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Mrx6 binds the Lon protease Pim1 N-terminal domain to
confer selective substrate specificity and regulate mtDNA
copy number
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Abstract

Mitochondrial DNA (mtDNA) copy number regulation remains incompletely understood, despite its importance in cellular function. In Saccha-
romyces cerevisiae, Mrx6 belongs to the Pet20-domain-containing protein family, consisting of Mrx6, Pet20, and Sue1. Notably, absence of Mrx6
leads to increased mtDNA copy number. Here, we identify the C-terminus of Mrx6 as essential for its stability and interaction with the mito-
chondrial matrix protein Mam33. Deletion of Mam33 mimics the effect of Mrx6 loss, resulting in elevated mtDNA copy number. Bioinformatics,
mutational analyses, and immunoprecipitation studies corroborate that a subcomplex of Mam33 and Mrx6 trimers interacts with the substrate
recognition domain of the conserved mitochondrial Lon protease Pim1 through a bipartite domain in the Pet20 domain of Mrx6. Loss of Mrx6, its
paralog Pet20, Mam33, or mutations disrupting the interaction between Mrx6 and Pim1 stabilize key proteins required for mtDNA maintenance,
the RNA polymerase Rpo41 and the HMG-box-containing protein Cim1. We propose that Mrx6, alongside Pet20 and Mam33, regulates mtDNA
copy number by modulating substrate degradation through Pim1. Additionally, Mrx6 loss alters Cim1's function, preventing the detrimental effect
on mtDNA maintenance observed upon Cim1 overexpression. The presence of three Pet20-domain proteins in yeast implies broader roles of
Lon protease substrate recognition beyond mtDNA regulation.
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Introduction mtDNA maintenance is therefore of critical importance for
Mitochondria contain their own genome (mtDNA) that en-  cellular health and energy supply. Multiple copies of mtDNA
codes crucial subunits required for oxidative phosphorylation. are present within the mitochondrial network and alterations
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in mtDNA copy number (mtDNA CN) have been linked to nu-
merous diseases and aging [1-3]. However, the cellular mecha-
nisms that regulate mtDNA CN are incompletely understood.

In Saccharomyces cerevisiae, mtDNA CN scales with mi-
tochondrial network length and cell size [4, 5]. mtDNA is
replicated by the DNA polymerase Mipl in S. cerevisiae,
which functions as a single polypeptide in contrast to the het-
erotrimeric mammalian mtDNA polymerase Poly [6]. How
replication is initiated in S. cerevisiae remains not entirely un-
derstood. Origins of replication contain promoter sequences
[7], where the RNA polymerase (RNAP) Rpo41, together with
its transcription factor Mtfl, is thought to generate RNA
primers that are handed over to Mipl for DNA synthesis
[8, 9]. Rim1, a mitochondrial single-stranded DNA-binding
protein, plays an essential role in stabilizing unwound DNA
and supporting replication fork progression [9, 10]. S. cere-
visiae can still maintain mtDNA—albeit in the form of highly
deleted mtDNA variants—in the absence of Rpo41 [11], im-
plying that initiation can also occur independently of Rpo41-
generated primers. Homologous recombination is believed to
provide an alternative mode of initiation, where exposed sin-
gle DNA strands invade homologous regions, potentially facil-
itated by the protein Mgm101, to seed new replication events
[12,13].

To understand mtDNA CN regulation, we recently con-
ducted a large-scale analysis to identify genes that, when ab-
sent, lead to altered mtDNA CN [14]. Among the candidates
were the genes CIM1 and MRXG6, the loss of which results
in increased mtDNA CN. CIM1 encodes a mtDNA-binding
HMG-box containing protein with similarities to the well-
characterized mtDNA packaging proteins Abf2 in yeast and
mitochondrial transcription factor A (TFAM) in mammals
[15]. While absence of Cim1 increases mtDNA CN, its over-
expression leads to defects in mtDNA maintenance, which has
led to the hypothesis that Cim1 negatively regulates mtDNA
replication.

Mrx6 belongs to a protein family, whose members are de-
fined by a poorly characterized Pet20 domain [14]. In S. cere-
visiae, the Pet20 domain protein family comprises three mem-
bers: Mrx6, Pet20, and Suel. While the role of Mrx6 in reg-
ulating mtDNA CN remains unclear, it has been identified as
a key interaction partner of the conserved Lon protease Pim1
[14,16,17]. This interaction suggests that Mrx6 may facilitate
the degradation of proteins involved in mtDNA replication
[14]. Furthermore, Mrx6 associates with Pet20 and a protein
called Mam33 [14, 18]. If and how these proteins function
together to regulate mtDNA CN has not been analyzed.

Lon proteases are hexameric assemblies that are conserved
from bacteria to humans and different domains can be dis-
tinguished [19]. The C-terminal parts contain an ATPase and
a protease domain, which are required for unfolding and
degradation of substrates, respectively. The function of the N-
terminal domain is less well studied but has been implicated
in substrate selection [20]. The Lon protease has been linked
to mtDNA CN control in mammals, flies and S. cerevisiae. A
comprehensive genome-wide association study has linked mu-
tations in the human Lon protease to altered mtDNA levels in
blood samples [1]. Mechanistic studies suggested that the Lon
protease degrades the mtDNA packaging factor TFAM and
thereby influences mtDNA packaging and in turn mtDNA CN
[21, 22]. More recently, work on the mammalian Poly has
shown that mutations destabilizing the interaction between
the catalytic and accessory subunits expose the catalytic sub-

unit of Poly to Lon protease-dependent degradation, suggest-
ing that proteolytic turnover of POLy subunits is an addi-
tional regulatory layer of mtDNA replication [23, 24].

In S. cerevisiae it was recently shown that Pim1 is involved
in degradation of the Abf2 paralog Cim1, whereas Abf2 does
not appear to be a strong substrate of Pim1 in vivo [15]. Since
Cim1 overexpression results in mtDNA maintenance defects,
efficient degradation of Cim1 by Pim1 was proposed to be
important for mtDNA replication.

Hence, the Lon protease emerges as a central player in
mtDNA CN regulation from yeast to humans. An outstand-
ing question concerns the substrate specificity of the Lon pro-
tease. On one hand it has been proposed that Lon degrades
misfolded and damaged proteins through recognition of un-
folded protein stretches [25, 26]. On the other hand specific
degradation of factors for regulatory purposes has been pro-
posed [14, 15,27-29].

Here, we examine the interplay between Mrx6, Mam33,
Pet20, and Pim1 to understand their role in mtDNA CN reg-
ulation. We propose that Mrx6, Mam33 and likely Pet20 form
a subcomplex that sits like a gatekeeper on the N-termini of
the hexameric Pim1 complex. Absence or depletion of any
of these subunits results in an accumulation of the RNAP
Rpo41 and the protein Cim1. These results suggest that Mrx6,
Mam33, and Pet20 regulate degradation of proteins by the
Lon protease and thereby regulate mtDNA CN.

Materials and methods

Yeast strains and growth conditions

Yeast strains were generated through stable integration of con-
structs into the haploid yeast genome based on homologous
recombination and standard molecular biology techniques.
Construction details and required plasmids are described in
Supplementary Table S1. Unless specified in addition to the
listed strain numbers, clone A was used for final experi-
ments when multiple confirmed clones were stocked. Strains
were generated in the W303 (leu2-3,112 can1-100 ura3-1
his3-11,15) WT backgrounds yCO380 or yCO381 contain-
ing LacO repeats integrated in their mtDNA [4]. Strains
for Supplementary Fig. S4A-D were generated in WT back-
ground yCO363, which carries an additional ade2-1 muta-
tion [14]. Briefly, log phase cells were transformed by lithium
acetate based transformation [transformation mixture for 4.5
OD cells washed with 0.1 M lithium acetate: 240 ul 50%
(w/v) PEG3500, 34 ul H,O, 10 ul salmon sperm DNA
(10 mg/ml), 36 wl lithium acetate (1 M), and 40 ul DNA]
with linearized plasmids or polymerase chain reaction (PCR)
amplified fragments. Initial selection for deletions and inte-
grations was performed by antibiotic resistance cassettes [30]
or auxotrophic selection for an integrated Kluyveromyces lac-
tis URA3 gene flanked by hisG repeats allowing subsequent
removal by S-fluoroorotic acid monohydrate (5-FOA) selec-
tion [31]. The generation of marker-less yeast mutants at the
genomic locus of MRX6 was based on a two-step selection
process involving the counterselection of integrated K. lac-
tis URA3 with 5-FOA [32, 33]. Successful strain generation
was confirmed by colony PCR or sequencing of the respec-
tive locus. Most mutants were additionally backcrossed to
minimize putative clonal genetic alterations or off-targets and
reintroduce intact mtDNA. All depicted experiments were car-
ried out with strains of mating type a, with the exception
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of mating type alpha strains in Supplementary Fig. S4A, B,
and D-F. Cells were cultivated as published previously [15].
Liquid cultures were grown in yeast complete (YP) medium
[1% yeast extract (VWR 84601), 2% bacto-peptone (VWR
26208), 0.004% adenine (all w/v), pH 5.5] containing either
2% (wlv) glucose (YPD) or 3% (v/v) glycerol (YPG) as car-
bon source with an agitation of 160 rpm at 30°C. For plates,
medium was supplemented with 2% (w/v) bacto-agar and
antibiotics were added for selection of transformants in the
following concentrations: 300 pug/ml hygromycin, 300 ng/ml
G418, and 100 pug/ml nourseothricin. YPG plates containing
additionally 0.1% glucose (indicator plates) were used to de-
termine petite frequencies and perform tetrad dissections of
Pgg.-RPO 41 strains. Synthetic defined (SD) selection plates
without uracil of pH 5.5 contained 0.67% (w/v) yeast nitro-
gen base, 0.192% (w/v) drop-out mix minus uracil (US Biolog-
ical D9535), 2% (w/v) glucose, and 2% (w/v) bacto-agar. For
synthetic complete selection plates additionally 0.1% (w/v) 5-
FOA and 0.005% (w/v) uracil were added. Sporulation plates
contained 0.3% (w/v) potassium acetate, 0.048% (w/v) drop-
out mix minus uracil, 0.00125% (w/v) uracil, and 2% (w/v)
bacto-agar.

Drop dilutions growth analysis and determination
of petite frequency

Growth analysis by drop dilutions and determination of petite
frequencies was performed as described previously [15].

Isolation of genomic DNA and determination of
mtDNA CN by efficiency-corrected quantitative PCR
(gPCR)

Isolation of genomic DNA and determination of mtDNA
CN by efficiency-corrected quantitative PCR (qPCR) was
performed as described previously [15]. For Supplementary
Figs S4D-F, an earlier methodology without efficiency-
correction using primers for COX1 and ACT1 was conducted
[14].

Denaturing total cell lysis

Denaturing total cell lysis for of at least 3 x 10”7 mid-log phase
grown cells was performed as described previously [15]. Cells
were harvested for 4 min at 3146 x g and washed dependent
on amounts with ~0.5-1 ml of H,O. After 2 min centrifuga-
tion at 11 000 x g pellets were stored at —80°C. Cells were
quickly thawed and resuspended in 300 ul of HyO per 7 x
107 cells before the same amount of 0.2 M NaOH was added.
The samples were incubated for 5 min at 25°C with repeated
vortexing. Cells were collected at 3000 x g and 4°C for 5
min, and the pellet was resuspended in 150 pul of 1x Laemmli
buffer [60 mM Tris-HCI pH 6.8, 2% (w/v) SDS, 8% (v/v)
glycerol, 2.5% (v/v) B-mercaptoethanol, and 0.0025% (w/v)
bromophenol blue] per 7 x 107 cells, frozen at —80°C and
boiled for 5 min at 95°C. Undissolved components were pel-
leted for 1 min at 20 000 x g, followed by the separation of
15 ul of the soluble sample (equal to 0.7 x 107 cells) via Tris—
glycine-SDS-PAGE.

Immunoblot analysis

Immunoblot analysis was performed as published previously
with minor modifications in blotting currents and durations
[15]. Protein samples were separated by SDS-PAGE with
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self-casted 10%, 12%, or 16% Tris—glycine gels of 1 mm
thickness and a width of 8.6 cm for 15 min at 80 V followed by
~1.5hat 120 V or 15 min 90 V followed by 75 min at 130 V.
Proteins were transferred on polyvinylidene difluoride (PVDF)
(Amersham Hybond P 0.2 PVDE Cytiva 10600021) or ni-
trocellulose membranes (Supplementary Figs S9B, S10], S11B,
and S11K) (Amersham Potran 0.2 NC, Cytiva 10600001) by
semi-dry transfer in Towbin buffer [25 mM Tris, 192 mM
glycine, 0.05% (w/v) SDS, and 20% (v/v) MeOH, pH 8.3
with NaOH)]. Blotting of 12% gels was performed for 60 min
at a constant current of 1.5 mA/cm?, and membranes were
subsequently cut and probed with antibodies against Pim1,
Tim350, either Mrpl36 or Cim1 and Abf2. For probing of cut
membranes with antibodies directed against Rpo41, Mrx6,
and Mam33, 10% gels were used and blotted for 90 min
at 2 mA/cm? to facilitate transfer and detection of the large
~150 kDa Rpo41. For panels Supplementary Fig.10D, Fig.
6E, and Supplementary Fig. SI and J, proteins were separated
on 12% gels and blotted for 60 min at a constant current
of 1.5 mA/ecm? for probing with antibodies directed against
Mrx6, Mam33, and Rpo41. For Fig. 6B Towbin buffer lacked
MeOH and all proteins were run on 10% gels and trans-
ferred for 90 min with 2 mA/cm?. The blotting duration was
further increased to 150 min at 2 mA/cm? for panels Fig.
5A-M and probing with antibodies against Rpo41, Mrx6,
Cor2, Pim1, and Atp2 of Supplementary Fig. 10C. For prob-
ing with antibodies against Cox2, Tim23, Mam33, and Cox17
of Supplementary Fig. S10C, proteins were transferred for 90
min at 2 mA/cm?. For panel Supplementary Fig. 9B, blotting
of 10% gels was performed for 90 min at 2 mA/cm? on ni-
trocellulose membranes and cut membranes probed with an-
tibodies against Pim1, Mrx6, Mam33, and Tim23. For panels
Supplementary Fig. 10] and Supplementary Fig. 11B, proteins
were separated on 10% or 16% gels, blotted on nitrocellu-
lose membranes for 90 or 75 min, respectively. The quality of
semi-dry transfers was assessed by observation of the translu-
cent protein bands that appeared during the drying process
of the PVDF membranes. After completed transfer, the gels
were subjected to colloidal Coomassie G-250 (C.B.B.) stain-
ing [34] to control for uniform transfer, while the remain-
ing high molecular weight protein bands retained in the gel
after transfer served as additional loading control. Air-dried
PVDF membranes were reactivated with MeOH, washed with
TBS (50 mM Tris and 150 mM NaCl, pH 7.6), and blocked
for at least 2 h in blocking buffer [TBS containing 5% (w/v)
milk powder]| at 25°C. Membranes were cut according to the
sizes of the proteins and incubated overnight at 4°C rolling
in 50 ml falcons with primary antibodies diluted in block-
ing buffer as listed in Supplementary Table S1. Antibodies
against Abf2, Cim1, Mam33, Mrx6, Pim1, and Rpo41 were
used as previously described [15]. Several antibodies inherited
from the Neupert lab were kindly provided by PD Dr De-
jana Mokranjac [Mrpl36 [35], Tim23 (C) [36], and Tim50
(IMS) [37]], Dr Nikola Wagener (Cor2, Cox2 [38], Cox17
[39]), and Dr Max Harner (Atp2 [40]). After incubation with
the primary antibody, membranes were washed in TBS for at
least 30 min with three buffer exchanges at 25°C. A goat anti-
rabbit (H + L)-HRP conjugated secondary antibody (Bio-Rad
1706515) diluted 1:5000 in blocking buffer was added for at
least 2 h rolling at 25°C. Membranes were washed in TBS
for at least 30 min with three buffer exchanges at 25°C, be-
fore chemiluminescent signals were detected with a Vilber Fu-
sion FX imaging system, after a 1:1 mixture of HRP substrate
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solution 1 [100 mM Tris-HCI pH 8.5, 0.44 mg/ml Lumi-
nol (from 100 x DMSO stock), 0.066 mg/ml p-coumaric acid
(from 227 x DMSO stock)] and solution 2 (100 mM Tris—
HCI pH 8.5, 0.18 ul/ml hydrogenperoxide) was applied to
the blots. For detection of weak signals (Cim1, Rpo41, or
Mrx6) SuperSignal™ West Atto Ultimate Sensitivity Substrate
(Thermo Scientific A38554) was used. Chemiluminescence
signals were quantified in Fiji/Image] [41] similar to previous
reports [42]. Measurements were performed on images ob-
tained with identical exposure times for the data presented in
panels Fig. SA-M, Fig. 6B, Supplementary Figs S9B, S10C, and
S11A, C,and G. For higher accuracy, blots of Fig. 6 were devel-
oped and analyzed with three different exposure times. First,
normalization was performed for each exposure time relative
to the intensity averaged from the three biological replicates of
the controls cultivated with 10 nM estradiol. The normalized
intensities were then averaged across all exposure times for the
individual biological replicates (including each control), from
which the overall mean and standard deviation were deter-
mined. A similar analysis was conducted for panels Fig. 6F-
H, and Supplementary Fig. S11I and ], utilizing three expo-
sure times for Cim1 and Rpo41, and two exposure times for
Abf2, Pim1, and TimS50. Initially, the signals were calibrated
for each exposure relative to a WT sample loaded, followed
by normalization to Tim50.

Isolation of mitochondria for immunoprecipitations

Mitochondria for immunoprecipitation experiments were iso-
lated as decribed previously [15] from 2 1 of log phase (undil.
ODgg0 ~0.7) yeast cultures grown in YPG in 5-liter flasks, un-
der ~150 rpm agitation at 30°C. Cells were harvested at 3993
x g for 5§ min and washed twice with 50 ml of H,O with a
2 min centrifugation at 3146 x g. Cells were incubated for
10 min at 75 rpm agitation and 30°C in 2 ml/g wet weight
of alkaline solution [100 mM Tris and 10 mM dithiothreitol
(DTT)] and pelleted as also in the following washing step at
1861 x g for 5 min. After washing with 6.7 ml/g wet weight in
spheroplast buffer (20 mM KH,PO4 pH 7.4, 1.2 M sorbitol),
cells were gently resuspended in the same buffer containing
6/6.6 mg/ml Zymolyase (R) 20T (Amsbio 120491-1) to digest
cell walls for 30 min at 30°C and 75 rpm agitation. Sphero-
plasts were then harvested for 5 min at 3146 x g and 4°C, and
the buffer was exchanged without resuspension by pelleting
cells again after addition of at least 10 ml of ice-cold homog-
enization buffer [10 mM Tris—=HCI pH 7.4, 0.6 M sorbitol, 1
mM ethylenediaminetetraacetic acid (EDTA), 0.2% BSA fatty
acid free, and 1 mM phenylmethylsulfonyl fluoride (PMSF)].
Spheroplasts were broken with 15 cycles of dounce homog-
enization (Kimble® 885300-0100, clearance 0.0005-0.0055
in.) in 6.8 ml/g wet weight homogenization buffer. Unbroken
cells and nuclei were removed by 5 min centrifugation at 1861
x g and 4°C. Mitochondria were collected from the super-
natant for 10 min at 17 750 x g and 4°C. Mitochondria were
gently resuspended in SEM buffer (250 mM sucrose, 1 mM
EDTA, and 10 mM MOPS-KOH pH 7.2) containing 1 x cOm-
plete™, EDTA-free protease inhibitor cocktail (Roche, Basel)
and mitochondria were centrifuged for 10 min at 13 000 x g
and 4°C. The pellets were snap frozen in liquid nitrogen and
stored at —80°C until use.

Isolation and preparation of mitochondria for
proteome analysis

A modified methodology was employed for the isolation of
mitochondria for proteomic analysis. Yeast cultures cultivated

to late log phase (undil. ODggp ~1) in 600 ml YPG in 2-liter
flasks, under ~150 rpm agitation and at 30°C. Cells were
harvested in a 500 ml centrifuge bottle in two centrifugation
rounds at 2831 x g for 10 min. Cells were washed once with
500 ml of H,O at 2831 x g for 5 min. All cultures had a wet
weight of ~2.3 g and identical steps according to the proto-
col above were performed until homogenization buffer was
added. To the spheroplast pellet, 10 ml of ice-cold homog-
enization buffer (10 mM Tris-HCI pH 7.4, 0.6 M sorbitol,
1 mM EDTA, 0.2% BSA fatty acid free, and 1 mM PMSF)
were added, initiating the flotation of the pellet via gentle agi-
tation, without achieving complete suspension. An additional
10 ml of homogenization buffer was added and the sphero-
plasts were recollected for 5 min at 3146 x g and 4°C. The
supernatant was discarded, and the spheroplasts were gently
opened in 15 ml of homogenization buffer through 15 vigor-
ous pipetting cycles with a 1 em cut-off 5 ml tip on a P5000.
Samples were centrifuged for 5§ min at 1861 x g and 4°C.
The supernatant was transferred to a separate tube and the
homogenization and centrifugation steps were repeated with
the remaining pellet. The combined 30 ml of supernatant was
centrifuged for 5 min at 1861 x g and 4°C. Mitochondria
were collected from the supernatant for 10 min at 17 750 x g
and 4°C and gently resuspended in SEM buffer (250 mM su-
crose, 1 mM EDTA, and 10 mM MOPS-KOH pH 7.2) without
protease inhibitor. Protein concentrations were determined by
Bradford assay. 300 ul of mitochondria adjusted to a concen-
tration of 1 ug/ul in SEM buffer were gently layered on top of
750 pl of SEM500 (500 mM sucrose, 1 mM EDTA, and 10 mM
MOPS-KOH pH 7.2) in 1.5 ml tubes, followed by cushion pu-
rification for 10 min at 13 000 x g and 4°C. The supernatant
and any loose, whitish portions of the pellet were removed
from top to bottom. The resultant pellets were snap frozen in
liquid nitrogen and stored at —80°C. Pellets were subjected to
trypsin digestion as reported previously [43].

Spot-immunoprecipitation from whole cell lysates

40 x 107 mid-log phase yeast cells cultivated in 80 ml YPG
in 300 ml flasks with an agitation of ~150 rpm at 30°C
were harvested for 4 min at 3993 x g. Cells were washed
with 1 ml of H,O and collected in 1.5 ml tubes for 2 min
at 11 000 x g. Pellets were flash frozen in liquid nitrogen
and stored at —80°C until the next day. Screw-cap 2 ml mi-
cro tubes (Sarstedt 72.694.406) were filled with a volume
of an entire PCR tube (~250 ul) of 0.1 mm zirconia beads
(Roth N033.1) and precooled on ice. Cell pellets were quickly
thawed on ice, resuspended by pipetting in 1 ml pulldown
buffer [0.5% Nonidet P40, 15 mM Tris—-HCI pH 7.4, 80
mM KCI, 2 mM EDTA pH 8.0, 0.2 mM spermine, 0.5 mM
spermidine, 1x cOmplete™, and EDTA-free protease inhibitor
cocktail (Roche, Basel)] and transferred to the bead-equipped
screw-cap tubes. Samples were ruptured six times for 30 s with
30 s break in between in a SpeedMill PLUS 230 V (Analytik
Jena 845-00007-2) homogenizer with —20°C precooled sam-
ple holder. Screw-cap tubes were punched with a needle on the
bottom to generate a hole and placed in 2 ml tubes. The lig-
uid was separated from the zirconia beads by centrifugation
for 1 min at 1000 x g and 4°C. Lysates were further cleared
by centrifugation for 10 min at 20 000 x g and 4 °C. 880 ul
of the supernatant (input) were combined in 2 ml tubes with
magnetically separated Spot-nanobody coupled M270 mag-
netic particles (ChromoTek Spot-Trap®Magnetic Particles M-
270 etd-20) equivalent to 20 pul of bead slurry that has been
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pre-washed at least twice in a pooled manner for all samples
with 1 ml of pulldown buffer. The samples were rotated over
head for 1 h at 10 rpm and 4°C. Following the removal of
the flow-through, magnetic particles were washed twice with
1 ml of pulldown buffer. Proteins were eluted with 46 ul of
1x Laemmli buffer (60 mM Tris—=HCI pH 6.8, 2% w/v SDS,
8% vlv glycerol, 2.5% v/v B-mercaptoethanol, and 0.0025%
w/v bromophenol blue) for 5 min at 95°C. The samples were
separated via Tris—glycine-SDS-PAGE equivalent to 1% of
input and flow-through, with 50% of the elution fractions
loaded.

Spot-immunoprecipitation from mitochondrial
lysates

Mitochondria were lysed on ice for a minimum of 15
min with two rigorous pipetting mixing steps in pull-
down buffer (0.5% Nonidet P40, 15 mM Tris-HCl pH
7.4, 80 mM KCl, 2 mM EDTA pH 8.0, 0.2 mM sper-
mine, and 0.5 mM spermidine) supplemented with either 1x
cOmplete™, EDTA-free protease inhibitor cocktail (Roche,
Basel) (immunoblots 1C+E) or 2 mM of the serine pro-
tease inhibitor 4-(2-aminoethyl)-benzylsulphonyl fluoride hy-
drochloride (Pefabloc®) (immunoblots Supplementary Fig.
S2B+C and LC-MS/MS), to achieve a final concentration of
3 mg/ml (immunoblots Fig. 1C+E and Supplementary Fig.
S2B+C) or 3.5 mg/ml (LC-MS/MS Fig 1D+F). The lysed
samples were cleared from debris by centrifugation for §
min at 3000 x g and 4°C. Amounts equal to 2.5 mg (im-
munoblots Fig. 1C+E) or 3.5 mg (LC-MS/MS Fig. 1D+F)
mitochondria were combined in 2 ml tubes with magneti-
cally separated Spot-nanobody coupled M270 magnetic par-
ticles (ChromoTek Spot-Trap®Magnetic Particles M-270 etd-
20) equivalent to 20 ul of bead slurry that had been pre-
washed at least twice in a pooled manner for all samples with
1 ml of the respective pulldown buffer. For bead comparison
in Supplementary Fig. S2B and C, lysates were divided, and
417 pl (1.25 mg mitochondria) of lysate were in compari-
son also added to Spot-nanobody coupled magnetic agarose
beads (ChromoTek Spot-Trap® Magnetic Agarose etma-20),
both bead types corresponding to 10 ul of washed slurry per
sample. The samples were rotated over head for 1 h and 15
min (immunoblots) or 1 h and 30 min (LC-MS/MS) at 10 rpm
and 4°C. Following the removal of the flow-through, mag-
netic particles were washed twice with either 1 ml or 500 ul
(Supplementary Fig. S2B+C) of the pulldown buffer. Samples
designated for LC-MS/MS analysis were further processed as
described in the on-bead digest procedure. For immunoblots,
proteins were eluted with 46 ul of 1x Laemmli buffer (60
mM Tris—=HCI pH 6.8, 2% w/v SDS, 8% v/v glycerol, 2.5%
v/v B-mercaptoethanol, and 0.0025% w/v bromophenol blue)
for 5 min at 95°C. The samples were saparated via Tris—
glycine-SDS-PAGE equivalent to 0.6% (Fig. 1C+E) or 1.2%
(Supplementary Fig. S2B+C) of input and flow-through, with
50% of the elution fractions loaded.

HA-immunoprecipitation from whole cell lysates

20 OD mid-log phase yeast cells cultivated in YPGal with an
agitation of 160 rpm at 30°C were harvested for 5 min at
5000 x g. Cell pellets were resuspended by pipetting in 500 pl
lysis buffer (0.5% Triton X-100, 10 mM Tris—=HCI pH 7.5,
150 mM NaCl, 0.5 mM EDTA pH 8.0, 1 mM PMSF) and
transferred to screw cap tubes. Samples were ruptured using
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a FastPrep-24 5G homogenizer (MP Biomedicals, Heidelberg,
Germany) with 3 cycles of 30 s, speed 8.0 m/s, 120 s breaks,
and glass beads at 4°C. Lysates were cleared by centrifuga-
tion for § min at 16 000 x g and 4°C. The supernatant was
combined with 30 ul of Amintra Protein A Resin and 3 ul
monoclonal Anti-HA antibody (Sigma 22190322). The bead
slurry was pre-washed twice, pooled for all samples with 1 ml
lysis buffer. The samples were rotated end-over-end for 1 h at
4°C. Following the removal of the flow-through, beads were
washed twice with 500 ul of wash buffer IT (50 mM Tris—HCI
pH 7.5, 150 mM NacCl, 5% glycerol, and 1 mM PMSF). Pro-
teins were eluted with 50 ul of 1x Laemmli buffer for 5 min
at 95°C. The samples were separated via Tris—glycine-SDS—
PAGE.

On-bead digest of immunoprecipitations

After the two washing steps with pulldown buffer, detergent,
protease inhibitors and salts were removed quickly at 4°C
by two washes with 500 ul wash buffer 1 (15 mM Tris—
HCI pH 7.4, 40 mM KCI, and 2 mM EDTA), two washes
with 500 ul wash buffer 2 (50 mM Tris-HCI pH 7.4) and
one wash with 100 wl wash buffer 3 (50 mM Tris—=HCI
pH 8.0). To each sample, 80 ul of freshly prepared trypsin
buffer [50 mM Tris=HCI pH 8.0, 2 M urea, 1 mM DTT, and
0.3/80 g/l Trypsin/Lys-C (Promega V5071) from freshly
prepared 1 pg/ul stock in 50 mM acetic acid] containing 0.3
ug Trypsin/Lys-C were added and proteins were digested for
100 min (Pim1-Spot in WT and Amrx6) or 110 min (Mrx6—
Spot and WT) at 37°C. For all incubation steps samples were
agitated a 500 rpm and a heating lid was used to prevent
condensation. Supernatants were transferred to a fresh tube
and beads were washed twice with 60 ul of wash buffer 4
(50 mM Tris—=HCI pH 8.0, 1 M urea) collecting all super-
natants in one tube. Samples were reduced with 0.72 ul of 1 M
DTT (4 mM final concentration: 3.6 mM extra to remaining
0.4 mM from trypsin buffer) for 30 min at 37°C. For subse-
quent alkylation, 10.5 ul of freshly dissolved 200 mM iodoac-
etamide (Promega VB1010) was added (final concentration of
10 mM), and samples were incubated for 30 min at 25°C. Ad-
ditional 0.2 g of Trypsin/Lys-C (2 ul of freshly 1:10 diluted
1 pg/ul stock solution in 50 mM acetic acid to 0.1 ug/ul in 50
mM Tris—HCI) was added for overnight digest at 25°C (13.5 h
for Pim1-Spot in WT and Amrx6 and 12.5 h for Mrx6-Spot
and WT). The digest was stopped by addition of 5.62 ul of
50% formic acid (1.33% final concentration) and 3 ul of the
sample were controlled on pH indicator paper (pH 2-3). Sam-
ples were centrifuged for 1 min at 4°C and 20 000 x g and
shortly frozen at —20°C before peptides were desalted with
home-made C18 stage tips [44], vacuum dried, and stored at
—80°C.

Immunoprecipitation of Mrx6-3xFlag

Immunoprecipitations were performed essentially as de-
scribed previously [14]. Briefly, 40 ODgpo units of cells grown
to log phase in YPD at 30°C were harvested, resuspended in
1 ml lysis buffer [20 mM HEPES pH 7.4, 150 mM KOAc,
2 mM Mg(OAc);, 1 mM ethylene glycol-bis(B-aminoethyl
ether)-N,N,N’,N'-tetraacetic acid (EGTA), and 0.6 M sor-
bitol] supplemented with 1x cOmplete™, EDTA-free protease
inhibitor cocktail (Roche, Basel). Cells were lysed as described
previously for Spot-immunoprecipitation, using 250 ul of 0.1
mm Zirconia beads (Roth N033.1) and Screw cap 2 ml micro
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tubes (Sarstedt 72.694.406), by vigorous vortexing for 6 cy-
cles of 30 s each, with 30 s intervals on ice between cycles.
Unbroken cells and debris were removed by centrifugation
(1500 g, 5 min, 4° C ). Digitonin was added to the super-
natant to 1% final concentration and incubated for 30 min at
4° C. After clearing (12 000 x g, 10 min, 4° C), the extract was
incubated in rotation with 50 ul of xMACS anti-Flag beads
(Miltenyi Biotec) for 45 min at 4°C. Beads were applied to
wu columns and a uMACS separator, washed four times with
lysis buffer containing 0.1% digitonin and 1x protease in-
hibitor and twice with lysis buffer alone. Bound proteins were
eluted using a two-step procedure. For the first elution, the
column was kept in the magnetic separator, and 20 ul of pre-
heated (95°C) 2 x Laemmli buffer were applied and incubated
for 5 min at room temperature. Subsequently, an additional
50 ul of pre-heated 2x Laemmli buffer were added, and the
eluate was collected (Elution I). For the second elution, 70 ul
of hot 2x Laemmli buffer were applied, after which the col-
umn was removed from the separator, allowing the beads and
buffer to flow into a reaction tube (Elution II). Both eluates
were boiled and analyzed by Tris—glycine SDS-PAGE, corre-
sponding to 1% of the input and flow-through fractions and
50 % of each elution. For the second elution, the sample in-
cluding the beads was directly loaded onto the gel.

LC-MS/MS analysis

Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) was performed as described previously [45] on a
nano-LC system (Ultimate 3000 RSLC, ThermoFisher Sci-
entific, Waltham, MA, USA) coupled to an Impact II high-
resolution Q-TOF (Bruker Daltonics, Bremen, Germany) us-
ing a CaptiveSpray nano electrospray ionization (ESI) source
(Bruker Daltonics). The nano-LC system was equipped with
an Acclaim Pepmap nano-trap column (C18, 100 A, 100 um
x 2 cm) and an Acclaim Pepmap RSLC analytical column
(C18,100 A, 75 um x 50 cm), both from ThermoFisher Scien-
tific. The peptide mixture was separated for 90 min over a lin-
ear gradient of 4%—45% (v/v) acetonitrile at a constant flow
rate of 250 nl/min. The column was kept at 50°C throughout
the run. MS1 spectra with a mass range from m/z 200-2000
were acquired at 3 Hz, and the 18 most intense peaks were se-
lected for MS/MS analysis using an intensity-dependent spec-
trum acquisition rate of between 4 and 16 Hz. Dynamic ex-
clusion duration was 0.5 min. Raw files were processed us-
ing the MaxQuant software v2.4.9.0 for immunoprecipita-
tion samples and v1.6.10.43 for mitochondria samples [46].
Peak lists were searched against the S. cerevisiae (strain ATCC
204508/5288¢) reference proteome (Uniprot, www.uniprot.
org). For immunoprecipitations Mrx6-Spot, Pim1-Spot and
the BC2 nanobody were included [47]. A false discovery rate
of 1% was applied at peptide and protein level. Proteins
were quantified using the label-free quantification (LFQ) al-
gorithm [48] with default settings. Enzyme specificity was set
to Trypsin, allowing up to two missed cleavages. Cysteine car-
bamidomethylation was set as a fixed modification. Acetyla-
tion of protein N-termini and methionine oxidation were set
as variable modifications. Statistical analysis was performed
using Perseus [49] and R [50]. Potential contaminants, reverse
hits, and proteins identified only by site modification were
excluded. Replicates were grouped and LFQ intensities were
stringently filtered to contain valid values in all three repli-
cates in at least one group for immunoprecipitation samples
and in at least three of four replicates in at least one genotype

for mitochondria samples. Protein LFQ intensities were log,-
transformed and missing values were imputed from a normal
distribution distribution with a width of 0.3 and a downshift
of 1.8 standard deviations to enable statistical evaluation by
a two-tailed homoscedastic #-test with P-values corrected by
the Benjamini-Hochberg approach [51] at a false discovery
rate of 0.05. For immunoprecipitations the few comparisons
affected by imputation were examined to exclude potential ar-
tifacts, as detailed in Supplementary Table S2. Especially im-
puted values diminished actual fold enrichments for the most
robust differences in immunoprecipitiations, when high inten-
sities of proteins were exclusively detected in all replicates
of one group, while remaining undetected in the compara-
tive group, as confirmed by immunoblots. Cytosolic riboso-
mal contaminants were removed from the datasets. Statisti-
cal analysis for mitochondria proteomics was done in R using
the Limma package [52]. P-values were adjusted for multiple
comparisons according to the Benjamini-Hochberg approach
(FDR = 0.05) [51]. For analysis of immunoprecipiations, on-
bead digested peptides from three technical replicates of dif-
ferent mitochondrial aliquots derived from the same mito-
chondria isolation of each strain were analyzed. For analy-
sis of the mitochondrial proteome, two biological indepen-
dent mitochondrial isolates (for Amrx6 two independently
backcrossed strains) in two technical replicates each were
used.

Determination of nuclear transcript levels

Nuclear transcript levels were determined from total RNA iso-
lated from 40 x 107 cells cultured to log phase at 30°C in ei-
ther YPD or YPG medium. RNA isolation, reverse transcrip-
tion, and qPCR analysis was performed as described previ-
ously [15].

Estradiol regulated gene expression

Similar as reported for the modulation of CIM1 or PIM1 ex-
pression [15], strains were generated to modulate the expres-
sion of RPO41 or MRX6 directly at the endogenous gene lo-
cus by different estradiol concentrations. The plasmid pSS037
facilitated the stable integration at the yeast LEU2 locus of an
estradiol responsive transcriptional activation element, com-
posed of a fusion of the LexA protein with an estrogen recep-
tor ligand binding domain and the B42 transcriptional acti-
vator, regulated by an ACT1 promoter and CYC1 terminator
[53]. This construct was also expressed in control cells. The
pSS037 encoded auxotrophic K. lactis URA3 selection marker
flanked by hisG repeats [31] was removed from all strains
employed in final experiments through selection with 5-FOA.
The 5" UTRs of RPO41 or MRX6 were modified by standard
genomic integration using the Janke S1 as well as S4 primer
binding sites [30], which flank the LexA-responsive promoter
elements encoded on pSS045 (kanMX4 selection cassette for
PE.-RPO41) or pSS046 (natNT2 selection cassette for Pgg, -
RPO41). Similar to Pgg.-PIM1 strains, Pgg.-RPO41 strains
were generated in the presence of 30 nM estradiol, back-
crossed against WT RPO41 backgrounds to refresh mtDNA,
predominantly kept as cryo stocks and inoculated from freshly
streaked YPG plates containing 10 nM estradiol. For all ex-
periments involving Pgg,.-PIM1 and Pgg,.-RPO41, log phase
liquid YPG cultures with 10 nM estradiol (mimicking WT ex-
pression levels) were used as starting material before estradiol
concentrations were modified. In all experiments, B-estradiol
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(Alfa Aesar L03801), stored as 1 mM ethanol stock at —20°C,
was freshly diluted in medium to reach low final nM concen-
trations.

Cycloheximide chase

For protein stability chase experiments following the inhibi-
tion of cytosolic translation by cycloheximide (CHX), WT,
and Amrx6 cells were cultured overnight in YPG at 30°C un-
til reaching stationary phase (ODgpp ~ 2—4). Cultures were
diluted to an ODggg of 0.2 in either 100 ml (4-h chases) or 60
ml (1-h chases) of YPG and grown to mid-log phase (ODggo ~
0.4-0.6) for ~4 h. For the comparison of different Pim1 lev-
els, Pgge.-PIM1 cells [15] were cultured to log phase through-
out the day in YPG with 10 nM estradiol. Cells were washed
with YPG, inoculated to 0.01 x 107 cells/ml in 60 ml of YPG
containing either 10 nM estradiol (WT-like Pim1 protein lev-
els) or without estradiol (Pim1 downregulation), and cultured
to mid-log phase for ~18 h. CHX was added to all cultures
at a final concentration of 100 pug/ml from freshly prepared
ethanol stocks of 10 mg/ml (regular chases) or 20 mg/ml (Pim1
estradiol regulation). Equivalent cell volumes were rapidly
harvested at 3146 x g for 4 min at 1-h (4-h chases) or 15-
min intervals (1-h chases) corresponding to ~7 x 107 cells (4-
h chases and 1-h chases with Pim1 regulation) or ~5 x 107
cells (regular 1-h chases). Cells were washed with 1 ml of H,O
and immediately stored at —80°C. Subsequent denaturing to-
tal cell lysis was performed with adjusted concentrations in
Laemmli buffer according to optical densities measured at at
each chase start: 0.05 x 107 cells/ul (regular 4- and 1-h chases)
or 0.07 x 107 cells/ul (1-h chase with Pim1 regulation). A
sample volume of 10 ul was separated via Tris—glycine-SDS—
PAGE and analyzed by immunoblotting. In graphs, the quan-
tified immunoblot signals are presented as means (dots with
black outline) & SD, and separate biological replicates are rep-
resented as circle (#1), square (#2), triangle (#3) or diamond
(#4) without outlines.

Protein structure prediction and analysis

The protein sequences utilized for structure prediction re-
fer to the S. cerevisiae W303 reference genome and were
obtained from the Saccharomyces Genome Database (http:
/www.yeastgenome.org). AlphaFold v2.2.4 [54] was used for
all structure predictions apart from the large assembly of 6x
Pim1 NTD + ATPase, 3x Mrx6, and 3x Mam33. The fol-
lowing versions of model parameters and genetic databases
were used: AlphaFold params, PDB_seqres, PDB_mmcif, MG-
nify (as of 19 December 2024), UniRef90 (as of 18 Decem-
ber 2024), Uniclust30, UniProt (as of 15 December 2024),
BFD (as of 25 October 2022), and PDB70 (as of 12 Octo-
ber 2022). Three seeds were run per model and relaxation
was performed on all of the resulting 15 structure predic-
tions. Models were ranked and selected based on confidence
metrices: for the “monomer_ptm” mode prediction of Mrx6
the mean pLDDT confidence, and for the “multimer” mode
predictions the ipTM + pTM scores. AlphaFold 3 [55] was
used via the AlphaFold Server (https://alphafoldserver.com)
on 17 May 2024 to predict the structure of 6x Pim1 NTD
+ ATPase (181-770 A285-365), 3x Mrx6 (107-524), and 3x
Mam33 (47-266), selecting the best-ranked model also ac-
cording to the ipTM + pTM confidence. All structures were
visualized utilizing ChimeraX 1.7 [56, 57]. Additional build-in
AlphaFold commands facilitated the visualize error estimates.
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Residue specific pLDDT confidences were color coded on the
ribbon structures. Predicted Aligned Error (PAE) values were
visualized through two different approaches: color-based clus-
tering within multimer ribbon structures, and heat map plots
for each pair of residues. Hydrogen bond pairs were also ex-
tracted using ChimeraX 1.7, with a distance tolerance of 0.4
A and an angle tolerance of 20°. In the visualizations, hy-
drogen bonds meeting strict criteria of a distance at < 3.5 A
and an angle near 180° were denoted by blue dashes, whereas
those with relaxed criteria were represented in orange. The ex-
tracted hydrogen bonds between the Pet20 domain proteins
and the Pim1 NTD were filtered for those that consistently
appeared in the three highest-ranked predictions, represent-
ing either the Npepo- or Cpero-subdomain interactions, except
for the Npep9-subdomain interactions of Pet20, where in to-
tal only two models were predicted, in contrast to 13 for the
Cperzo-subdomain. For hydrogen bonds between Mrx6 and
Pim1 in the AlphaFold 3 structure of 6x Pim1 NTD + ATPase,
3x Mrx6, and 3x Mam33, the pairs also had to be present at
all three reciprocal interaction sites of either obtuse- or acute
angled protomers.

Phylogenetic analysis

Probabilistic consensus logos were constructed by inputting
full-length homologous protein sequences into Skylign [58].
The tool was set to create a Hidden Markov Model (HMM)
by running HMMERS3 version 3.1b1 (February 2013) [59],
remove mostly empty columns, handle alignment sequences
as full length, and estimate the letter height based on all
information content. The residues’ colors were manually
adjusted in accordance with their physicochemical proper-
ties, utilizing the Jalview [60] Zappo color scheme. For the
Pet20 domain family, a comparison was made of 232 pro-
teins classified under IPR014804/PF08692 from the Inter-
Pro/PFAM databases, while excluding the highly divergent se-
quences AOA3SM7MRLS and AOA1E4T1F1 (as of January
2024). For the Pim1 consensus logo and alignments, pro-
tein sequences from all 34 reviewed eukaryotic chloroplas-
tic/mitochondrial Lon protease homologs, categorized un-
der InterPro IPR027503 (as of January 2024), were utilized.
Progressive-iterative alignments with full length protein se-
quences were conducted utilizing MUSCLE [61] through the
EMBL-EBI service tool [62], then filtered and visualized with
Jalview [60].

Data representation, statistics, and visualization

In the manuscript, bar and line graphs illustrate biological
replicates as discrete data points, while means are indicated
as ¥ = & SN, x;, with the calculation of the sample standard

deviation as SD = \/ﬁ Zf\il(xi — x)? provided as bidirec-
tional error bars. Two-tailed heteroscedastic #-tests were per-
formed to assess the differences among biological replicates
across datasets involving efficiency-corrected qPCR, petite fre-
quency analysis, and quantified immunoblot chemilumines-
cence signals. The resulting P-values are represented as fol-
lows: n.s. P > 0.05, *P < 0.05, *P < 0.01, ***P < 0.001,
and ***P < 0.0001. The analysis, calculations, and genera-
tion of graphs for numerical data were conducted utilizing
Microsoft Excel and Python 3. Sequence logos were gener-
ated using Skylign [58], and alignments were visualized with
Jalview [60]. Immunoblot images were cropped to achieve
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Figure 1. Mrx6-dependent interactions of Pim1 with Mam33 and Pet20. (A) gPCR on mtDNA-encoded COX7 and nuclear reference TAF10 of indicated
strains grown in YPD at 30°C. n = 3, data represent mean =+ SD. (B) Petite frequency of indicated strains grown in YPD at 30°C. n = 3, data represent
mean =+ SD. (C and E) Immunoblots of Pim1, Mrx6, Tim50 (control), Mam33, and Mrpl36 from Spot-tag immunoprecipitations using magnetic particle
beads and lysed mitochondria isolated from Pim1-Spot and Amrx6 Pim1-Spot (C) or WT and Mrx6-Spot (E) cells, cultivated in YPG at 30°C. Input (I)
and flow-through (FT) fractions represent 0.6% of total amounts and bound fractions eluted with 1x (Ex 4¢) followed by 2x Laemmli buffer (Eoy qe) are
50% of eluted volumes. (D and F) Volcano plots of LC-MS/MS detected proteins after on-bead digest of Spot-tag immunoprecipitations using magnetic
particle beads and lysed mitochondria isolated from Pim1-Spot and Amrx6 Pim1-Spot (D) or WT and Mrx6-Spot (F) cells cultivated in YPG at 30°C. n =
3 (technical), data were normalized by LFQ. Significantly enriched/decreased hits are highlighted in green/red. Labels for nonmitochondrial proteins are
colored in gray. Putative interesting but not significant hits with a log, fold change > 0.3 (D) or > 0.4 (F) are colored in blue. “nb"” shows BC2 nanobody

abundance. Pim1-Spot is highlighted in D.

uniform sizes and precise alignment to marker bands using
IrfanView. For enhanced visualization of some images, the en-
tire histograms were slightly adjusted by modifying the upper
and lower limits of depicted pixel intensities in Fiji/Image]
[41]. Protein structures were visualized using ChimeraX 1.7
[56, 57]. Figures were assembled and labeled using Affinity
Designer v1.10.6.

Results

Mrx6-dependent interactions of Pim1 with Mam33
and Pet20

We have previously found that Mrx6 interacts with Pim1,
Mam33, and Pet20 through immunoprecipitation of Mrx6-
or Pet20-3 xFlag [14]. To better understand the architecture of
potential complexes, we performed immunoprecipitation ex-
periments of Spot-tagged® Pim1 from mitochondria of cells
containing or lacking Mrx6. The Spot-tag, composed of 12
amino acids, was optimized from the BC2-tag system for en-
hanced high-affinity nanobody binding [47, 63, 64]. Expres-
sion of endogenously Spot-tagged Pim1 did not affect mtDNA
CN (Fig. 1A). In cells expressing Pim1-Spot, the deletion of
MRX6 resulted in increased mtDNA CN, typical for cells lack-
ing Mrx6 [14]. Moreover, Pim1-Spot strains did not exhibit
elevated frequencies of petite formation or growth defects on

both fermentable and non-fermentable media (Fig. 1B and
Supplementary Fig. S2A). These findings indicate that Spot-
tagged Pim1 is functional.

In line with a prior high-throughput analysis involving
Pim1-GFP [16], immunoprecipitation of Pim1-Spot from mi-
tochondrial lysates with anti-Spot-tag nanobody followed
by immunoblots revealed the co-purification of Mrx6 and
Mam33, irrespective of bead type or protease inhibitor used
(Fig. 1C and Supplementary Fig. S2B). Strikingly, no interac-
tion between Pim1 and Mam33 was observed when Pim1-
Spot was purified from Amrx6 mitochondria. To gain a com-
prehensive understanding of proteins that interact with Pim1
in a Mrx6-dependent manner, we performed LC-MS/MS anal-
ysis on proteins purified with Pim1-Spot from either wild-
type (WT) or Amrx6 mitochondria. These analyses confirmed
that the co-purification of Mam33 with Pim1-Spot depends
on the presence of Mrx6 (Fig. 1D). Additionally, these analy-
ses demonstrated that the Mrx6-homolog Pet20 was identified
only in Pim1-Spot purifications from WT mitochondria, but
not from Amrx6 mitochondria, indicating that a stable inter-
action between Pet20 and Pim1 relies on Mrx6. Interestingly,
the third Pet20 domain containing protein, Suel, interacted
with Pim1 independently of Mrx6 and even co-purified with
Pim1 more efficiently in the absence of Mrx6 (LFQ ~2- and
iBAQ ~3-fold more, Supplementary Table S2).
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While Pet20 and Mam33 co-purify with Pim1 exclusively
in the presence of Mrx6, distinct proteins are enriched with
Pim1-Spot specifically in Amrx6 cells. These proteins include
mitochondrial ribosomal components from both the small
(Nam9, Mrps17, and Mrps12) and large subunits (Mrpl27
and Mnp1, the latter also reported as a nucleoid-associated
protein [65]), as well as mtDNA-associated proteins such as
Rim1, Mgm101, and Chal [66]. The underlying cause for the
preferential interaction of these proteins with Pim1 in the ab-
sence of Mrx6 remains to be elucidated. Nonetheless, it is
plausible that Mrx6 modulates the activity or binding affin-
ity of Pim1 to its substrates.

To further investigate the interaction network between
Pim1, Pet20 domain proteins, and Mam33 from the per-
spective of Mrx6, we performed immunoprecipitations using
Spot-tagged Mrx6. Mrx6-Spot strains show mtDNA levels
akin to WT but exhibit a reduced petite frequency, similar
to Amrx6 strains, suggesting compromised Mrx6 function-
ality (Fig. 1A and B). Notably, Mrx6-Spot immunoprecipita-
tion and subsequent analysis of co-purified proteins via im-
munoblots and LC-MS/MS revealed a selective enrichment
of Mam33 but did not co-purify Pim1 or Pet20 (Fig. 1E
and F, and Supplementary Fig. S2C). This contrasts with our
prior observation in which, alongside Mam33, both Pim1
and Pet20 co-purified with Mrx6-3 xFlag [14]. Indeed, we
confirmed the interaction between Mrx6-3xFlag and Pim1
(Supplementary Fig. S9B). We hypothesize that the divergent
outcomes between Spot- and Flag-tagged Mrx6 are due to
tag-specific physicochemical properties. Although the Spot-
tag is shorter, its more neutral character apparently inter-
feres with the Mrx6-Pim1 interaction. In contrast, the longer
3xFlag tag, with its multiple aspartate residues and strong
negative charge, permits immunoprecipitation of Pim1-Mrx6
complexes. The decreased petite frequency of a strain express-
ing Mrx6-Spot aligns with a compromised function of Mrx6—
Spot. Crucially, the co-purification experiment indicated that
the interaction between Mrx6-Spot and Mam33 is indepen-
dent of Pim1.

Taken together, our results reveal that Mrx6 is essential
for a stable interaction between Pim1 and Pet20 as well
as Mam33. Our finding that the functionally compromised
Mrx6-Spot interacts with Mam33, but not Pim1 or Pet20,
further suggests that Mrx6 and Mam33 constitute a stable
subcomplex linked to Pim1 through Mrxé.

Interdependency of Mrx6 and Mam33 governs
mtDNA CN

We next focused on understanding how Mrx6 interacts with
Mam33 by performing AlphaFold [54] predictions. The Mrx6
protein is comprised of two distinct segments. The N-terminal
region of Mrx6 encompasses a Pet20 domain, which is sim-
ilarly present in its homologs Pet20 and Suel. In contrast,
Mrx6 also possesses a unique C-terminal segment that is ab-
sent in Pet20 and Suel (Fig. 2A and Supplementary Fig. STA-
C). AlphaFold predictions indicated a structurally robust fold-
ing for the C-terminal domain of Mrx6, in contrast to its N-
terminal Pet20 domain, which showed lower structural orga-
nization and confidence scores (Fig. 2B-D, note that the Pet20
domain appears bipartite, with two subdomains that are in-
troduced in more detail below). To explore the potential inter-
action interfaces between Mrx6 and Mam33, we performed
AlphaFold predictions with three Mam33 molecules due to
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its known trimeric configuration [67], excluding its mitochon-
drial targeting sequence (MTS) (1-46) [68], and a single Mrx6
molecule devoid of its MTS (1-33). This analysis suggested
an interaction of the positively charged C-terminus of Mrx6
and the negatively charged, bowl-shaped cavity of the Mam33
trimer with high confidence values (Supplementary Fig. S3A-
E). In contrast to the C-terminal domain of Mrx6, the Pet20
domain within Mrx6 does not appear to be involved in the
Mrx6-Mam33 interaction, since no contacts between this do-
main and Mam33 were observed in the predicted AlphaFold
model.

LC-MS/MS analysis of the Pim1 complex revealed Mrx6
presence at an average ratio of ~1:2.2 relative to Mam33
(even ~1:1.3 in data by Bertgen et al.), rather than a 1:3 ra-
tio (Supplementary Table S2). Thus, we postulated that more
than one molecule of Mrx6 might interact with the trimeric
Mam33. This idea is further supported by the structural sym-
metry observed in the predictions, where Mrx6 interacts with
the Mam33 trimer at the interface of two adjacent Mam33
subunits. Indeed, high-confidence AlphaFold-generated mod-
els indicate that the Mam33 trimer may accommodate three
C-terminal regions of Mrx6, with the compact assembly being
driven by the remarkable complementarity of opposite elec-
trostatic surfaces (Fig. 2E and Supplementary Figs S3F-]). In
agreement with the distinctive C-terminal domain of Mrx6, no
interactions were predicted between Mam33 and either Pet20
or Suel. Furthermore, no high-confidence interactions were
observed between any domain of Pim1 and Mam33.

The resulting compact predicted structure, composed of
three Mrx6 and three Mam33 molecules, led us to experi-
mentally test if absence of either protein affects the stabil-
ity of the other. While Mam33 levels remained unaltered in
Amrx6 cells, Mrx6 was virtually undetectable in Amam33
cells (Fig. 2F). Similarly, a construct of Mrx6 lacking the C-
terminal domain, predicted to bind Mam33, did not accumu-
late to detectable levels (Fig. 2G). In contrast, Mrx6 variants
either lacking the Pet20-domain or incorporating the Pet20
domain from the Pet20 protein accumulated to detectable but
lower levels. These results suggest that the stability of Mrx6
depends on its binding to Mam33 and that both proteins form
a functional unit.

Since lack of Mrx6 results in increased mtDNA CN,
we assessed whether deletion of Mam33 would similarly
increase mtDNA CN by performing quantitative real-time
PCR (qPCR). Indeed, mtDNA levels were elevated ~1.5-fold
in Amam33 cells, comparable to the increase observed in
Amrx6 cells (Fig. 2H and Supplementary Figs S4D-F). No fur-
ther rise in mtDNA levels was observed in Amam33Amrx6
double mutants. Notably, an analogous increase in mtDNA
CN was observed in cells expressing a Mrx6 truncation, lack-
ing its C-terminal extension (Fig. 3G). We further compared
growth of Amam33, Amrx6, and Amam33Amrx6 mutant
strains, which was virtually indistinguishable from WT on fer-
mentable medium (Fig. 2I and Supplementary Figs S4A-C).
On medium containing a non-fermentable carbon source, we
observed growth defects of Amam33 and Amrx6 single mu-
tants at 37°C, which was more pronounced in Amam33 cells.
The growth of the Amam33Amrx6 double mutant closely
mirrored that of Amam33 cells, thus revealing that MAM33
is epistatic over MRX6. Lastly, the low petite frequency ob-
served in Amrx6 cells was also phenocopied in Amam33 and
Amrx6Amam33 cells, further supporting the idea that both
proteins function together (Supplementary Fig. S4G).
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Figure 2. Interdependency of Mrx6 and Mam33 governs mtDNA CN. (A) Schematic of protein domains of Mrx6, Pet20 and Sue1. Disordered regions
(fIDPnn propensity [69]) are highlighted diagonal lines. (B-D) Highest ranked (by predicted Template Modeling score, pTM) AlphaFold monomer
prediction of Mrx6 (residues 34-524) lacking the mitochondrial targeting sequence (MTS) (mean pLDDT confidence ~59.74). The ribbon model shows
the Npetoo- and Cperpg-subdomains in blue and the C-terminal region in yellow. Intrinsically disordered regions (IDR) are colored in black (B). Error
estimates are either shown as ribbon structure colored according to the residue specific pLDDT confidence (C) or as a heat map plot of the expected
position error for every pair of residues (D). (E) AlphaFold multimer prediction of 3x Mam33 (residues 47-266) and 3x Mrx6 C-terminus (residues
271-524). Best ranked model with improved ipTM + pTM confidence of ~0.7674. Surfaces are colored according to the coulombic electrostatic
potential in the range of —10 to 10. (F and G) Immunoblots of indicated strains grown in YPD or YPG (G only YPD) at 30°C with Mrx6 and Mam33 (Pim1
additional loading control in G, for more controls of F see 4D) antibodies. C.B.B. stained protein bands remaining in the gel after transfer served as a
loading control; n = 1. (H) gPCR on mtDNA encoded COX7 and nuclear reference TAF10 of indicated strains grown in YPD at 30°C; n = 4, each mutant 2
biological replicates from two independent deletion strains, data represent mean =+ SD. (I) Drop dilution growth analysis at 30 or 37°C of indicated
strains pre-grown in YPD at 30°C. Images were taken after 48 h growth on YPD or YPG.

In summary, AlphaFold predictions suggest that up to three
Mrx6 proteins may associate with a Mam33 trimer via their
C-terminal domains. Together with our experimental evidence
for an Mrx6-Mam33 interaction and the observation that
Mrx6 stability requires Mam33, this supports a model in
which Mam33 binding stabilizes Mrx6. Furthermore, our
phenotypic analysis reveals a mutual dependency between
Mrx6 and Mam33 in regulating WT-like mtDNA levels.

Two subdomains in the bipartite Pet20 domain are
important for interaction between Mrx6 and Pim1
Next, we examined how Pim1 interacts with Mrx6. We have
previously shown that Pim1 co-purifies with any of the three
proteins containing the Pet20 domain [14], implying that
the Pet20 domain may facilitate these interactions. An align-
ment of 232 proteins annotated for the Pet20 domain fam-
ily revealed a bipartite nature of the Pet20 domain, which
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Figure 3. Two subdomains in the bipartite Pet20 domain are important for interaction between Mrx6 and Pim1. (A) Pet20 domain consensus logo
generated based on the sequences of 232 proteins of the Pet20 protein family (InterPro: IPR014804; Pfam: PF08692). Stretches of conserved Npei2o-
and Cperoo-subdomains are highlighted by a blue rectangle. Residues are colored based on their physicochemical properties. (B) Npgi2o- (left) and
Cpet20-subdomain (right) of Mrx6 (color intensity corresponds to level of conservation) and the IPR014804/PF08692 consensus (bottom). Residues
putatively involved in hydrogen bond formation (S6C+S8E) or hydrophobic interactions (S8F) to the Pim1 NTD according to AlphaFold predictions are
indicated with black and salmon triangles, respectively. (C-F) AlphaFold 3 multimer prediction of 6x Pim1 NTD + ATPase (181-770 with deleted
disordered region 285-365), 3x Mrx6 (107-524), and 3x Mam33 (47-266) best ranked model (ipTM + pTM confidence of ~0.46). (C) Ribbon model of
hexameric Pim1 (181-770 A285-365) with separately colored NTD (181-528, gray) and ATPase domains (5629-770, blue). Acute-(orange-red NTD, blue
ATPase) or obtuse-angled (orange NTD, gray ATPase) protomers alternate. (D) Ribbon model of predicted structure consisting of 6x Pim1 NTD + ATPase,
3x Mrx6 (dark green with lime Pet20 subdomains), and 3x Mam33 (purple). (E) As in D, but Mam33 and Mrx6 C-terminus (271-524) are hidden. (F)
Detail of (E) showing only one obtuse-angled (low opacity orange, chain A) and the adjacent acute-angled (low opacity orange-red, chain B) Pim1 NTD
together with the Mrx6 N-terminus (107-270). Residues highlighted are putatively involved in hydrogen bonding. (G) gPCR on mtDNA encoded COX1
and nuclear reference TAF10 of indicated strains grown in YPD at 30°C. n = 4, indicated Mrx6 mutant strains expressing either WT Pim1 (filled circles)
or Pim1-Spot (empty circles) were analyzed in two biological replicates each, data represent mean 4 SD. (H) Top panel: Immunoprecipitation pf
Pim1-Spot from from native cell lysates of indicated strains grown in YPG at 30°C. Immunoblots were probed with Pim1, Mrx6, Mam33, and Abf2
(control). 50% of eluted fractions and 1% input and flow-through (FT) of the WT Pim1-Spot controls were loaded [for all 1% input and flow-through (FT)
controls see S9A]. Bottom panel: Immunoblots of denatured total lysates of identical strains cultivated in YPG at 30°C are shown (enhanced detection
compared to S9A). C.B.B.: colloidal Coomassie stained high molecular weight proteins that retained in the gel after transfer.
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includes two conserved sequence stretches—one located at the
N- (~29 AA) and another at the C-terminus (~33 AA) of
the Pet20 domain (hereafter Npeo- and Cperp-subdomains)
(Fig. 3A and B, and Supplementary Fig. S6A and B). The
Nperzo- and Cperzg-subdomains are separated by a variable
region comprising 68 residues in Mrx6, 27 in Pet20 and
63 in Suel (Supplementary Fig. S1A-C). Similar to the N-
terminal segment of Mrx6, which encompasses the Pet20 do-
main, AlphaFold predictions revealed low confidence scores
for the entire Pet20 and Suel structures (Fig. 2C and D and
data not shown). To assess whether these unstructured re-
gions in the Pet20 domains were indicative of a lack of struc-
tural templates for AlphaFold predictions or were intrinsi-
cally disordered, we determined disorder propensities using
fIDPnn predictions [69]. Indeed, high IDPnn disorder propen-
sities were calculated in regions outside the Pet20 subdomains
(Supplementary Figure S1A-C).

We used structural predictions to reveal potential interac-
tions between Mrx6, Pet20 or Suel, and Pim1. Pim1 com-
prises an N-terminal (NTD) (residues 181-528), ATPase
(residues 529-838), and protease (residues 893-1133) do-
main (Supplementary Fig. S1D). Complexity and character
limitations in earlier AlphaFold versions precluded prediction
of multimer interactions of hexameric Pim1 [19]. Predictions
of interactions between Mrx6 and monomeric Pim1 each lack-
ing their MTSs failed to yield high-confidence structural mod-
els. Consequently, we broke down Pim1 into its functional
domains to explore possible interactions with proteins con-
taining the Pet20 domain. Although no interactions were sug-
gested between Mrx6 and the ATPase or protease domains of
Pim1, AlphaFold predicted potential interactions between a
well-structured region of the Pim1 NTD and Mrx6, Pet20 or
Suel. These interactions engaged either the Npepg- or Cpeo-
subdomains (Supplementary Fig. SSA and B).

Pim1’s NTD comprises a globular domain connected to
the ATPase domain by a long helix (LH) [20]. Both fea-
tures are also observed in AlphaFold predictions. Analysis
of AlphaFold-generated structures indicates the potential for
multiple hydrogen bonds between Pim1 and the Pet20 domain
proteins (Fig. 3B and Supplementary Figs S6A-C and S7A-
D). In the structural model, a distinctive feature involved in
the interactions with either the Npewo- or Cpeo-subdomains
is a negatively charged cavity of the Pim1 NTD, located at the
kink between the LH and the globular domain, which contains
a glutamate at position 479.

In AlphaFold-based models showing the binding of the
Nperzo-subdomain to Pim1, the cavity is occupied by the posi-
tively charged R135, R127, or R82 of Mrx6, Pet20, and Suel,
respectively, with putative hydrogen bonds between the side
chains of these arginines and E479 of Pim1. In all predictions
for Mrx6, but only in some for Pet20 and Suel, a putative sta-
bilizing bond is also suggested between the arginine side chain
and the backbone carbonyl at V448 of Pim1. Another puta-
tive interaction site between Pim1 and the Npeo-subdomain is
mediated by potential hydrogen bonds between both the side
chain and peptide backbone of Pim1(T253) and Mrx6(T117),
Pet20(S108 and T109), or Suel(T64). The residues of the
Nperzo-subdomain involved in these two putative interaction
surfaces are connected by an alpha-helix comprising 11 amino
acids: N122-A132 (Mrx6), Q114-S124 (Pet20), or A69-S79
(Suel), none of which appear to exhibit binding in predictions
with a single Pim1 NTD.

In predictions where the Cpeo-subdomain interacts with
Pim1, the E479 cavity appears similarly important. The Al-
phaFold model suggests that the hydroxyl groups of serine
and threonine residues in Mrx6(S215 and S217), Pet20(S166
and T168), or Suel(S166) could form hydrogen bonds to
the side chain of Pim1(E479). Likewise, the backbone car-
bonyl oxygen at Pim1(V448) may form a hydrogen bond with
Mrx6(1216), Pet20(A167), or Suel(S166).

Interestingly, AlphaFold similarly suggested an interaction
between the Mrx6 Cpero-subdomain and the NTD of the hu-
man Lon protease LONP1, while no interactions involving the
Npe2o-subdomain were predicted (Supplementary Figs SSA
and B, and S7E and F). We assessed the conservation of in-
teracting Pim1/LONP1 residues by generating a probabilis-
tic HMM consensus logo [58] for 34 eukaryotic Lon pro-
tease homologues, spanning all major eukaryotic supergroups
(Supplementary Figs S6D). Particularly Pim1(E479) (E369 in
human) is present in a majority of species. Further analysis
through progressive-iterative alignment of the 34 sequences
[61] revealed conservation of most Pim1 residues that, accord-
ing to AlphaFold-derived models, engage in Pet20 domain
binding across Fungi, Caenorbabditis elegans, and Homo
sapiens (Supplementary Fig. S6E).

Recent advances in AlphaFold 3 [55] enabled us to gen-
erate structural models of an oligomeric assembly of the
Pim1 hexamer, truncated to its NTD and ATPase domains,
along with three Mrx6 and Mam33 molecules (Fig. 3C-E
and Supplementary Fig. SSA-D). Within the predicted Pim1-
Mrx6-Mam33 complex, the Mrx6-Mam33 subcomplex ar-
chitecture was similar to the AlphaFold2 predictions and was
defined by complementary electrostatic surfaces that mediate
the interface between the Mrx6 and Mam33 trimers. Consis-
tent with the fact that AlphaFold is trained on known struc-
tural templates, the predicted hexameric structure of Pim1’s
NTD resembled previously solved structures for Lon’s NTDs
in Thermus thermophilus [70], Meiothermus taiwanensis [20],
and H. sapiens [71, 72]. A known characteristic of the hexam-
eric NTD assembly, also observed in the AlphaFold predic-
tions, is a pseudo-threefold arrangement, wherein alternating
subunits adopt distinct conformations [70]. At the core, an in-
terlocked helix triangle is formed by three subunits, with LHs
extending the first helix of the ATPase domain at an obtuse an-
gle (chains A, C, and E), spanning over the core. The LHs of
the remaining three protomers are oriented in an acute angle
towards the first ATPase domain helix, facing outwards with-
out forming inter-contacts (chains B, D, and F). Remarkably,
in the AlphaFold-generated models, the three Mrx6 molecules
symmetrically positioned on top of the Pim1 hexamer, with
Pet20 domains extending into a cavity created by the NTD’s
of Pim1. Each Mrx6 protomer’s Npeo-subdomain engages an
acute-angled Pim1 NTD while the Cpep-subdomain engages
an adjacent obtuse-angled NTD. These interactions are medi-
ated by the same putative hydrogen bonds suggested by only
pairwise predictions between Pim1’s NTD and either Mrx6,
Pet20, or Suel using AlphaFold2 (Fig. 3F and Supplementary
Figs S7A and C, and S8E). Additional predicted features of the
Mrx6-Pim1 interface, including potential hydrophobic con-
tributions, are presented in Supplementary Fig. S8.

The oligomeric AlphaFold-based models revealed no inter-
actions between Pim1 and the Mrx6 C-extension, which ap-
pears to exclusively bind to Mam33. Analogous to a closing
lid, the models place the trimeric Mam33 on top of the assem-
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bly with its highly negatively charged site facing the positively
charged Mrx6 C-terminus.

It is important to note that our structural insights derive
from AlphaFold-generated models and thus require exper-
imental support. To examine putative interaction sites be-
tween Mrx6 and Pim1 predicted by these models, we gen-
erated yeast strains containing mutant variants of MRXG6 at
its endogenous locus. Specifically, we removed Mrx6’s Pet20
domain (A112-240) or replaced it with the corresponding
Pet20 domain of Pet20 [A112-240::Pet20(104-190)]. Addi-
tionally, we generated strains with point mutations in either
the Npeo- or Cpeo-terminal regions of both subdomains at
locations predicted to be involved in hydrogen-bonding in-
teractions with the Pim1 NTD. In the Npeo-subdomain, the
putative stabilizing hydrogen bonding between Mrx6(T117)
and Pim1(T253 or S254) was prevented by Mrx6T!'7V, The
predicted interaction between Mrx6(R135) in the Npepo-
subdomain and Pim1(E479 and V448) was altered by mutat-
ing Mrx6’s arginine to alanine or glutamate. Predicted bind-
ing of Mrx6’s Cperp-subdomain to the Pim1(E479) was per-
turbed by mutating Mrx6(5217) alone or in combination with
Mrx6(S5215) to alanine. A mutant lacking the C-terminal do-
main of Mrx6(Mrx6 2¢™:) was also included in these anal-
yses.

First, we assessed the functional impact of Mrx6 mutants
on mtDNA CN level in WT and Pim1-Spot backgrounds.
While cells expressing Mrx6T117V, Mrx6R13%4 and Mrx652174
showed normal mtDNA levels, cells expressing Mrx6 4112-240
Mrx6 A112:240:Per20(104-190) N fry GRIBSE "o My 6S21SA/S2I7A oy
hibited increased mtDNA CN comparable to Amrx6, indicat-
ing a critical role of Mrx6’s Pet20 domain and the respective
residues in facilitating Mrx6 function (Fig. 3G).

Next, we performed immunoprecipitations of Pim1-Spot to
investigate whether the observed increase in mtDNA CN was
associated with a loss of Pim1-Mrx6 interactions. Mrx6 point
mutants were stably expressed and detected in a WT-like range
in total cell lysates (Fig. 3H bottom panel and Supplementary
Flg S9A) Mrx6 A112-240 and Mrx6 A112-240::Pet20(104-190) were
detected at expected sizes. Both variants appeared reduced in
western blots, but their levels cannot be directly compared
to WT as only epitopes within 34-111 are present in these
variants, while the antibody was generated against residues
34-210. Across all samples, input and eluted amounts of
Pim1-Spot were similar. Remarkably, we observed substan-
tial differences in the amounts of immunoprecipitated Mrx6
and Mam33. In line with elevated mtDNA CN levels, we de-
tected no interactions of Mrx6 or Mam33 with Pim1-Spot in
strains expressing Mrx6 2112240 o Mrx6 A112-240:Per20(104-190)
and a severely weakened interaction between Pim1-Spot with
Mrx6R13%E Binding of Mrx6 to Pim1-Spot was also reduced
in Mrx6™7V Mrx6R1354 and Mrx652!'7A4 mutants. Since
these mutants exhibit largely unaltered mtDNA CN, we con-
clude that compromised yet not completely abrogated bind-
ing between Mrx6 and Pim1 is sufficient to maintain WT-like
mtDNA levels. We hypothesize that alternative interactions at
the interface (Supplementary Fig. S8E and F) are sufficient to
sustain the Pim1-Mrx6 association in the absence of the pu-
tative hydrogen bonds from Mrx6(R135) and Mrx6(S217).
In accordance with our observation that the association of
Mam33 with Pim1 is dependent on Mrx6, bound Mam33
levels decreased proportionally along with Mrx6. It is no-
table that Mrx6R1394 and Mrx6521545217A exhibit compara-
ble binding deficits to Pim1. However, while Mrx652154/5217A
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results in strongly increased mtDNA levels, Mrx6R13%4 does
not, indicating that the roles of Mrx6(5215 and S217) may
extend beyond merely facilitating interaction between Mrx6
and Pim1.

We attempted to support these findings by performing re-
ciprocal pull-downs using an antibody raised against Mrx6
(residues 34-210). While Mrx6 was efficiently recovered,
Pim1 was not detected (data not shown). We consider it likely
that antibody binding interferes with Pim1 association, as the
recognized epitope includes the Pet20 domain predicted to
mediate the interaction with Pim1.

To circumvent this limitation, we employed Mrx6 tagged
C-terminally with a triple Flag tag to assess the interaction
of Mrx6 variants with Pim1 from the Mrx6 perspective [14].
Of note, results obtained with Mrx6-3 xFlag immunoprecip-
itation should be interpreted cautiously, as the Spot-tag at
the same site on the C-terminus was found to destabilize
the interaction with Pim1 (Fig. 1E and F). Nevertheless, im-
munopurification of Mrx6-3 xFlag co-enriched Pim1, whereas
no Pim1 was detected in eluates from untagged wild-type
cells. (Supplementary Fig. S9B). In agreement with the Pim1-
Spot pull-downs, the Mrx6R135E_3 x Flag variant exhibited a
strongly reduced interaction with Pim1, approaching back-
ground levels. Notably, the abundance of Mrx6R13E_3 x Flag
was slightly decreased in both cell lysates and eluates, sug-
gesting reduced protein stability. A comparable reduction in
protein abundance in lysates was not observed for the un-
tagged Mrx6R13E mutant, indicating that the combination
of the R135E substitution and the C-terminal 3 xFlag tag
may destabilize the protein. Consistent with the Pim1-Spot
pull-down results, the other Mrx6-3 xFlag variants (T117V,
R135A,5215A,and S215A/S217A) also displayed reduced co-
purification with Pim1 compared to wild-type Mrx6-3 xFlag,
with the S215A mutant showing the mildest binding de-
fect. In line with the structural model and the proposed C-
terminal interaction of Mrx6 with Mam33, co-purification
of Mam33 remained unaffected in immunoprecipitations us-
ing Mrx6-3 xFlag variants carrying mutations in the Pet20
domain.

Taken together, our analyses suggest that two subdomains
within the Pet20 domain of Mrx6 facilitate interaction with
the NTD of Pim1. A central feature of this interface is a neg-
atively charged cavity formed by E479 in Pim1, with several
Mrx6 residues suggested to contribute to binding at this site.
Consistent with this model, the R135E mutation in the Npeyo-
subdomain both disrupts Pim1 binding and leads to increased
mtDNA levels, highlighting the importance of R135. By con-
trast, mutations of S215 and S217 in the Cpepo-subdomain
do not fully abolish Pim1 binding and only the combined
S215A/S217A mutation results in elevated mtDNA levels.
These observations suggest that while R135 plays a central
role, S215 and S217 likely contribute to stabilizing the inter-
action with the E479 cavity.

Absence of Mrx6 leads to a post-transcriptional
increase of Rpo41 and Cim1

Our data suggest a model in which the binding of Mrx6, along
with Mam33, to Pim1 alters recruitment and/or degradation
of factors required for mtDNA CN maintenance. To iden-
tify proteins that may accumulate in the absence of Mrxé6,
we isolated mitochondria-enriched fractions from WT and
Amrx6 cells and conducted a comparative proteomic analysis.
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Figure 4. Absence of Mrx6 leads to a post-transcriptional increase of Rpo41 and Cim1. (A) Comparison of proteins annotated for mitochondrial genome
maintenance (http://www.yeastgenome.org, state February 2024) detected in the proteome of mitochondrial enriched fractions from Amrx6 and WT
cells (this study), a SILAC dataset from Amam33 and WT cells filtered for mitochondrial proteins [18] and a high-confidence mitochondrial proteome
[73]. (B) Volcano plot of differentially expressed proteins identified by LC-MS/MS analysis in mitochondrial enriched fractions of WT and Amrx6 cells
cultivated in YPG at 30°C. Normalization based on LFQ. n = 2 strain replicates, two technical replicates each. (C) Comparison of proteome alterations
present in the Amrx6 versus WT LFQ LC-MS/MS derived data as well as a Amam33 versus WT SILAC dataset filtered for mitochondrial proteins [18].
Fold-changes of at least 2.8 in at least one of the two experiments are highlighted in green or red. (D) Immunoblots of Pim1, Tim50 (loading control),
Cim1, and Abf2 from lysates of indicated cells grown in YPG or YPD at 30°C. *highlights unspecific cross-reaction of the Cim1 antibody. C.B.B.: colloidal
Coomassie stained high molecular weight proteins that retained in the gel after transfer; n = 1. (E) RT-gPCR transcript comparison of indicated genes
between WT and Amrx6 with RNA extracted from cells cultivated in YPD or YPG medium at 30°C. Normalization to housekeeping gene UBC6 and
relative to the averaged WT abundance in YPD (see S10A+B for only YPD and YPG). n = 3 biological replicates, data represent mean =+ SD.

Comparison of the obtained dataset with a high-confidence
mitochondrial proteome [73] and a SILAC dataset profiling
Amam33 and WT cells [18] revealed good coverage of the mi-
tochondrial proteome as well as proteins annotated for main-
tenance of mtDNA and the nucleoid [65, 66, 74-78] (Fig. 4A
and Supplementary Figs S10E-I).

While most of the 931 identified proteins were not al-
tered between WT and Amrx6 samples, two nucleoid pro-
teins, the mitochondrial RNAP Rpo41 [79] and the catabolic
serine and threonine deaminase Chal [80], were markedly
increased ~4.3-fold and ~1.8-fold, respectively, in the ab-
sence of MRX6 (Fig. 4B). Given our finding that both the
absence of either MRX6 or MAM33 increases mtDNA CN
levels, we compared our Amrx6 dataset with a previously
published dataset on protein changes associated with deletion
of MAM33, to identify common changes. Indeed, the levels
of Rpo41 and Chal were similarly increased by ~5.1-fold
and ~2.5-fold, respectively, in Amam33 cells (Fig. 4C). The
protein Cox26 was decreased in Amam33 and Amrx6 cells,
but the change was not significant comparing Amrx6 to
WT. The abundance of numerous proteins was exclusively
altered in Amam33 cells, suggesting that Mam33 has ad-
ditional functions beyond its role in the Mrx6-Pim1 com-

plex. This idea is supported by stronger growth defects of
Amam33 compared to Amrx6 cells and existing literature
proposing roles of Mam33 as a COX1 translation activa-
tor [81] or a chaperone-like protein facilitating mitochondrial
ribosome assembly [18]. Notably, Chal, whose steady-state
level was elevated in Amrx6 and Amam33 cells, was also de-
tected in our Pim1-Spot pull-down experiments. In these ex-
periments, a minor yet statistically significant interaction with
Pim1 was observed in the absence of Mrxé6.

We further focused on Rpo41, which showed the
strongest steady state protein level increase in Amrx6 and
Amam33 cells. The mitochondrial RNA polymerase (RNAP)
is homologous to the T3/T7 RNAPs bacteriophages [82] and
besides its function in mtDNA transcription [83-86], its role
in priming mtDNA synthesis by the mtDNA polymerase Mip1
at origins of replication and promoter sequences has been re-
ported [8, 9]. We quantified Rpo41 protein levels in lysates
from WT and Amrx6 cells grown in YPG (medium used for
mitochondria for LC-MS/MS) and YPD by immunoblotting.
Rpo41 levels were increased ~2.3-fold (YPG) and ~1.4-fold
(YPD) compared to the ~4.3-fold increase observed by LC-
MS/MS analysis of YPG mitochondria (Supplementary Fig.
S10C). This discrepancy may arise from dissimilar linearities
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Figure 5. Absence of either Mrx6 or Pim1 increases the lifetime of Rpo41. (A-H) Immunoblots and quantifications of Rpo41, Mrx6, Mam33, and Tim50
(additional loading control in E-H, see Supplementary Fig. S11A for quantification) from lysates of WT and Amrx6 cells cultivated in log phase in YPG at
30°C and chased for 4 h (A-D) or 1 h (E-H) after addition of CHX. n = 4 (A-D) and n = 3 (E-H), data represent mean (dots with black outline) & SD. (I)
Immunoblots and quantifications of Pim1, Rpo41, Mrx6, and Tim50 (loading control) from lysates of cells expressing Pim1 from the endogenous
promoter and containing an empty Pes;. promoter construct and cells containing a Pest-PIM1 construct cultivated in log phase in YPG supplemented for
~18 h with 0, 10, or 50 nM estradiol at 30°C. n = 3 biological replicates, data represent mean + SD. (J-M) Immunoblots and quantifications of Rpo41,
Mrx6, Pim1, and Tim50 (loading control, see Supplementary Fig. S11C for quantification) from lysates of Pes.-PIM1 cells cultivated in log phase in YPG
at 30°C and chased for one hour after addition of CHX. WT-like Pim1 levels were sustained with 10 nM estradiol, whereas prior withdrawal of estradiol
for ~18 h resulted in downregulation. n = 2, data represent mean (dots with black outline) + SD.

in immunoblot and LC-MS/MS analysis or could be attributed
to ongoing degradation of Rpo41 during mitochondrial iso-
lation in WT samples, where Mrx6 is present. Consistent
with our LC-MS/MS findings, immunoblots reaffirmed that
the mitochondrial proteins Mam33, Pim1, Cor2, Atp2, Cox2,
Tim23, and Cox17 remained unchanged in Amrx6 cells. We
further assessed the levels of Rpo41, Mrx6, and Mam33 in
cells lacking the other Pet20 domain proteins, Pet20 or Suel,
through immunoblotting. The absence of Suel did not lead to
any changes in the levels of the tested proteins (Supplementary
Fig. S10D). However, strains devoid of Pet20 exhibited an in-
creased abundance of Rpo41, suggesting that Pet20 also af-
fects Rpo41 degradation.

Despite comprehensive coverage of the mitochondrial pro-
teome and mtDNA maintenance factors, the LC-MS/MS
dataset lacks some factors implicated in the maintenance or
expression of mtDNA such as Cim1, Mip1, Hmil, Pif1, and
Exo05 and mitochondrial proteins annotated for DNA-binding
(Supplementary Fig. S10H and I). Therefore, we cannot make

any statements about the abundance of these proteins in the
presence or absence of Mrx6 based on our mass spectrom-
etry results. Using western blotting with specific antibodies,
we confirmed that the abundance of Mgm101 and Riml,
both linked to mtDNA replication, remained unchanged in
Amrx6, Amam33, and Amrx6Amam33 lysates, consistent
with our LC-MS/MS dataset (Supplementary Fig. 101 and J).
In all cases, protein levels were comparable to wild type, in-
dicating that neither Mgm101 nor Rim1 is subject to Mrx6-
or Mam33-dependent regulation. Attempts to analyze Mip1
abundance were unsuccessful, as we were unable to generate
specific antibodies or obtain functionally tagged Mip1 vari-
ants.

We recently demonstrated that Cim1, an HMG-box pro-
tein, is essential for mtDNA CN regulation, and its absence re-
sults in elevated mtDNA levels [15]. We had found that Cim1
is maintained at low levels in WT cells but accumulates when
Pim1 is depleted. Hence, we tested if Cim1 levels might be af-
fected in cells lacking Mam33, Mrx6, or Pet20. Indeed, Cim1
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accumulated in Amrx6, Amam33, and Aper20 cells, suggest-
ing that Cim1 levels are regulated through degradation by the
concerted action of Pim1, Mrx6, Mam33, and Pet20 (Fig. 4D).

To rule out transcriptional alterations due to secondary
effects triggered by the absence of Mrx6, we isolated RNA
from WT and Amrx6 cells and performed reverse transcrip-
tase qPCR (RT-qPCR) to quantify transcript levels of RPO41
as well as MRX6, CIM1, ABF2, or PIM1. All these fac-
tors involved in mtDNA maintenance were generally upregu-
lated in respiratory medium (YPG) compared to fermentable
medium (YPD), but we did not observe significant differences
between WT and Amrx6 for these transcripts (Fig. 4E, and
Supplementary Fig. S10A and B).

In summary, absence of any of the Pim1 complex partners
Mrx6, Mam33, or Pet20 results in increased protein abun-
dance of the mitochondrial RNAP Rpo41 and the HMG-box
protein Cim1, known factors involved in mtDNA mainte-
nance, without changes of their transcript levels. Additionally,
our results suggest that Chal is a Pim1 substrate that is stabi-
lized in the absence of Mrx6 or Mam33.

Absence of Mrx6 or Pim1 increases the lifetime of
Rpo41

Mrx6 interacts with Pim1’s N-terminal domain, which is pro-
posed to mediate substrate recognition [70], implying that
Mrx6 might facilitate the degradation of Rpo41 and Cim1
by Pim1, as suggested by their increased levels in Amrx6 cells.
We performed CHX-chase experiments to test this idea. Due
to the low abundance of Cim1 in WT, reliable detection by
immunoblotting is challenging, which also hinders the assess-
ment of further decreases during chase experiments. There-
fore, we assessed only the stability of Rpo41 in WT and
Amrx6 cells during different chase periods following inhibi-
tion of cytosolic translation with CHX. Within 4 h post-CHX
addition, the abundance of Rpo41 and, remarkably also Mrx6
rapidly decreased, in contrast to Mam33, whose levels stayed
constant. Higher levels of Rpo41 were consistently detected
in Amrx6 cells, yet no difference in its decay was noted com-
pared to WT (Fig. SA-D).

However, when we focused on dynamics within
the first hour after addition of CHX in 15-min in-
tervals, Rpo41 exhibited a slower degradation rate in
Amrx6 compared to WT cells. In contrast, the levels
of Mam33 and Tim50 remained stable (Fig. SE-H and
Supplementary Fig. S11A). We used an estradiol-inducible
promoter integrated upstream of the endogenous PIM1
ORF to examine whether direct modulation of Pim1 levels
similarly affects Rpo41 stability [15]. In respiratory medium,
the addition of 10 nM of estradiol resulted in WT-like Pim1
levels. Omitting estradiol for ~18 h in log phase cultures
overnight caused a ~7.7-fold decrease in Pim1 levels and
a ~2.4-fold or ~1.8-fold increase in Rpo41 and Mrx6,
respectively, while Tim50 remained unchanged (Fig. 51). A
~6.5-fold increase in Pim1 upon 50 nM estradiol treatment
vice versa decreased Rpo41 levels ~1.7-fold and Mrx6 ~2-
fold. Notably, the levels of neither Rim1 nor Mgm101 were
altered by changes in Pim1 abundance, indicating that the
abundance of both proteins is not strongly regulated in a
Pim1-dependent manner (Supplementary Fig. S11B). When
we combined the downregulation of Pim1 with an one-hour
CHX chase, Rpo41 and Mrx6 protein levels were stabilized
(Fig. 5]-M and Supplementary Fig. S11C).

Our results strongly suggest that Pim1 and Mrx6 partic-
ipate in the degradation of Rpo41. For this process to oc-
cur, Rpo41 must at least transiently associate with the Pim1-
Mrx6 complex. Supporting this notion, recent immunoprecip-
itation experiments using overexpressed catalytically inactive
Pim151915A_HA alongside endogenous Pim1 demonstrated co-
purification of Rpo41 with Pim1 [17]. However, our LC-
MS/MS analysis of proteins co-purifying with catalytically ac-
tive Pim1-Spot did not identify Rpo41 as a significant hit
(Fig. 1D). Only three unique Rpo41 peptides were detected
in two out of three replicates from Amrx6 samples, while
no peptides were found when Mrx6 was present. Consider-
ing the findings of Bertgen et al. alongside our own results,
it appears that the interaction between Rpo41 and Pim1 is
stabilized when Pim1’s catalytic activity is impaired, suggest-
ing that efficient substrate processing may prevent prolonged
association.

To confirm this notion and to examine the role of Mrx6 in
association of Rpo41 with catalytically impaired Pim1510194
we performed immunoprecipitation experiments in WT or
Amrx6 cells overexpressing HA-tagged Pim1519154 in addi-
tion to endogenous Pim1. Co-purification of Rpo41 with
Pim 1510154 was observed by western blot (Supplementary Fig.
S11D). Interestingly, the Pim15'915A-Rpo41 association was
independent of Mrx6, since similar amounts of Rpo41 co-
purified with Pim1 in Amrx6 cells. Like in previous experi-
ments (Fig. 1C-F), co-purification of Mam33 with Pim1 was
dependent on Mrx6.

We next investigated whether Mrx6 levels are rate-limiting
for Rpo41 degradation and the regulation of mtDNA CN. To
address this, we utilized a system enabling estradiol-dependent
expression of MRX6 from its native locus. In respiratory
medium lacking estradiol, cells retained approximately 50%
of WT Mrx6 levels, likely due to basal leakiness of the
estradiol-inducible promoter. To assess the impact of increased
Mrx6 levels, we induced its expression with 20 and 100 nM
estradiol for 2 h, resulting in ~6-fold and 12-fold increases in
Mrx6 levels, respectively (Supplementary Fig. S11E). Despite
substantial overexpression, neither condition significantly af-
fected mtDNA CN or altered the abundance of Rpo41 or
Mam33, suggesting that Mrx6 levels are not a limiting fac-
tor for Rpo41 degradation.

In summary, our findings suggest that Rpo41 and Mrx6
are degraded by the Pim1 protease. Although Rpo41 still
binds to Pim1 in the absence of Mrx6, its stability increases
when Mrx6 is missing, suggesting that Mrx6 supports Pim1-
mediated degradation of Rpo41.

Absence of Mrx6 suppresses Cim1 function

We sought to better understand how Mrx6 affects mtDNA
levels. We have determined that absence of Mrx6 and down-
regulation of Pim1 increase Rpo41 abundance and delayed its
degradation. Increased Rpo41 amounts may elevate the fre-
quency of priming events necessary for mtDNA replication,
resulting in increased mtDNA CN in Amrx6 cells. To disen-
tangle elevated Rpo41 levels from other alterations that ab-
sence of Mrx6 might impart, we engineered strains where the
expression of RPO41 can be modified via estradiol. Supple-
menting YPG medium with 10 nM estradiol resulted in ex-
pression levels comparable to WT, whereas concentrations be-
low or exceeding 10 nM led to downregulation or upregula-
tion of Rpo41, respectively (Supplementary Fig. S11F). To ex-

920z Aenuer /z uo 1senb Aq G9EGZH8/06¢ LieXB/Z/pS/ 01/ eu/wod dno olwapede//:sdiy woly papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1390#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1390#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1390#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1390#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1390#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1390#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1390#supplementary-data

Mrx6 defines Pim1 specificity 17

A ~6 h acute modulation of Rpo41 levels B  ~20hincrease of Rpo41 levels C ns. Sekekk
WT P, Pey-RPO41 P PEsv -RPO41 100 T
kbDa 30 10 0 10 15 30 Estr[nM] Da 15 15 10 Estr[nM] < 80
G\Q - ©o
180- - ———l Rpo41 180- - Rpo41 = B [ xerx
130~ 130~- g 60 [ by
72- o) ) = <
|~—-—._ — .—l Mrx6 1.0 2.0 0.9 rel tocontr. % . . w7 L
180~ 2 404
130~ - Pim1 s 18 ¢ s
72- 2 20 4 426 [l i 395
BEEERR - S———]" L
— 1 -1 1 -_-1=0= 0 it ]
22 4] Ny o 531
o =) I == o0 atN hth
e n.s. -C.B.B. acim™ bﬂ"
2221 a7 D YPG cult,
3I® B —— v ——————
-3 |0-9||1=0| |E| : 40 30°C 37°C
80 ns. £
40 n.s. n.s. 30 1
F &
z 30 (@)
&) <Z( 20 4
<Z( 20 a 34.2
o 32.1] |33.8] g
£ 10 10
0
10 15 30 Estr.[nM] 0 0 Estr. [nM] 3
WT PEW P -RPO41 PEW PEW -RPO41 YPG medium
* %
E PGK1 c’M1 F 150 I_l** G 15 H 4
a b [ strain — -
© © © =0 2o
¢ ¢ ¢ « =8, | 2240 2231
kDa WT » WT » WT » WT V¥ Q_i: @'i: @-;(:3
}gg:l—.—.——.—-—.—_l"’i"ﬂ e o | .@"72-
- o€ ] SE
95- E 50 <E0S <
72- . 58 58 621
. e e ew | wns o oo [ 5 2 o e $
- — 0.0 0 -
¥ 34_| * cim 0 T Amx6 WT Am6 WT Amrx6 WT_Amrx6 WT Ammx6 WT Ammx6
[5) — - —— - ]
° Poci-CIM1 PGK1'C’M1 Pogki-CIM1
P Abf2 n.s
————— — — —— |-rm | il J —_—
17- —_— 100 *k  kEk k%
-cBB. & 50 1
§- 75 5 40 1
180-| | R g
- — — — |- Rpo#1 = < 30 4
130 g 50 z 50.1] 1529 [43.3]
g = = 20 -
his |'-'—-—_———-—"| Tm50 2 25 E 31.5| |29 331 [20] [°39
o| 43~ g 10
- | —— 0
CBB. O 53T Amrx6 WT Ami6 10 15 Estr.

10 15 30 [nM]
P...-RPO41 Acim1P_ -RPO41

Estr Estr Estr.

PGK1'CI M1 Vo\

WT P
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quantified relative to the averaged signal of WT Py, cells cultivated with 10 nM (A) or 15 nM (B) estradiol. mtDNA CN was determined by gPCR on
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strains pre-grown in YPG at 30°C. Images were taken after 48 h growth on YPG (for YPD see S11H). Only dilution steps 2-4 are shown. (E-J)
Immunoblots (and quantifications) of Mrx6, Cim1 (F), Abf2 including premature (p) and mature (m) forms (G and H) and Tim50 (loading control) of lysates
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nuclear TAF10 as reference genes. n = 3, data represent mean + SD.
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clude cellular adaptation processes, we first acutely modulated
RPO41 expression for only 6 h. While Mrx6 and Mam33
remained largely unchanged, Rpo41 levels increased ~2-fold
or ~4-fold in the presence of 15 and 30 nM estradiol, re-
spectively, and its abundance halved in the absence of estra-
diol (Fig. 6A and Supplementary Fig. S11G). Rpo41 upreg-
ulation did not significantly affect mtDNA CN, but down-
regulation reduced mtDNA CN. To mimic steady state ele-
vated Rpo41 of Amrx6 cells, we doubled Rpo41 levels with
15 nM estradiol over ~20 h and observed a slight increase
(~1.16-fold) in mtDNA CN (Fig. 6B). However, this increase
was indistinguishable from control strains that expressed the
estradiol-receptor-fused transcription factor, but did not con-
tain responsive elements in the RPO41 promoter, and there-
fore expressed WT Rpo41 levels, irrespective of the presence
of estradiol. These results indicate that Rpo41 upregulation
alone does not increase mtDNA levels.

Since elevated Rpo41 levels do not appear to be mainly
responsible for elevated mtDNA levels in Amrx6, we inves-
tigated the interplay between Mrx6 and Cim1, whose lev-
els also rise in cells lacking Mrx6, Mam33, Pet20, or upon
Pim1 downregulation. The increase of Cim1 levels was un-
expected in Amrx6 cells exhibiting increased mtDNA levels,
since we have reported previously that higher Cim1 levels
result in reduced mtDNA CN and drastically increased pe-
tite frequencies [15]. Cells lacking functional Cim1, by con-
trast, display elevated mtDNA CN and lower petite frequen-
cies, similar to deletions of MRX6 and MAM33 (Fig. 2H and
Supplementary Fig. S4G) [15]. Therefore, we hypothesized
that the increase of mtDNA CN in cells lacking an intact
Pim1-Mrx6 complex is due to impaired Cim1 functions. In
line with this idea, petite frequencies in Amrx6Aciml dou-
ble mutants were indistinguishable from Amrx6 (Fig. 6C) or
Acim1 [15] single mutants, pointing to an epistatic relation-
ship.

To further test this idea, we first examined the effect of
Mrx6 loss on cells lacking the mtDNA packaging factor
ABF2. Aabf2 cells exhibit a high petite frequency when
grown in YPD and lose the ability to respire at 37°C [15,
87]. Both phenotypes can be rescued by deletion of CIMI,
revealing a detrimental function of Cim1 on mtDNA when
Abf2 is absent [15]. If absence of Mrx6 impairs Cim1 func-
tion, we reasoned that deletion of Mrx6 might also rescue
phenotypes associated with loss of Abf2. Indeed, deletion of
MRX6 was sufficient to reduce high petite frequencies of
Aabf2 cells cultivated in YPD and to partially restore res-
piratory growth of Aabf2 cells at 37°C (Fig. 6C and D, and
Supplementary Fig. 11H). However, Aab f2 Amrx6 cells grew
worse than Aabf2 Acim1 double mutants. This observation
suggests that Cim1 may retain partial functionality in the ab-
sence of Mrx6 or that Mrx6 has additional roles that be-
come important when Abf2 is absent—possibilities that are
not mutually exclusive. The Aabf2Acim1Amrx6 triple mu-
tant grew slightly better than the Amrx6Aabf2 double mu-
tant at 37°C on YPG, suggesting that Cim1 remains partially
functional in the absence of Mrx6. On the other hand, the
Aab f2Acim1 Amrx6 triple mutant grew less well than the
Acim1Aabf2 double mutant, suggesting that Mrx6 fulfills
functions beyond suppression of Cim1. Such a function could
relate to Mrx6’s role in affecting Rpo41 stability.

To provide further evidence for a suppressive effect of Mrx6
absence on Cim1 function, we asked whether deletion of
MRX6 would alleviate high petite frequency caused by over-

expression of Cim1. Hence, we expressed Cim1 from a PGK1
promoter at the genomic CIM1 locus [15]. In WT cells, Cim1
levels increased by ~37-fold and further accumulated ~136-
fold in Amrx6 cells without affecting abundances of Mrx6,
Pim1, Rpo41, or the mature form of Abf2 (Fig. 6E-1 and
Supplementary Figs S111 and J). Surprisingly, although Cim1
levels were even higher in three independent Ppgxi-CIM1
overexpression strains generated in the Amrx6 background
compared to WT, the accumulation of Abf2 precursors and
dramatically increased petite frequencies were entirely rescued
in the absence of MRX6 (Fig. 6E, H, and ).

We next asked whether elevated mtDNA CN results from
the combination of two effects that are elicited by absence
of MRX6: an increase in Rpo41 levels and the loss of Cim1
function in mtDNA regulation. To test this, we generated
Acim1 strains in which Rpo41 expression was placed un-
der the control of an estradiol-inducible promoter. Addition
of 30 nM estradiol led to strong overaccumulation of Rpo41
(Supplementary Fig. S11K). Measurement of mtDNA CN un-
der these conditions, however, revealed that increasing Rpo41
did not further increase mtDNA levels in Acim1 cells (Fig. 6]).

Taken together, our results reveal that, beyond controlling
the abundance of Rpo41 and Cim1, Mrx6 also appears to af-
fect outcomes of Cim1 function. In the absence of Mrx6, Cim1
accumulates, yet its elevated levels no longer exert a detrimen-
tal effect on mtDNA CN. At the same time, our analyses show
that increased Rpo41 abundance does not elevate mtDNA lev-
els in Amrx6 or Aciml cells. These observations point to ad-
ditional, as yet unidentified, mechanisms downstream or par-
allel to these processes that promote mtDNA amplification in
the absence of Mrx6.

Discussion

In this study, we provide evidence for a complex consist-
ing of the conserved Lon protease, Pim1, the Pet20 domain-
containing protein Mrx6 and Mam33. Our data suggest that
a Mrx6-Mam33 subcomplex binds to the N-terminal do-
main of Pim1 and determines Pim1’s activity or specificity
towards selective substrates. Absence of Mrx6 or Mam33 as
well as point mutations impairing the Pim1-Mrx6 interaction
lead to increased mtDNA CN. Furthermore, the mitochon-
drial RNAP, Rpo41, and the mitochondrial HMG-box pro-
tein Cim1 accumulate to higher levels in Amrx6 or Amam33
cells. Strikingly, all components have been linked to mtDNA
CN regulation. Hence, our data reveal insight into a complex
network governing mtDNA CN.

We have previously hypothesized that Mrx6 regulates sub-
strate degradation by Pim1 to control mtDNA CN [14]. Al-
tered substrate stability could in turn influence mtDNA repli-
cation or turnover, thereby modulating mtDNA CN (Fig. 7).
Accumulation of Rpo41 and Cim1 in the absence of MRX6 is
consistent with this idea. Rpo41 is a mitochondrial RNAP that
is also required for priming of mtDNA replication [7-9]. Ele-
vated levels of Rpo41 could therefore result in an increase of
priming events and elevated mtDNA CN. However, we show
that an increase of Rpo41 is insufficient to raise mtDNA levels
by its own, hinting toward a multilayered regulatory network.
Surprisingly, we find that also Cim1 accumulates in the ab-
sence of Mrx6, revealing that Cim1 degradation is regulated
by Mrx6. Furthermore, Mrx6 also modulates Cim1 function,
as deletion of Mrx6 mitigates negative effects on the mainte-
nance of mtDNA associated with Cim1 overexpression. How
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Figure 7. Model of mtDNA CN regulation by the Pim1-Mrx6-Mam33
complex. Binding of Mrx6 and Mam33 to Pim1 promotes degradation of
mtDNA maintenance factors such as Rpo41 and Cim1, thereby reducing
mtDNA copy number. Putative, yet unidentified, Pim1 substrates are
indicated with a question mark. In contrast, release of Mrx6 and Mam33
from Pim1 stabilizes mtDNA maintenance factors, leading to increased
mtDNA copy number.

Mrx6 impacts Cim1 function is a remaining question, but
could involve post-translational modifications, altered protein
interactions, or submitochondrial localization changes.

Importantly, we also tested whether Cim1 prevents an in-
crease in mtDNA CN under conditions of elevated Rpo41
levels by overexpressing RPO41 in Acim]1 cells. Even in this
background, mtDNA CN did not rise above levels observed
in Aciml, reinforcing the notion of multilayered regulation.
Thus, our findings suggest that Mrx6 influences mtDNA
homeostasis through additional processes, possibly involving
yet unidentified substrates of the Mrx6-Pim1 complex. We
did not detect changes in the abundance of Mgm101 or Rim1
in Amrx6 or Amam33 cells, indicating that these factors are
unlikely to play a major role in Mrx6-dependent control of
mtDNA CN. One interesting possibility is that the abundance
of Mipl, the S. cerevisiae mtDNA polymerase, is subject to
Mrx6-Pim1-mediated regulation, since studies in mammalian
cells have implicated the Lon protease in the degradation of
Poly [23, 24]. However, since we were unable to test this idea
due to the lack of suitable antibodies or functional tagged vari-
ants of Mipl, it remains an interesting avenue for future in-
vestigation.

A further interesting, yet untested, possibility is that the
Pim1-Mrx6-Mam33 axis affects the process of recombina-
tion, which has been proposed to drive mtDNA replication
[12, 13]. In this respect, it is interesting to note that recombina-
tion mediated replication has been linked to mtDNA CN reg-
ulation, where reactive oxygen species promote double strand
breaks through the base excision-repair enzyme Ntg1, which
initiates recombination and replication [88, 89]. As our pro-
teomic analyses did not reveal changes in the abundance of
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factors linked to recombination, including Abf2 [90], a po-
tential connection between the Pim1-Mrx6-Mam33 complex
and recombination remains an open question for future inves-
tigation.

Another potential candidate involved in mtDNA CN regu-
lation is Cha1, which accumulates in Amrx6 or Amam33 cells
[18]. While deletion of Chal did not increase petite frequen-
cies, its acute overexpression raised them by ~2-fold (data not
shown), suggesting a potential role in mtDNA maintenance.
Such a link is further supported by the observation that Chal
associates with mtDNA [66]. How Chal is involved in the
process and how this may involve Chal’s function as a serine
and threonine deaminase [80] remains to be determined.

How may the Mrx6-Mam33 subcomplex affect degrada-
tion of substrates by Pim1? While deletion of Pim1 results in
respiratory deficient yeast cells [91, 92], deletion of Mrx6 or
Mam33 results in yeast cells capable of respiratory growth.
Thus, Mrx6 and Mam33 do not affect all functions of Pim1.
This hypothesis is supported by our observation and those of
others [17] that only a subset of Pim1 interacts with Mrx6 or
other Pet20 domain containing proteins. It has been proposed
that the N-terminal domain of Pim1 is involved in discrimina-
tion of substrates, how discrimination is accomplished, how-
ever, remains unknown. Parts of the N-terminal domain of
Pim1 protomers that are close to its AAA-domain have been
suggested to function as a ruler to prevent access and degrada-
tion of substrates with insufficiently long exposed C-termini
[20]. The binding of Mrx6 to Pim1’s N-terminus may in-
duce conformational changes in Pim1 or its substrates, such
as Rpo41 or Cim1, thereby modulating their access to Pim1’s
AAA domain and facilitating the initiation of their degrada-
tion. Importantly, our data show that recruitment of Rpo41 to
Pim1 is independent of Mrx6 but that its degradation is en-
hanced in the presence of Mrx6. At least in the case of Rpo41,
recruitment and regulation of degradation therefore seem to
be separable events.

An interesting aspect of Mrx6 is that it is rapidly
turned over in a Piml-dependent manner. Possibly, Mrx6
is degraded by Pim1 together with other client proteins.
The two homologs of Mrx6, Suel, and Pet20, also pos-
sess the bipartite Pet20 domain, which likely facilitates
their binding to Pim1. It is an intriguing idea that bind-
ing of Mrx6, Pet20, or Suel to Piml may affect Pim1
or substrates of Pim1 in different ways. Indeed, Suel
has been linked to altered stability of cytochrome ¢
[93]. The results presented here and previously [14] suggest
that Suel binds Pim1 independently of Mrx6. Stable associa-
tion of Pet20 with Pim1 on the other hand requires Mrx6. A
mixed complex containing Mrx6 and Pet20 is therefore imag-
inable. Surprisingly, we show that deletion of Pet20 results in
elevated Rpo41 and Cim1 levels, while it does not increase
mtDNA levels to the same extent as deletion of MRX6 [14].
These results indicate that Mrx6 serves additional roles that
cannot be fulfilled by Pet20.

The Lon protease is emerging as a central player in regu-
lation of mtDNA CN. In humans, a large-scale genetic link-
age analysis has revealed that LonP mutations are linked to
altered mtDNA CN [1]. Moreover, LonP has been shown to
be important for determining levels of TFAM, which in turn
may affect mtDNA CN [21]. Intriguingly, the Lon proteases
in Caulobacter crescentus and Escherichia coli have similarly
been implicated in regulation of DNA replication. In C. cres-
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centus, proteotoxic stress results in Lon-mediated degrada-
tion of the replication factor DnaA, which thereby prevents
DNA replication [28]. In E. coli on the other hand, Lon-
mediated degradation of the replication inhibitor CspD is sug-
gested to coordinate DNA replication with physiological con-
ditions [27].

How is Mrx6 integrated into homeostatic mtDNA CN reg-
ulation? While further experiments are needed, we hypothe-
size that Mam33 could serve important roles in this context.
Mam33 and its homologs (p32/HABP1/gC1qR in mammals)
are multifunctional proteins that have been implicated in a
variety of processes in various cell compartments, including
the immunological response, cell cycle regulation, apoptosis,
or nuclear transcription [94-96]. A mitochondrial function
of Mam33 across different species is evident from its mito-
chondrial localization and phenotypes linked to mitochon-
drial biology associated with loss of Mam33 [97, 98]. We
find here that Amrx6 and Amam33 share elevated mtDNA
CN, but that Amam33 shows a more severe growth defect
than Amrx6. Moreover, more drastic changes on the mito-
chondrial proteome are observed in Amam33 compared to
Amrx6 cells, pointing to Mrx6 independent roles of Mam33.
Such roles could involve a chaperone function of Mam33 in
ribosome assembly, which has recently been proposed [18].
Accordingly, the translation of Cox1 is significantly impaired
in Amam33 cells [81]. Therefore, Mam33 could be ideally
positioned to coordinate mitochondrial translation, mtDNA
replication and perhaps even transcription. Recruitment of
Mam33 to unassembled ribosomal subunits would result in its
detachment from Mrx6, which would be destabilized accord-
ing to our data. Consequently, altered Pim1 and Cim1 activity
and increasing Rpo41 levels could then impact mtDNA repli-
cation or transcription. However, it has to be noted that we
did not observe greatly altered mitochondrial mRNA levels in
Amrx6 cells [15].

Our current insights into the potential structure of a
Pim1-Mrx6-Mam33 complex are primarily supported by
AlphaFold predictions and mutational analyses that sup-
port predicted interactions. Specifically, mutations of critical
residues predicted to be involved in the Pim1-Mrx6 interac-
tion destabilize the complex and result in increased mtDNA
CN, thereby supporting our hypothesis that Mrx6 regulates
mtDNA CN through its interaction with Pim1. Importantly,
obtaining high-resolution structural information and i vitro
reconstitution of the complex remain critical next steps to vali-
date the predicted structures. These experiments will also clar-
ify the precise nature of the Mrx6-Mam33 interaction, which
has not yet been experimentally examined but is consistently
predicted by AlphaFold to involve strikingly complementary
electrostatic surfaces, with a negatively charged Mam33 inter-
face engaging a positively charged region of Mrx6. Such stud-
ies will provide essential mechanistic insight into how Mrx6,
together with Mam33, modulates Pim1 activity.

Our investigation revealed an intriguing evolutionary per-
spective: Pim1 is highly conserved from yeast to human and
also Mam33 has a human homolog, which when expressed in
yeast rescues growth defects associated with Amam33 strains
[97]. On the contrary, we have not identified homologs of
the Pet20 domain family in higher eukaryotes. Our analysis
uncovered that the Pet20 domain is bipartite and comprises
short characteristic stretches with only a few highly conserved
residues. These characteristics combined with a potentially di-
vergent nature of the Pet20-domain may explain the challenge

in identifying homologous stretches in related proteins. The
identification of a conserved glutamate residue (E479 in Pim1)
that is present across diverse eukaryotes and participates in a
critical interaction with the Pet20 subdomains, suggest poten-
tial functional conservation. Future research should focus on
examining LonP protease interactors in higher eukaryotes to
potentially identify functional homologs of the Pet20 domain
containing proteins.

In summary, our analyses unveil a previously unrecognized
organizational mechanism of the Lon protease, providing fun-
damental insights into substrate selection processes. More-
over, we have revealed a sophisticated regulatory network
governing mtDNA CN, with the Lon protease functioning as a
central mediator. These findings significantly advance our un-
derstanding of mitochondrial homeostasis and offer promis-
ing avenues for future investigations into the intricate molec-
ular mechanisms regulating mtDNA CN.
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