed pC213, 222S; pH249, 253A;
pWStop that terminates at lysine 279 and eliminates the
conserved tryptophan and additional 33 C-terminal amino
acids). Plasmids expressing WT and aim32 mutants were
transformed into Aaim32 cells; Aim32 expression was verified
by immunoblotting (Fig. S4E). The strains were tested for
growth in the presence of HU and on respiratory media (Fig.
3D); all mutants showed reduced growth on HU and respira-
tory media at 37 °C. As in Figure S44, the Aim32 mutants also
showed decreased growth in the presence of mitochondrial
uncoupler (Fig. S4B). Thus, the cysteine and histidine residues
that coordinate the [2Fe-2S] cluster (24) and the terminal
tryptophan residue are important for Aim32 function.

Aim32 is required for assembly of the import complexes

Because Aim32 interacts with Ervl, we performed import
studies with mitochondria from WT and Aaim32 cells. The Ay
of isolated mitochondria was measured using the fluorescent
dye 3, 3'-dipropylthiadicarbocyanine iodide [DiSC3 (5)] (46).
Mitochondria from the Aaim32 strain had a decreased Ay of
~20% (Fig. 4A). Aim32 seemed to depend on itself for

performed with the addition of 10 pg recombinant MPP to radiolabeled Aim32, and the samples were resolved on a 12% Tris-Tricine gel. As a negative
control, 10 ug recombinant presequence protease (Cym1) was added to radiolabeled Aim32. 5 mM EDTA and 2 mM o-phenanthroline were added to inhibit
activity of MPP. Samples were separated by SDS-PAGE and visualized using autoradiography. E, Aaim32 cells expressing Aim32-FLAG-TEV-HA were
transformed with plasmids expressing matrix-localized Su9-TEV protease or IMS-localized CYB2 [1-220]-TEV protease. Cells were grown in minimal media
supplemented with 2% galactose (IN) or 2% sucrose (UN) and harvested in the midlog phase. Whole-cell extracts were analyzed by immunoblotting against
proteins Aim32, Tim44, Hsp70, and HA. Arrows indicate uncut and cleaved Aim32 FLAG-TEV-HA proteins. F, WT mitochondria were analyzed by alkali
extraction using 0.1 M carbonate at the indicated pH. Equal amounts of the pellet (P) and TCA-precipitated supernatant (S) fractions from 50 pg mito-
chondria were resolved by SDS-PAGE and immunoblotted for the indicated mitochondrial markers. The asterisk indicates nonspecific band. G, radiolabeled
Aim32 was imported into WT and tim23-2 mutant mitochondria in the indicated time course. Nonimported precursor was removed by protease treatment,
and the imported Aim32 was analyzed by SDS-PAGE and autoradiography. “-¥” indicates import when the membrane potential was dissipated with 1 uM
valinomycin. A 10% standard (Std) from the translation reaction was included. Import reactions were quantitated using ImageJ software; 100% was set as
the amount of precursor that imported into WT mitochondria at the endpoint of the time course. A representative gel is shown (n = 3). H, as in panel G,
Aim32 was imported into WT mitochondria in the presence and absence of a AY and 25 pM of MitoBLoCK-6 (42) or a vehicle control [1% dimethyl sulfoxide
(DMSO)]. Aim32, altered inheritance of mitochondria 32; ER, endoplasmic reticulum; IMS, intermembrane space; IN, induced; m, mature; MIA, mitochondrial
intermembrane space assembly; OM, outer membrane; p, precursor; UN, uninduced.
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Figure 3. Conserved residues within the TLF domain of Aim32 are essential for mitochondrial respiration. A, growth analysis of Aaim32 and the
parental (WT) strains in aerobic (+0O,) and anaerobic (—O,) conditions on rich glucose (YPD) and ethanol/glycerol (YPEG) media was analyzed by serial 5-fold
dilution of liquid cultures grown to the midlog phase. Ethidium bromide (EtBr) treatment removed the mitochondrial DNA. The tim54-1 mutant (petite-
negative) was included as a control. Plates were incubated at 30 °C (B) WT, and Aaim32 strains were transformed with an empty plasmid (+Vec) or plasmid
expressing Aim32 protein (pAIM32). Serial dilutions as in panel A were spotted onto selective minimal glucose media lacking uracil (SC-URA) and growth
observed after 2 to 3 days at 30 °C. G, as in panel B, with the addition of 100 mM hydroxyurea (HU) or 150 mM N-acetyl-cysteine (NAC). Growth was
observed after 3 days at 30 °C. D, aim32 mutants were tested as in panel C for sensitivity to hydroxyurea or different carbon sources, on minimal ethanol/
glycerol (SEG) lacking uracil or rich ethanol/glycerol (YPEG) media at 30 °C and 37 °C. Photographs were taken after 2 to 3 days of incubation. Data shown
are representative of three independent experiments. Aim32, altered inheritance of mitochondria 32; TLF, thioredoxin-like ferredoxin.

translocation because import was compromised by 55% in
Aaim32 mitochondria (Fig. 4B). The import of MIA substrates
Tim9 and Tim10 was decreased by ~80%, whereas the import
of Cmcl was reduced by ~50% (Fig. 4C). However, a modest
reduction for a subset of TIM23 substrates (Tim50, Hsp60,
and Mia40) and TIM22 substrates (Tim22 and AAC) in import
was noted, whereas import of Su9-DHFR was not compro-
mised (Fig. 4, D and E). Finally, import of Osml into Aaim32
mitochondria was strongly decreased. Thus, mitochondria that
lack Aim32 are generally compromised in protein import,
particularly for proteins that use the MIA pathway. To com-
plement the import studies, the steady-state level of mito-
chondrial proteins was determined by immunoblot analysis
(Fig. 5A). Mitochondria were purified from the WT and
Aaim32 strains grown in rich glucose media at 30 °C to the
midlog phase. In agreement with reduced import of the MIA
substrates, the abundance of the small Tim proteins was
diminished in the Aaim32 strain. With the exception of Tim23
and Oxal, the steady state level of additional mitochondrial
proteins in the TIM23, TIM22, and MIA and respiratory
complexes was not markedly reduced. We followed with BN
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gel analysis to assess complex assembly. The TIM22, TIM23,
and small Tim complexes were markedly decreased in mito-
chondria from the Aaim32 strain (Fig. 5B). Tim23 assembly
into the TIM23°°%T complex was particularly defective. In
addition, Oxal assembly in a large complex was decreased
(Fig. 5B). Similar defects in complex assembly were observed
when Tim22 and Tim23 import and complex assembly was
analyzed by BN gels (Fig. 5C). With 2D BN/SDS-PAGE anal-
ysis, complexes with Osm1, Ervl, and Mia40 were monitored
in WT and Aaim32 mitochondria. Four Aim32 complexes of
~140 to 500 kDa are highlighted with red arrows (Fig. 5D). In
Aaim32 mitochondria, assembly of Ervl, Mia40, and Osml
complexes was markedly altered (indicated by black arrows in
Fig. 5D), although the steady state levels of these proteins were
not decreased. Thus, Aim32 seems to be required for correct
assembly/stability of numerous import complexes.

Aim32 has multiple binding partners

Considering that import of diverse precursors and assembly
of various import complexes is impaired in cells that lack
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Figure 4. Cells lacking functional AIM32 are defective in import of diverse mitochondrial precursors. A, membrane potential (A¥) measurements of
purified mitochondria from WT and Aaim32 strains were performed with DiSC; (5) and measured with a FlexStation plate reader (Molecular Devices).
Coupled mitochondria sequestered and quenched the dye fluorescence; collapse of the AY was achieved with CCCP addition. B, radiolabeled Aim32 was
imported into WT, and Aaim32 mitochondria as in Figure 2G. A representative gel is shown (n = 3). G, as in panel B, representative MIA precursors (CmcT,
Tim9, Tim10, and Osm1) were imported. D, as in panel B, TIM23 substrates (Su9-DHFR, Mia40, Hsp60, and Tim50) were imported. E, as in panel B, import of
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MIA, mitochondrial intermembrane space assembly; m, mature; p, precursor.
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Figure 5. Aim32 functions in stabilization of several protein complexes. A, a systematic analysis of steady-state levels of mitochondrial proteins (50 and
100 pg) from the parent (WT) or Aaim32 strain (grown at 30 °C in rich glucose media) was performed by immunoblot with antibodies against the indicated
mitochondrial proteins. Proteins were organized by substrates of the MIA, TIM23, and TIM22 pathways and respiratory proteins. B, 75 ug mitochondria from
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small TIM complexes. C, radiolabeled Tim22 or Tim23 was imported into WT o
autoradiography. Import reactions were quantitated using ImageJ software; 1

r Aaim32 mitochondria in a time course and subjected to BN-PAGE and digital
00% was set as the amount of precursor that imported into WT mitochondria

at the endpoint of the time course. A representative gel is shown (n = 3). D, as in panel B, except that BN-PAGE was followed by a reducing SDS-PAGE in the
second dimension (2D), and the indicated antibodies were used. Red arrows highlight Aim32-containing complexes identified in WT mitochondria. Black
arrows indicate protein-containing complexes in the WT mitochondria that are absent in the Aaim32 mitochondria. Note that Erv1 and Osm1 typically run as

a doublet. Aim32, altered inheritance of mitochondria 32; BN-PAGE, Blue Na

Aim32, we used MS to identify potential Aim32-interacting
proteins. Mitochondrial lysates from Aaim32 strains express-
ing a C-terminal FLAG-tagged Aim32 ([pAIM32-FLAG],
expression controlled from the GPD promoter) or an Vec were
purified with FLAG beads and, after washing, subjected to MS.

8 J Biol. Chem. (2021) 297(4) 101135

tive PAGE; MIA, mitochondrial intermembrane space assembly.

Several key components of the TIM23 translocon (Timl7,
Tim23, and Tim50) and Mia40 were identified as potential
binding partners (Table 1). To validate these interactions,
specific copurifications were performed (Fig. 6A4). A fraction
(~10%) of Tim17, Tim23, Tim22, Tim50, and Sod2 copurified
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with Aim32-FLAG. Reciprocal pull-downs were also per-
formed with His-tagged Tim17 and Tim23 strains and Aim32
copurified with Tim17 and Tim23 (Fig. S5). A small fraction of
Mia40 also copurified with FLAG-tagged Aim32, but Ervl and
Osm1l were not detected (Fig. 6A4). To determine if the tag
might impact interactions, we placed the HisPC tag on the
C terminus of Aim32. Tandem affinity purifications per-
formed with the Aim32-HisPC strain showed Osml copur-
ifying with Aim32, but Ervl and Mia40 were not detected
(Fig. 6B). In sum, Aim32 seems to bind to several proteins,
particularly import components, but the stability of interac-
tion may be impacted by the presence or placement of a tag.
Thus, Aim32 interactions may be transient with partner
proteins.

Because Aim32 was identified as an Ervl-binding partner,
we investigated the redox status of Ervl in mitochondria
from WT and Aaim32 strains using thiol trapping with
methyl-PEG-24-maleimide (mmPEG) (Fig. 6C) (47). When
presented with reduced substrates in in vitro reconstituted
systems, the two shuttle cysteine residues as well as the
active site cysteines are crucial for Ervl oxidase activity (48).
In control reactions in which Ervl was treated with reduc-
tant DTT at 95 °C (Fig. 6C, lanes 2 and 7), six mmPEG
molecules bound to Ervl, resulting in a mass shift of ~7 kDa
compared with treatment with DTT alone (lanes 1 and 6). In
other control reactions, treatment with either iodoacetamide
(IAA) or mmPEG alone (lanes 5 and 9) did not result in any
mobility shifts. Pretreatment with IAA, followed by disulfide
reduction with DTT and subsequent mmPEG modification
(Fig. 6C, lane 3 and 8), resulted in a Ervl species that
migrated more slowly than reactions in lanes 2 and 7,
thereby indicating partial oxidation of Ervl by mmPEG. In
WT mitochondria, Ervl is present in an oxidized state
(Fig. 6C, lane 9 mmPEG addition), whereas a subset of Ervl
remained reduced (marked with an asterisk, lane 4) in
Aaim32 cells. Thus, thiol-trapping analysis suggests that
Aim32 influences the redox status of Ervl under aerobic
conditions.

Aim32 is required for maintaining the global redox status

We postulated that analogous to thioredoxin proteins,
Aim32 may function in maintaining the global redox status
of the mitochondrial proteome. Two-dimensional diagonal
gel electrophoresis (2D-DGE) in which the first dimension
was nonreducing followed by a reduction in the second
dimension was used (scheme in Fig. 7A). The redox status of
specific proteins, previously found to interact with Aim32,
was investigated by immunoblot analysis. Osm1l, Mia40,
Ervl, Tim13, and Tim50 had altered disulfide linkages (as
highlighted by arrows in Fig. 7B) in the Aaim32 strain. A
fraction of Aim32 migrated below the diagonal (indicated by
dashed box), indicating Aim32 seems to form disulfide
linkages with several proteins under normal physiological
conditions.

In a second approach, we probed the thiol proteome with
IAA-labeled rhodamine (IAA-rhodamine), based on Hill et al.
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Figure 6. Aim32 interacts with key proteins of the MIA, TIM23, and TIM22 pathways. A, a FLAG tag was appended to the C terminus of Aim32 (Aim32-
FLAG) and transformed into Aaim32. Pull-down assays with FLAG-resin were performed as in Figure 1A with the indicated antibodies. An asterisk indicates
nonspecific bands detected by the antibody. B, a consecutive-affinity tag (termed CNAP for purlﬁcatlon over Ni?*-resin followed by anti-Protein C affinity (a-
PC) resin) was placed on the C terminus of Aim32. As in Figure 1A, the lysate was incubated with NiZ* -agarose, eluted with 300 mM imidazole, and then
incubated with the anti- protem C resin. After washmg, the bound material was eluted and the indicated antibodies were used. Controls include the “flow-
through” material from the Ni**-agarose (Ni*>-FT) and the anti-protein C resin (a-PCFT). C, analysis of the Erv1 oxidation state by thiol-trapping assay.
Isolated mitochondria from Aaim32 (lanes 1-5) and WT (lanes 6-9) were resuspended in the sample buffer with dithiothreitol (DTT, lanes 1 and 6),
iodoacetamide (IAA, lane 5), and methyl-PEG,,-maleimide (mmPEG, lanes 4 and 9), or pretreated with IAA to block free cysteine residues (lanes 3 and 8), and
disulfide bonds subsequently reduced by DTT, and finally reacted with mmPEG (lanes 2, 3, 7, and 8). Samples were analyzed by SDS-PAGE and immu-
noblotting with the anti-Erv1 antibody. The asterisk indicates reduced Erv1 species. Aim32, altered inheritance of mitochondria 32; MIA, mitochondrial
intermembrane space assembly.

(49). Free thiols in mitochondrial lysates were reacted by
irreversible alkylation with IAA-rhodamine and separated by a
2D-DGE as in Figure 7B. Increased IAA-rhodamine labeling of
proteins with nonnative disulfide bonds was observed in the
Aaim32 mitochondria (Fig. 7C, marked by dashed green cir-
cle). Thus, Aim32 plays a role in maintaining the global redox
status.

10 J Biol Chem. (2021) 297(4) 101135

Conserved cysteine residues in the TLF domain of Aim32 are
critical for function

We examined the importance of conserved cysteine residues
213 and 222 of the TLF domain by constructing individual
changes to serine (designated C213S and C222S, Fig. S3).
Aim32 and mutant proteins were overexpressed ~10-fold
from a 2-micron plasmid (Fig. 8B) because expression from
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Figure 7. Aim32 forms disulfide bonds with diverse mitochondrial proteins and alters the disulfide proteome. A, a general scheme for the 2D gel
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a centromeric plasmid was not detected. A C-terminal FLAG
tag as in Figure 64 was also included. These strains grew at
30°C but arrested growth at 37°C on ethanol-glycerol media
(YPEG and SEG-URA), similar to the Aaim32 strain express-
ing the Vec (Fig. 84). Also, growth of the cysteine mutants was
compromised in media supplemented with HU (Fig. 84 and
(24)). Additional cysteine mutants were tested (C38S, C40S,
and C291S), and results indicated these changes did not alter
cell growth (data not shown, and (24)).

SASBMB

The steady-state level of mitochondrial proteins in mito-
chondria from the cysteine mutants was examined (Fig. 8B).
The Aim32-FLAG proteins migrated slightly higher than
Aim32 and were overexpressed ~10-fold. Tim23, Tim22,
Tim13, and Ymel were present at increased abundance in the
cysteine mutant strains (Fig. 8B). In contrast, the amount of
Tim13, Tim22, and Tim23 was decreased in the Aaim32 strain
(Fig. 5A). The abundance of other proteins in the cysteine
mutants, however, was not strongly changed (Fig. 8B). We also
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Figure 8. Conserved cysteine residues of Aim32 are important for assembly/stabilization of the TIM22 and TIM23 complexes. A, growth analysis of
the indicated yeast strains after 2 to 3 days of incubation at 30 °C and 37 °C on different media as in Figure 3. Strains include WT and Aaim32 transformed
with a plasmid that contains AIM32 with a single cysteine mutation (C213S or C222S) and a C-terminal FLAG tag or the empty vector (Vec). Data shown are
representative of three independent experiments. B, as in Figure 5A, levels of mitochondrial proteins were analyzed by immunoblotting with antibodies
against the indicated proteins. Strains are from panel A and also include AIM32 with a C-terminal FLAG tag (pAIM32). C, as in Figure 5B, 75-ug mitochondria
from the indicated strains were solubilized in 1% (wt/vol) digitonin and subjected to blue native (BN)-PAGE (4-16% acrylamide) to detect TIM22, and D.

TIM23°°%T, and the TIM23“CFE
Tim22 and Tim23. The box indicates the nonspecific band.

tested assembly of the import complexes (Fig. 8C) and showed
that, in the single cysteine mutants, the TIM22 and TIM23
complexes seem to have several assembly states and Ymel
complex assembly was not impaired.

Finally, we examined the mitochondrial redox status of
protein thiols as in Figure 7 in the strains with the single
cysteine mutants C213S and C222S. An increase in proteins
with non-native disulfide was observed for the single cysteine
mutants in contrast to WT and the strain that lacks Aim32
(Fig. 94, green dashed circles). With 2D-DGE followed by
immunoblotting against Aim32, an overabundance of
disulfide-linked Aim32 heterodimers in the single cysteine
mutants (Fig. 9B) was observed. The overexpression strain
(Aaim32 [pAIM32-FLAG]) was included as a control strain

12 J Biol. Chem. (2021) 297(4) 101135

complexes. For the Yme1 complex, a 3 to 12% acrylamide BN-PAGE was used. Asterisks (* and **) indicate subcomplexes of

because the expression of Aim32 is comparable across strains
(Fig. 8B). Because we have previously shown that Aim32 in-
teracts with multiple proteins via disulfide-linked hetero-
dimers (Fig. 7B), the single cysteine mutants may be trapped
via intermolecular thiol bonds with many proteins. In sum,
cysteine residues, C213 and C222, of the TLF domain are
important in redox modulation.

Discussion
Aim32 is dually localized to the mitochondrial IMS and matrix

In this study, we report the physiologic characterization of
Aim32, a mitochondrial Fe-S protein that has a highly
conserved C-terminal TLF domain (Fig. S3). Stegmaier et al.
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mitochondria 32; 2D-DGE, two-dimensional diagonal gel electrophoresis.

(24) recently completed a chemical characterization of
Aim32 and showed that it is a bis-histidinyl coordinated
[2Fe-2S] protein. They also proposed a role for Aim32 in
degradation of allelochemicals. Aim32 was also localized to
the mitochondrial matrix and/or IM in several studies,
including large-scale screens (24, 36, 50). However,
mitochondrial-specific functions for Aim32 have not been
assigned.

Our analysis reveals that Aim32 is dual-localized to both the
IMS and matrix, which is atypical for mitochondrial proteins.
As this was unexpected, we used several complementary ap-
proaches with endogenous and tagged Aim32 proteins to
confirm this localization to both mitochondrial compartments.
Aim32 was identified as an Ervl-interacting protein, suggest-
ing a role for Aim32 in the IMS. Localization of Aim32 to the
IMS was corroborated by osmotic gradient experiments with
intact mitochondria and with in vitro imported Aim32 into
mitochondria. Studies with the in vivo site-specific (TEV
protease) cleavage assay, however, confirmed localization in
both the IMS and matrix.

We demonstrate that Aim32 relies mostly on the TIM23
pathway for import into the mitochondria. Aim32 contains an
N-terminal mitochondrial-targeting sequence that is efficiently
cleaved by MPP, in agreement with an MPP cut site predicted
by MitoFates (at the 13th amino acid). Aim32 import also

SASBMB

requires a Ay to initiate translocation across the TIM23
translocon. Thus, MPP cleaves the mitochondrial-targeting
sequence of Aim32 as it enters the matrix. An involvement
of the MIA pathway for localization to the IMS cannot be
excluded based on our localization studies, and reduced
import in the presence of MitoBloCK-6, an Ervl-specific in-
hibitor (Fig. 2H). Only one processed form of Aim32 is
detected in all our studies. Thus, the Aim32 pool is likely
processed by MPP. A pathway for Aim32 import and matu-
ration may be proposed in which a cohort of Aim32 molecules
are fully imported into the matrix, processed by MPP, and
assembled. Then, some processed Aim32 may halt trans-
location and fall back into the IMS. This “stop-transfer” of
Aim32 into the IMS may be akin to MPP-processed fumarase
that accumulates in the cytosol (51), with the exception that
the C terminus of Aim32 completely enters the IMS. Further
support of protein dual localization is exemplified by aconitase,
which demonstrates highly unequal distribution of a single
translation product between the cytosol and the mitochondria
(52). Similar to aconitase, we hypothesize that IMS-localized
Aim32 constitutes a smaller fraction of the protein pool than
that found in the matrix. The possibility that the IMS-localized
Aim32 species is an off-pathway/failed intermediate cannot be
completely excluded. But, when Aim32 is exclusively targeted
to the matrix, cells still demonstrated growth deficiency on
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HU-supplemented plates (data not shown), suggesting that
lack of Aim32 in the IMS has functional consequences. The
exact function of Aim32 in the IMS, however, remains to be
determined.

The IMS-cohort of Aim32 may be regulated by the activity
of molecular chaperones, and/or binding to IMS proteins (e.g.,
Ervl, Mia40). Aim32 localization in the IMS may be biased
under specific conditions of stress. For example, human CCS1
and SOD1 import into the IMS are linked to mitochondrial
ROS levels (53), and p53 localizes to mitochondria via Mia40
under stress conditions (54). Future studies to establish the
relevance of Aim32 activity in both mitochondrial compart-
ments are warranted.

Aim32 is required for maintaining the global redox status

Although AIM32 is not essential for viability, the protein is
required for respiration at elevated temperature and cells that
lack AIM32 are petite negative, an inability to grow after
mtDNA loss because of EtBr treatment (55). This is not un-
usual as it has been previously reported that the null mutant
shows an increased propensity to lose its mitochondrial
genome (56). Such dependence upon mtDNA was also seen in
strains lacking key mitochondrial protein import components
(57). In cells lacking Aim32, the change in efficiency of
important import components (Fig. 4) along with potential
deficiency in electron transport likely exacerbates its growth
phenotype on EtBr-supplemented plates. Finally, Aim32 is
absolutely required when cells are challenged with HU.

A recent genome-wide screen suggested that Aim32 was a
crucial factor for the intracellular sorting of the mitochondrial
IM protein Oxal (58); however, the mechanism is not clear. In
our analyses, cells depleted for AIM32 showed reduced steady-
state levels of Oxal, and Oxal complex assembly (Fig. 5). The
requirement of Aim32 was not restricted to Oxal because
steady-state levels and import of newly synthesized MIA
pathway precursors were severely impacted as well (Figs. 4 and
5). Furthermore, the assembly profile of several essential pro-
tein import complexes (TIM22, TIM23°°*", and small TIM)
was altered in the absence of functional A/M32. Our data
strongly support a role for Aim32 in stabilization of various
protein complexes, including some key import complexes such
as TIM23 and TIM22. Because no effect was observed on the
TOM or the SAM import complexes, it is likely that crucial
component proteins of the TIM23 pathway such as Tim23,
Tim17, and Tim50 serve as “clients” of Aim32. In addition, the
redox status of Ervl that is a vital component of the MIA
import pathway was altered in absence of Aim32 (Fig. 6C).
Future functional analysis, however, is needed to conclusively
delineate between the two possibilities. Given that Aim32 has
numerous binding partners, Aim32 may have a global role in
quality control and/or stabilization of mitochondrial proteins,
including the import complexes.

Our study supports a global role for Aim32 in maintaining
the redox status of the mitochondrial proteome. In the absence
of AIM32, we find that the mitochondrial thiol proteome
contains an increase in aberrant thiol linkages (Fig. 7C). The
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2D-DGE/Western blot analysis highlighted several mixed di-
sulfide linkages formed between Aim32 and target proteins
(Fig. 7B), and the redox status of a subset of candidate proteins
investigated (ie, Timl13, Tim50, and Osml) was altered.
Specifically, Aim32 redox-active cysteine mutants displayed an
increase of the Tim22 dimer and decrease of the mature
TIM22 complex (Fig. 8C), suggesting that the Tim22 dimer
was not assembling efficiently or the TIM22 complex was
destabilized (59). Similar destabilization of the TIM23%°RT
complex was observed in the cysteine mutants. Analysis of the
mitochondrial thiol proteome in the single cysteine mutants of
Aim32 (C213S, C222S) revealed an increase in aberrant thiol
interactions (Fig. 9A4), along with several “trapped” mixed di-
sulfide intermediates formed between Aim32 and target pro-
teins (Fig. 9B).

Thioredoxins are known to bind to proteins, regulating their
activity. For instance, thioredoxin-1 acts as a redox sensor of
ASK1 and regulates its transcriptional activity (60). It is
interesting that Aim32 forms stable complexes with a subset of
mitochondrial proteins. This potentially could be to regulate
protein activity and/or protect thiol proteins from oxidation, as
is proposed for glutathionylation (61). In the absence of AIM32
or in the Aim32 cysteine mutants, yeast are susceptible to
conditions of stress (Figs. 3D and 84). We demonstrate that a
portion of matrix-localized Aim32 is physically bound to Sod2
(Fig. 6). Moreover, overexpression of AIM32 protected yeast
cells against PQ-induced oxidative damage in the absence of
SOD2, the cells primary defense mechanism against ROS (23).
Presumably, Aim32 can repair oxidized cysteine residues, and
protein activity can be restored after exposure to cellular
stress. Another, albeit remote, possibility is that Aim32 ex-
hibits protein disulfide isomerase activity (akin to DsbA),
helping in maintenance of proteins in their native folded state.
Because the Aim32 single cysteine mutants form mixed di-
sulfide intermediates, future studies can be designed to identify
substrates and determine the molecular basis of the interaction
with substrates. In sum, this study begins to dissect the role of
Aim32, a TLF protein that normally resides within the mito-
chondrial matrix and functions in quality control.

Experimental procedures
Strains and site-directed mutagenesis

For pull-down analysis and MS studies, the designated yeast
strains Ervl-HISPC and erv1-12-HISPC were generated. The
HISPC tag consists of a protein-C epitope tag separated from a
His10 tag by a 5-amino acid linker. Either ERVI or ervi-12
alleles with 300 nucleotides of the 5’ promoter region were
cloned into plasmid pRS425 (2 micron, LEL2). The HISPC tag
(amino acid sequence MEDQVDPRLIDGK-GGAGG-
HHHHHHHHHH; PC epitope tag underlined) was integrated
at the C terminus of AIM32 with PCR overlap extension (62).
The plasmids were transformed into strain yEPL (his3 leu2
ura3 trpl ade8 ervi:HIS3 [pERVI:URA3 2y]) and then the
WT ERVI plasmid was removed by plasmid shuffling.

AIM32 was PCR-amplified from yeast genomic DNA iso-
lated from the WT (GA74-1A) strain and the 3’ primer
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introduced a 3XFLAG tag to the C terminus. The fragment
was cloned into vector pRS316 that contains the GPDI pro-
moter and PGKI terminator, designated [pAIM32], and
transformed into Aaim32 yeast strain (Fig. S4D). Mutagenesis
was carried out according to Agilent’s site-directed mutagen-
esis protocols. Mutagenized constructs [pC213S], [pC222S],
[pC213, 222S], [pH249, 253A], and [pW278STOP] were
generated in the aforementioned pRS316 vector with FLAG-
tagged Aim32 and transformed into the Aaim32 yeast strain.
The parental S. cerevisiae yeast strain used in the study was
GA74-1A (Table S1). The Aaim32::HIS strain was generated
by deletion of AIM32 with HIS3MX in GA74-1A using stan-
dard procedures (63). Standard yeast genetics were used to
generate the strains and for synthetic lethal analysis (64).

Subcellular fractionation and mitochondrial assays

Subcellular fractionation from spheroplasts was performed
as previously described (65). The fractions were separated by
differential centrifugation, and an equal amount of each frac-
tion was separated by SDS-PAGE followed by immunoblot
analysis.

Mitochondria were purified from yeast cells grown in media
with glucose or ethanol/glycerol (66). Proteins for import
studies were synthesized by the TNT Quick Coupled Tran-
scription/Translation kits (Promega) in the presence of [°S]
methionine. The radiolabeled precursor was incubated with
isolated mitochondria and an import time course was per-
formed. Where indicated, the AY was dissipated with 5 mM
carbonyl cyanide m-chlorophenyl hydrazone (CCCP). Non-
imported radiolabeled protein was removed by treatment with
100 pg/ml trypsin for 15 min on ice, and trypsin was inhibited
with 200 pg/ml of soybean trypsin inhibitor for 30 min on ice.
Samples were separated by SDS-PAGE and visualized using
autoradiography. Mitochondria were purified from the Ervl-
Hisg strain, and pull-down experiments were performed as
previously described (10).

Mitochondrial fractionation was performed as previously
described (65). For intact mitochondria, 300 pg of isolated
mitochondria were incubated in 0.6 M sorbitol and 20 mM
Hepes-KOH, pH 7.4. To generate mitoplasts, 300 pg of iso-
lated mitochondria were incubated in 0.03 M sorbitol and
20 mM Hepes-KOH, pH 7.4. As indicated, 100 pg/ml of
Proteinase K and 0.1% Triton X-100 were added. Samples were
centrifuged at 14,000g for 10 min to separate the pellet and
supernatant. The supernatants were precipitated with 20%
trichloroacetic acid and resuspended in SDS sample buffer.

Carbonate extraction was performed as described previously
(65). Briefly, 200 pg of mitochondria was incubated in 200 pl of
0.1 M Na,COg3 at the indicated pH for 15 min on ice. Samples
were centrifuged at 14,000¢ for 10 min to separate the pellet
and supernatant. The supernatants were precipitated with 20%
(wt/vol) TCA, and the pellet and supernatant fractions were
resuspended in equal volumes of SDS-sample buffer.

One-dimensional BN-PAGE was performed as described
previously (12). For 2D Blue Native/SDS-PAGE (65) before
resolution by second dimension by SDS-PAGE, the BN-PAGE
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gel was soaked in 1% (wt/vol) SDS, 1% (vol/vol) B-mercap-
toethanol for 30 min at 50 °C, and individual lanes isolated
with a razor blade, embedded in a 4% stacking gel.

For indirect thiol trapping assay, isolated mitochondria from
the respective strains were treated with 150 mM mmPEG
(22713 Thermo Fisher) for 1 h at room temperature (RT) in
the dark. In control reactions, mitochondria were treated with
either 20 mM DTT for 15 min at 65 °C or 50 mM IAA for
10 min at 30 °C. Samples were analyzed by nonreducing SDS-
PAGE.

TEV protease cleavage assay

Plasmids on the pRS416 backbone containing a matrix-
localized Su9-TEV protease and IMS-localized CYB2[1-220]-
TEV protease under the control of the GAL1 promoter were
obtained for protease expression (37). The centromeric
pRS315 vector was used for plasmid expression of Nucl or
Aim32 proteins. The Aaim32 strains expressing Aim32-
3XFLAG-TEV-3HA, So0d2-3XFLAG-TEV-3HA, and WT
strain endogenously tagged with Nucl-3XFLAG-TEV-3HA
were transformed with plasmids expressing matrix-localized
Su9-TEV or IMS-localized CYB2[1-220]-TEV. Yeast strains
were grown in the appropriate growth media and harvested in
the midlog phase. Whole-cell extracts were analyzed by
immunoblotting with FLAG, HA, Tim44, Hsp70, and Aim32
antibodies.

2D-DGE

Two-dimensional DGE was performed as described previ-
ously (67). Briefly, mitochondria (5 mg/ml) were solubilized
with 20 mM Hepes-KOH, pH 7.4, 10% glycerol, 50 mM NaCl,
1 mM EDTA, and 2.5 mM MgCl, supplemented with 1% (w/v)
digitonin and protease inhibitors. Lysates were treated with
500 nM IAA-rhodamine at RT followed by resolution in the
first dimension on a nonreducing SDS gel. Individual lanes
isolated with a razor blade were soaked in 1% (wt/vol) SDS and
1% (vol/vol) B-mercaptoethanol for 30 min at 50 °C, embedded
in a 4% stacking gel, and resolved in the second dimension by
SDS-PAGE. Gels were visualized using the Sapphire Biomol-
ecular Imager (Azure Biosystems).

Protein-protein binding assays and MS

Pull-down experiments designed to detect possible complex
formation between Ervl and Aim32 or Osm1-utilizing His tags
were described previously (12). Briefly, mitochondria were
purified, solubilized in 1% digitonin, and subjected to pull-
down experiments with Ni** agarose. FLAG immunoprecipi-
tations were performed using the ANTI-FLAG M2 affinity gel
(Sigma Aldrich) using the manufacturers’ guidelines.

CNAP pull-downs were performed as described in Claypool
et al. (32). Briefly, detergent solubilization of mitochondria
(5 mg/ml) was performed with 20 mM Hepes-KOH, pH 7.4,
20 mM imidazole, 10% glycerol, 100 mM NaCl, and 1 mM
CaCl,, supplemented with 1.5% (wt/vol) digitonin (Biosynth
International, Inc.) and protease inhibitors (1 mM PMSF,
10 uM leupeptin, 2 uM pepstatin A, and 10 pM chymostatin).
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Insoluble material was removed at 20,000¢ for 30 min at 4 °C
and extracts transferred to tubes containing 8-ml lysis buffer
base with added protease inhibitors and 0.8 ml Ni-NTA resin
(QIAGEN). After rotating at 4 °C for 1 h, the contents were
poured into a column, and the flow through collected. After
two washes with 8-ml lysis buffer base containing 0.1% (wt/
vol) digitonin, bound material was directly eluted into separate
columns containing 1 ml equilibrated anti-PC resin (Roche;
equilibration buffer 20 mM Hepes-KOH, pH 7.4, 100 mM
NaCl, and 1 mM CaCl,) with 8 ml Ni2+ elution buffer (20 mM
Hepes-KOH, pH 7.4, 300 mM imidazole, 10% glycerol,
100 mM NaCl, 1 mM CaCl,, and 0.1% digitonin). After 1-h
rotating at 4 °C, the flow through was collected and the col-
umns washed twice with 10-ml anti-PC wash buffer (anti-PC
equilibration buffer with 0.1% digitonin). To elute bound
material, the columns were capped and 1 ml of EDTA elution
solution (20 mM Hepes-KOH, pH 7.4, 100 mM NaCl, 5 mM
EDTA, and 0.1% digitonin) was added to the anti-PC resin.
Four elutions were performed. The first elution consisted of
15 min at 4 °C and then 15 min at RT; the remaining three
elutions were at RT. Eluates were directly pooled in Amicon
filtration devices, 10,000 molecular weight cut-off kept on ice,
and the pooled eluates concentrated following the provided
guidelines (Millipore). Concentrated CNAPed product derived
from 4 and 10 mg starting material was analyzed in the pre-
parative 1D-PAGE analyses, and proteins revealed with the
SYPRO Ruby stain and protocol (Invitrogen). Gels were
imaged and analyzed with PDQuest (Bio-Rad Laboratories)
software. Protein bands of interest were excited by a spot-
excision robot (ProteomeWorks; Bio-Rad Laboratories) and
deposited into 96-well plates. Gel bands were digested with
sequencing-grade trypsin (Promega), and the resulting tryptic
peptides were extracted using the standard protocol (68). LC—
MS/MS of peptide mixtures was performed on a QSTAR
Pulsar XL (QqTOF) mass spectrometer (Applied Biosystems)
equipped with nanoelectrospray interface (Protana) and LC
Packings nano-LC system. All searches were performed
against the Swiss-Prot protein sequence database.

LC-MS analysis

The protein mixtures were reduced, alkylated, and digested
by the sequential addition of trypsin and lys-C proteases. Af-
terward, samples were desalted using Pierce C18 tips, eluted in
40% acetonitrile, and dried and resuspended in 5% formic acid.
Desalted samples were separated on C18 reversed phase
(1.9 uM, 100A pores, Dr Maisch GmbH) columns packed with
25 cm of resin in a 75-pM inner diameter fused silica capillary,
as described elsewhere (69). Digested peptides were fraction-
ated online using a 140-min water—acetonitrile gradient with
3% dimethyl sulfoxide ionized using electrospray ionization by
application of a distal 2.2 kV. Ionized peptides were interro-
gated via MS/MS in a Thermo Orbitrap Fusion Lumos. For
discovery acquisitions, data-dependent acquisition was utilized
with an MS1 scan resolution of 120,000 and MS2 resolution of
15,000 and a cycle time of 3 s. Data analysis was performed
using the Integrated Proteomics pipeline 2 (Integrated
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Proteomics Applications). MS/MS spectra were searched using
the ProLuCID algorithm and peptide-to-spectrum matches
were organized and filtered based on decoy database-estimated
false discovery rate of <1% using the DTASelect algorithm.
Database searching was performed using a S. cerevisiae yeast
database downloaded from Saccharomyces Genome Database
on 2-19-2016 (12,080 entries). Specificity of Trypsin and lysc
with cleaving C-terminal to arginine or lysine residues was
accepted, while one missed cleavage was allowed. Carbami-
domethylation (C2H3NO, 57.02146 Da) was the fixed modi-
fications, while no variable modification in these data was
considered. Mass tolerance for both the precursor and frag-
ment ions was set to 15 ppm

Sequence alignments

Sequence alignments were generated using the CLC
Workbench software (QIAGEN). Calculation of the informa-
tion content in sequence logos is provided in the original
article (70). Multiple protein sequence alignments were
generated using PROMALS, a method that improves align-
ment quality by using additional homologs from PSI-BLAST
searches and secondary structure predictions from PSIPRED
(71).

Assessment of mitochondrial Ay

The AY of isolated yeast mitochondria was assessed by
measuring the fluorescence quenching of the potential-
sensitive dye DiSC; (5) (Molecular Probes) as described pre-
viously (72). The measurements were performed using a
FlexStation plate reader (Molecular Devices) controlled with
the SoftMax Pro software package (Molecular Devices) with
excitation at 622 nm and emission at 670 nm at 25 °C.
Mitochondria (21 pg/ml) in the buffer (0.6 M sorbitol, 1% BSA,
10 mM MgCl,, 0.5 mM EDTA, 20 mM KPO,, pH 7.4, and
2 mM NADH) was added to the cuvette, followed by DiSC; (5)
(final concentration of 167 nM in ethanol) addition, and the
fluorescence was measured. Mitochondria were subsequently
uncoupled with CCCP (final concentration of 20 pM in
ethanol). The difference in the fluorescence before and after
the addition of CCCP represents a relative measurement of
AVY.

Antibodies

Most of the antibodies used in this work were generated
by the vendor Pacific Immunology from recombinant pro-
teins in the Koehler laboratory and have been described
previously. Other antibodies used were as follows: anti-Cox-
4, anti-Rip1-FeS, anti-Qcrl0, and anti-Oxal (a gift of Dr
Rosemary Stuart, Marquette University), and horseradish
peroxidase—conjugated secondary antibodies (Thermo
Fisher Scientific).

Statistical analyses

Data were plotted using GraphPad Prism, version 5.02.
Statistical significance of observations was determined using
unpaired t tests (two tailed), unless otherwise noted.
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Data availability

All data are contained within the article. The mass spec-
trometry proteomics data (AimFLAG IP) are available via
ProteomeXchange (73) with identifier PXD021662 and the
ervI-12HISPC  pull-down data via accession number
JPST001221 (submitted to jPOST (74)).
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information (10, 12, 75-77).
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