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ABSTRACT The mitochondrial AAA ATPase Msp1 is well known for extraction of mislocalized
tail-anchored ER proteins from the mitochondrial outer membrane. Here, we analyzed the
extraction of precursors blocking the import pore in the outer membrane. We demonstrate
strong genetic interactions of Msp1 and the proteasome with components of the TOM
complex, the main translocase in the outer membrane. Msp1 and the proteasome both
contribute to the removal of arrested precursor proteins that specifically accumulate in these
mutants. The proteasome activity is essential for the removal as proteasome inhibitors block
extraction. Furthermore, the proteasomal subunit Rpn10 copurified with Msp1. The human
Msp1 homologue has been implicated in neurodegenerative diseases, and we show that the
lack of the Caenorhabditis elegans Msp1 homologue triggers an import stress response in
the worm, which indicates a conserved role in metazoa. In summary, our results suggest a role
of Msp1 as an adaptor for the proteasome that drives the extraction of arrested and
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mislocalized proteins at the mitochondrial outer membrane.

INTRODUCTION
One important step for mitochondrial biogenesis is the import of
proteins into the organelle. The TOM complex is the essential
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translocase in the mitochondrial outer membrane and is involved in
biogenesis of proteins destined for all mitochondrial subcompart-
ments. After passage of the TOM complex, proteins take specific
pathways sorting them to their final destination. The SAM complex
inserts B-barrel proteins from the intermembrane space (IMS) side
into the outer membrane; the TIM23 complex guides proteins
with an N-terminal targeting signal into the matrix or the inner
membrane; the TIM22 complex inserts highly hydrophobic proteins
into the inner membrane; the MIA pathway traps soluble, cysteine-
rich proteins in the IMS; and Oxa' inserts inner membrane proteins
from the matrix side (Neupert and Herrmann, 2007; Wiedemann
and Pfanner, 2017).

Biogenesis of mitochondria and maintenance of mitochondrial
homeostasis involve many complex processes that must be tightly
regulated and coordinated. Recently, it was suggested that Msp1
(mitochondrial sorting of proteins) is involved in import quality
control in mitochondria (Weidberg and Amon, 2018). Msp1 was
first identified by Nakai et al. (1993) as an outer mitochondrial
membrane (OMM) protein that belongs to the AAA (ATPases associ-
ated with various cellular activities) protein family. Msp1 is anchored
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in the OMM by a single transmembrane domain and forms
homohexameric complexes analogous to canonical AAA proteins
(Wohlever et al., 2017). It is highly conserved throughout evolution,
which suggests an important role in cell homeostasis. Mutations in
the mammalian homologue ATAD1/thorase are linked to neurologi-
cal disorders (Zhang et al., 2011; Piard et al., 2018). In 2014, two
independent studies demonstrated that Msp1 localizes to
mitochondria and peroxisomes. At mitochondria, Msp1 eliminates
mislocalized tail-anchored (TA) ER proteins from the outer mem-
brane that accumulate when certain components of the Guided
Entry of TA proteins pathway are missing (Chen et al., 2014; Okreglak
and Walter, 2014). At peroxisomes it fulfills a similar function. TA
proteins that are not assembled into their target complexes become
substrate of Msp1 and are removed from the peroxisomal membrane
(Weir et al., 2017). Very recently, a similar selection mechanism was
proposed for TA proteins in the mitochondrial OMM (Dederer et al.,
2019). A study on mitochondrial compromised protein import
response demonstrated the existence of a Pdr3-dependent mecha-
nism that is activated when general protein import into mitochon-
dria is disturbed by overexpression of TIM23 substrates destined for
the inner membrane (Weidberg and Amon, 2018). In this study,
Msp1 was identified as a factor that improves mitochondrial import
under these stress conditions.

Here, we dissected the role of Msp1 and the proteasome in
mitochondrial import quality control at the outer membrane. We
demonstrate functional cooperation among the TOM complex,
Msp1, and the proteasome in this context. By using an artificial
TOM substrate, we uncover a cooperative mechanism of Msp1 and
the proteasome in the extraction of TOM-clogging precursors and
demonstrate the physical interaction of the proteasome, Msp1
and the precursor. Furthermore, we demonstrate that in the nema-
tode Caenorhabditis elegans the Msp1 homologue MSPN-1 also
functionally interacts with mitochondrial protein import, which
suggests a similar conserved role of Msp1/MSPN-1 in metazoa.

RESULTS

MSP1 genetically interacts with several components of the
TOM complex

The role of Msp1 in extraction of TA ER proteins from mitochondria
and peroxisomes had been well described. We asked whether it
might also have a function with respect to endogenous mitochon-
drial proteins. Since Msp1 is localized in the OMM and based on its
supposed role in import quality control, we suspected a functional
interaction with the TOM complex. The TOM complex is composed
of seven different subunits of which Tom40 is essential for cell viabil-
ity (Baker et al., 1990) and Tom22 deletion results in a particularly
sick mutant (Lithgow et al., 1994; van Wilpe et al., 1999). Tom40
forms the general import pore (GIP; Vestweber et al., 1989; Hill
et al., 1998), which is in close contact with Tom22 and the three
small Tom proteins Tom5, Tomé, and Tom7 (TOM core complex;
Dekker et al., 1998; Bausewein et al., 2017; Araiso et al., 2019;
Tucker and Park, 2019). Deletion of one of the small Tom proteins
results in a mild growth phenotype under normal conditions. On
deletion of TOMS, the TOM complex partially falls apart while dele-
tion of TOM7 rather stabilizes the complex (Honlinger et al., 1996;
Dekker et al., 1998). In contrast, deletion of TOM5 has no effect on
the overall amount of assembled complex, but still results in severe
import deficiency (Kassenbrock et al., 1993; Alconada et al., 1995;
Hénlinger et al., 1996; Dietmeier et al., 1997, Dekker et al., 1998).
The receptor proteins Tom20 and Tom70 are less tightly associated
with the TOM core complex (Dekker et al., 1998) and deletions
of these subunits are normally well tolerated (Baker et al., 1990;
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Lithgow et al, 1994; Figure 1A). Tom22 also exhibits receptor
properties in its charged N terminus exposed to the cytosol but,
additionally, contributes significantly to the stability and functional
organization of the whole complex (van Wilpe et al., 1999; Model
et al., 2008, Shiota et al., 2015).

We generated a set of tom deletion mutants and tested for
decreased viability in the Amsp1 background. Specifically, we gen-
erated single and double mutants that lack only MSP1 or MSP1 and
TOMS5, TOMé, TOM22A3'UTR, TOMZ20, TOM70, or TOM40A3’UTR.
Growth of these strains was analyzed at 30°C and 37°C by drop
dilution assays (Figure 1A). We could observe a genetic interaction
of MSP1 with TOM5, TOM20, and TOM40A3’UTR, respectively, but
not with TOMé, TOM22A3'UTR, or TOM70 (Figure 1A).

On the basis of our observations, we speculated that the diver-
gent genetic interactions are linked to the disruption of different
steps of the import process mediated by the TOM complex (Ryan
et al., 2000). To further investigate this, we tested the accumulation
of Hspé0 precursor, a well-characterized substrate of the TOM com-
plex (Singh et al., 1990), in the TOM mutants. As shown in Figure 1B,
higher amounts of accumulated precursor coincide with a more se-
vere growth defect. To exclude the possibility that additional deletion
of MSP1 affects the stability of the TOM complex in affected tom
mutants further and therefore the protein import via TOM, we
analyzed TOM stability at 30°C and 37°C in those mutants via Blue
Native PAGE. At either temperature, deletion of MSP1 did not result
in instability of the TOM complex that could prevent efficient protein
import (Figure 1C).

The restriction of precursor accumulation to certain TOM mu-
tants indicates fundamental differences regarding the mecha-
nism that removes precursors from the complex. We hypothesize
that TOM mutants with impaired protein import, but weak or no
precursor accumulation (i.e., Atomé, TOM22A3’UTR, Atom?70,
(Steger et al., 1990; Alconada et al., 1995; Nakai and Endo, 1995)
(Figure 1B), show no genetic interaction because the precursor
proteins never enter the import pore, get rapidly degraded in the
cytosol, and thereby do not clog the import machinery. However,
TOM mutants, which might partially import the precursor (Atom5,
Atom20, TOM40A3’'UTR; Figure 1B), depend on Msp1 being
functional.

TOM dysfunction triggers MSP1 expression

Survival of dysfunctional protein import at the level of TOM essen-
tially depends on Msp1. Therefore, a regulatory response that
induces Msp1 expression on TOM malfunction would be benefi-
cial. We therefore checked whether deletion of TOM5 affects
Msp1 levels in vivo. Whole cell lysates were generated and probed
for endogenous Msp1 levels. As shown in Figure 1D, Msp1 levels
were increased in Atomb cells, indicating an up-regulation of Msp/1
to compensate import deficiency. Next, we investigated whether
lack of Msp1 itself affects biogenesis of other mitochondrial
proteins, which could explain the effects we observed. To this
end, we analyzed the endogenous levels of various mitochondrial
proteins in whole cell lysates of the Atom5, Amspl, and
Atom5Amsp1 mutants. Deletion of TOMS5 resulted in slightly
reduced levels of Tim23 and Mia40 levels appeared slightly
increased in the double mutant. Besides this, no other mitochon-
drial protein that we analyzed was affected in the mutant. Deletion
of MSP1 had no effect on endogenous protein levels, neither in
the wild type nor in the Atom5 background (Figure 1E). On the
basis of these results, we conclude that the synthetic sickness of
Atom5Amsp1 is not due to generally altered levels of other
mitochondrial proteins in the Amsp1 background.
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FIGURE 1: Genetic interaction analysis of MSP1 and genes encoding the subunits of the TOM complex. (A) indicated
strains were grown on YPD medium at 30°C and 37°C. All drops were spotted in a serial dilution of 1:10. (B) Analysis of
the levels of precursor and mature form of the chaperonin Hsp60 at 37°C and 30°C in tom mutants by SDS-PAGE,
Western blot and immunodecoration. (C) Stability of the TOM complex in the indicated mutants was analyzed by Blue
Native PAGE and immunodecoration against Tom40. (D) Msp1 expression levels in wild type and the Atom5 mutant.
Protein levels of Msp1 and cytosolic Pgk1 were analyzed in wild type and the Atom5 mutant, and quantification of the
Msp1 expression levels relative to Pgk1 was performed. Error bars indicate standard deviations. The difference between
the two strains is statistically significant by the one sample t test (p = 0.0067, n =5). (E) The strains were grown on
glucose-containing medium at 30°C. Whole cell extracts were analyzed for levels of the outer membrane proteins Msp1,
Por1, Fzo1, Ugo1, Tom20, Tom40, the inner membrane proteins Tim23 and Mia40, and the matrix proteins Aco1 and
Hsp60. Pgk1 was decorated as cytosolic control.
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Cytb2ATM-DHFR into isolated mitochondria. After indicated time points, mitochondria were washed and analyzed by
SDS-PAGE, Western blot and immunodecoration. (F) Western blot analysis of endogenous protein levels showing

proteins affected in Msp1 overexpressing cells.

Msp1 overexpression affects cell growth and mitochondrial
protein import

Since Msp1 levels were increased approximately twofold in the
Atom5 mutant, we tested whether overexpression of Msp1 rescues
the Atom5 growth phenotype at 37°C. We therefore expressed
Msp1 from a high-copy plasmid under a constitutive promoter and
analyzed its effect on growth (Figure 2A). Unexpectedly, overexpres-
sion of Msp1 did not complement the Atom5 growth phenotype;
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instead it diminished cell viability compared with the Atom5 back-
ground. To make sure that our previous observations were due to
the genetic interaction of TOM5 and MSP1, we expressed Msp1
from a single-copy plasmid under its endogenous promoter
(Figure 2B). As expected, growth of the Atom5AmspT mutant was
restored in this strain to Atom5 single mutant levels showing that
deletion of MSP1 causes the additional growth deficiency. The
Msp1 expression level in the strains containing the high-copy

Molecular Biology of the Cell



plasmid is approximately eightfold higher than the expression in the
Atom5 mutant (Supplemental Figure S1). This demonstrates that ex-
cessive abundance of Msp1 is harmful to cells.

To further investigate the interaction of Tom5 and Msp1, we ana-
lyzed the levels of precursor and mature form of endogenous Hsp60
in Atom5, Atom5Amsp1, and Atom5 Msp1 overexpressing cells at
30°C and 37°C (Figure 2, C and D). In these strains no precursor ac-
cumulated at 30°C. At 37°C, Hspé0 precursor was clearly visible and
quantification revealed stronger accumulation of precursor in the
Atom5Amsp1 cells. Interestingly, the total amount of Hsp60 seemed
to be reduced in cells overexpressing Msp1 (Figure 2C). To address
this issue, we isolated mitochondria of these three strains and
performed an in organello import assay (Figure 2E). We used
recombinantly expressed Cytb2-ATM-DHFR, an artificial substrate
for mitochondrial matrix import that can be used to clog the TOM
complex by previous irreversible folding of the DHFR domain (Koll
etal., 1992; Gold et al., 2017). Following the import of the unfolded
protein for 10 min revealed a severely decreased ability of mito-
chondria from Msp1 overexpressing cells to import the precursor. In
contrast, cells lacking Msp1 showed increased import efficiency. To
test whether this phenomenon might also be visible in the Msp!
overexpressing strain in vivo, we generated whole cell lysates and
probed for various mitochondrial protein levels (Figure 2F). Interest-
ingly, endogenous levels of probed IMS proteins were particularly
affected while other mitochondrial proteins showed normal
endogenous levels. Notably, several IMS proteins such Tim% and
Tim10 are essential, which could explain the harmful effect of Msp/1
overexpression on cell growth.

Clearance of accumulated precursor proteins depends

on Msp1

To further dissect the function that Msp1 exerts in cells that accumu-
late mitochondrial precursor proteins, we performed precursor
chase experiments. Mitochondria were isolated from wild type,
Amsp1, and Msp1 overexpressing yeast strains. As substrate we
used recombinantly expressed Cytb2-ATM-DHFR that was
prefolded with methotrexate. The substrate was bound to isolated
mitochondria and mitochondria were reisolated after 3 min. Sam-
ples were subsequently washed, either immediately or after 20 or
60 min, to remove unbound substrate and further analyzed for the
amount of remaining Cytb2-ATM-DHFR precursor (Figure 3A). The
amount of Cytb2-ATM-DHFR precursor after 20 min was consider-
ably higher on mitochondria isolated from Amsp1 and after 3 min
already strongly reduced on mitochondria isolated from the Msp1
overexpressing strain. This shows that precursor protein that is not
able to pass the TOM complex is removed from mitochondria in an
Msp1-dependent manner.

To test our hypothesis in vivo, we expressed Cytb2-ATM-DHFR
under the GALT promoter in Atom5, Atom5Amsp1 and Atomb5 cells
overexpressing Msp1 in the presence of aminopterin to catalyze
ireversible folding of the DHFR moiety in the cytosol (Figure 3B). The
Atom5 background was employed to enable prefolding of Cytb2-
ATM-DHFR more efficiently. After 4 h, cells were shifted to glucose
containing medium to stop Cytb2-ATM-DHFR expression and whole
cell lysates were prepared after the indicated time points to monitor
precursor accumulation. First, we observed a considerable amount of
processed Cytb2-ATM-DHFR in all strains. However, the ratio of pre-
cursor to mature form was higher in the cells lacking Msp1. Second,
regarding the chase of the precursor, we also observed its stabiliza-
tion in the Atom5Amsp1 background. These results indicate that
Msp1 removes proteins that clog the TOM translocase and thereby
block efficient import of mitochondrial proteins in vivo.
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MSPN-1 plays a role in mitochondrial quality control
in C. elegans
The mammalian homologue ATAD1/thorase was shown to be
required for regulation of synaptic activity in mice brain and thereby
affecting learning and memory in ATAD1T null mice (Zhang et al.,
2011). In humans, a homozygous ATADT mutation in three patients
resulted in severe encephalopathy and early death at the age of 3,
5, and 6 mo (Piard et al., 2018). The study by Chen and colleagues
(2014) demonstrated that a large fraction of ATAD1/thorase, as its
yeast homologue, localizes to mitochondria. Depletion of ATAD1
resulted in mitochondrial damage and accumulation of mislocated
TA proteins on mitochondria. We therefore asked whether Msp!1
homologues in metazoa fulfill a similar function as Msp1 in yeast.
C. elegans is a well-established model organism for the analysis
of the unfolded protein response (UPR™). The transcription factor
ATFS-1, which is under nonstress conditions normally imported and
degraded in the mitochondria, transduces the signal from mito-
chondria to the nucleus on deficient protein import and is therefore
a critical player in this pathway (Nargund et al., 2012). It was recently
proposed by Rolland and colleagues that compromised mitochon-
drial import acts as a signal to activate UPR™ and evidence was
presented that the mitochondrial targeting sequence of ATFS-1
functions as the sensor (Rolland et al., 2019). We analyzed the induc-
tion of a Ppg, cGFP reporter, which is induced by ATFS-1 during
UPR™ (Nargund et al., 2012; Rolland et al., 2019), in animals carry-
ing the deletion tm3831 in the gene mspn-1 gene encoding a C.
elegans homologue of Msp1. In the mspn-1(tm38317) mutant, the
predicted MSPN-1 protein is lacking amino acids 47-136, which in-
clude the Walker A motif of the AAA domain. As shown in Figure 3,
C and D, expression of the GFP reporter is three times higher in
animals carrying the mspn-1(tm3831) mutation as compared with
wild type. To exclude that the increased expression level is due to
other mutations in the background, we generated an additional
strain carrying the mspn-1(tm3831) mutation and the Ppg, sGFP
transcriptional reporter and confirmed the higher level of Py, sGFP
expression (Supplemental Figure S2). This demonstrates that the
UPR™ pathway is induced in mspn-1 mutant animals. On the basis
of our results and on the recent results of Rolland and colleagues
(Rolland et al., 2019), we propose that C. elegans MSPN-1 plays a
similar role for the maintenance of mitochondrial import as in yeast.

Msp1 physically interacts with TOM-clogging substrate and

the proteasome

Our data demonstrate the importance of Msp1 in clearing the
clogged TOM complex. This raises the question whether Msp1
directly interacts with the translocase-trapped precursor. It was
previously reported that a mutated variant of Msp1 that is unable to
hydrolyze ATP (Msp1E193Q), but not the wild-type protein, is
efficiently trapped with its substrates (Chen et al., 2014; Okreglak
and Walter, 2014). We therefore coexpressed His-tagged Cytb2-
ATM-DHFR and the ATP hydrolysis mutant Msp1E193Q in the
Atom5Amsp1 background (Figure 4A). Expression of Cytb2-ATM-
DHFR-His was performed in the absence and presence of aminop-
terin either to allow complete import or to prefold Cytb2-ATM-
DHFR-His in the cytosol to clog the TOM translocase. Subsequent
NiNTA affinity purification of folded Cytb2-ATM-DHFR-His resulted
in copurification of the TOM complex subunit Tom40, but not of
Tom70. Besides this, notable amounts of Msp1E193Q could be
copurified with prefolded Cytb2-ATM-DHFR-His, but only traces
without prefolding of DHFR. Interaction of Msp1E193Q with
unfolded Cytb2-ATM-DHFR-His could be explained by challenge of
the TOM complex due to the substrate’s massive overexpression.

| 757

Msp1 recruits the proteasome



MTX

NADPH
Isolated prefolded 1
mitochondria Cytb2ATM-DHFR 25°C. 10° CyiR2ATREDRIEE
25°C, 3
re-isolation of 10% W303 Amsp1 Msp11
mltomtohndna input 3 20 60 3 20 60 3 20 60 time[min]
bound precursor
oDHFR ‘. — p— -
3'/20'/60° -
25°C
100~
Aliquot of reaction
stopped in ice-cold © gol
SH & - W303
-;: 60+ - Amsp1
i 3 40l -+ Msp1T
Qo
s
o 204
,\
0
0
time [min]
boil in
e 1.0 p=00472 p=0.0869
= O
28 s
s
S U
B ® ; 0.6
5 ieri £2
+ aminopterin 85 0.4
SCD r*\)+GaI SCD s'qs; 02
- ] | g2 o
24 h 30 4h YW 52 oo
min ) ) =] o o o NN
010 30 60 time [min] © D\O«\ b\o‘(\b((\sq D@‘l @eQ
Atomb Atom5Amsp1 Atom5+Msp11 g 150+
5 -~ Atom5
time [min] 0 10 30 60 0 10 30 60 0 10 30 60 1] = Atom5Amsp1
3
D iy [ pro e gy [ me—— =P § 109 Atom5+Msp1?
Q
-
]
s 50
3
€
3
8
< 0 T T d
0 20 40 60
C time [min]
Brightfield Phsp-6 GFP
D p=0.0022
+/+
20 A
15
Phsp.SGFP
mspn-1 qu_orescgnce 10 -
(tm3831) intensity
5 -
0
mspn-1
H (tm3831)

FIGURE 3: Msp1-dependent chase of folded precursor from the TOM complex and its functional conservation in C.
elegans. (A) Recombinant Cytb2-ATM-DHFR was prefolded in the presence of methotrexate and bound to mitochondria
of the indicated strains. After indicated time points mitochondria were reisolated, washed and analyzed by SDS-PAGE,
Western blot and immunodecoration and quantified (n = 3). Unprocessed precursor was loaded as Total (T). Error bars
indicate standard deviations. (B) Cytb2-ATM-DHFR was expressed under the GALT promoter and prefolded in the
presence of aminopterin in the indicated strains. After indicated time points, aliquots were taken from the cultures.
Whole cell extracts were prepared and analyzed by SDS-PAGE, Western blot and immunodecoration. Cytb2-ATM-DHFR
was quantified and chase and precursor/mature form ratio at the beginning of the chase were plotted (n = 3). Statistical

758 | M. Basch etal.

Molecular Biology of the Cell



Lack of the TOM subunit in this elution fraction suggests a TOM-
independent interaction.

Prompted by these observations, we asked whether we could
find other interaction partners of Msp1 that are involved in this
quality control mechanism. We therefore performed NiNTA affinity
purification experiments with His-tagged Msp1 followed by mass
spectrometric analyses. All proteins identified in these analyses are
listed in Supplemental Table S1. The proteasomal subunit Rpn10 was
copurified in three independent experiments (Figure 4B). Msp1 itself
does not contain an annotated protease domain and we assumed
that it cannot degrade its substrates on its own. Hence, these find-
ings suggest that the proteasome is recruited to the mitochondrial
surface in proximity to Msp1 to immediately degrade extracted
proteins. Additional evidence for an Msp1-dependent recruitment of
the proteasome to the mitochondrial surface was obtained from
an experiment in which we analyzed gradient-purified mitochondria
for the amount of bound proteasome. Considerably less protea-
some copurified with mitochondria obtained from a Amsp1 mutant
compared with the wild type (Supplemental Figure S3A).

TOM complex-clogging proteins are extracted in a
proteasome-dependent manner

Since proteasomal substrates are typically marked by ubiquitin for
selective degradation, we determined the overall amount of ubiqui-
tinated proteins on mitochondria that were isolated from wild type,
Amsp1, and Msp1 overexpressing cells grown at 30°C. Under these
conditions, MSP1 is not crucial for cell viability (Figure 2A). In the
mitochondria isolated from Msp1 overexpressing cells, the overall
amount of ubiquitinated protein was reduced while there was only a
slight difference between wild type and Amsp1 (Figure 4C). To
check whether Msp1-specific substrates are ubiquitinated, we
constructed yeast strains constitutively expressing chromosomally
His-tagged or untagged ubiquitin and Cytb2-ATM-DHFR under the
GAL1 promoter. Cells of these strains were grown in the presence or
absence of aminopterin in galactose containing medium, harvested,
and lysed under denaturing conditions to perform NiNTA purifica-
tion of ubiquitinated proteins. As shown in Figure 4D, we were
able to purify a ubiquitinated form of Cytb2-ATM-DHFR after cells
were grown in the presence of aminopterin. This shows that Cytb2-
ATM-DHFR, which clogs the TOM translocase, is ubiquitinated prior
to degradation.

To obtain evidence that these substrates are finally degraded by
the proteasome, we performed in vitro chase experiments in
the presence of proteasome inhibitor MG-132. To this end we
incubated isolated wild-type mitochondria with recombinantly ex-
pressed Cytb2-ATM-DHFR that was prefolded in the presence of
methotrexate. After 20, 60, or 120 min, aliquots were taken and
separated into mitochondrial pellet and supernatant and further
analyzed for the amount of Cytb2-ATM-DHFR precursor (Figure 5A).
Surprisingly, in the mitochondrial fraction Cytb2-ATM-DHFR precur-
sor levels were strikingly affected in the presence of MG-132
compared with the control. Although a minor degree of extraction
could be monitored, its efficiency was strongly reduced when the
proteasome was inhibited. This suggests that a concerted action of

Msp1 and the proteasome is required for the high efficiency of this
quality control system. In agreement with this finding, we found that
the in organello chase reaction is also delayed in mitochondria
isolated from cells that were deleted for RPN10 (Supplemental
Figure S3B).

A concerted action of Msp1 and proteasome is further sup-
ported by genetic interactions among Tom5, Msp1, and Rpn10
(Figure 5B). Rpn10 is one of the nonessential subunits of the protea-
some and located in the linker region between regulatory and core
particle (Glickman et al., 1998). Depletion of Rpn10 alone caused no
effect either at 30°C or at an elevated temperature (Figure 5B). No-
tably, while additional deletion of MSP1 resulted only in a very mild
growth phenotype, double deletion of TOM5 and RPN 10 showed
phenotype comparable to the Atom5Amsp1 double mutant,
particularly at 37°C. Consistently, the Aron10Atom5 mutant shows
accumulation of precursors similar to the AmsplAtom5 mutant
(Figure 5C). Reminiscent of the role of Cdc48 at the endoplasmic
reticulum, all our findings strongly support a model where Msp1 and
the proteasome cooperate and in which Msp1 acts as a mediator in
proteasomal-dependent removal of arrested precursor proteins at
the mitochondrial TOM complex.

DISCUSSION

In recent years, it became clear that the functionality of many
essential cellular processes depends on highly specialized quality
control mechanisms. Quality control of mitochondria can occur at
different levels. While autophagy is the last resort to eliminate a
dysfunctional organelle, many other immediate and more special-
ized rescue mechanisms were identified: activation of retrograde
signaling pathways such as the UPR in the endoplasmic reticulum or
mitochondrion, the integrated stress response, or the mitochondrial
retrograde response induces the expression of a specific set of
target genes (often encoding chaperones or proteases) to maintain
or reestablish the balance and functionality of the organelle. But
the first rescue efforts occur on the molecular level where single
proteins or complexes monitor the functionality of a specific process
and step in as soon as a problem is detected. In this study, we
focused on the import deficiency at the mitochondrial outer
membrane translocase (TOM complex).

The TOM complex consists of multiple subunits that have
specialized functions. While deletion of the major subunit Tom40 is
lethal, deletion of the receptor subunits Tom70 and Tom20 can be
tolerated (Baker et al., 1990; Lithgow et al., 1994; Figure 1A).
TOM22 deletion results in a particularly severe growth phenotype
(van Wilpe et al., 1999). Deletion of the small Tom proteins Tom5,
Tomé, or Tom7 shows almost no growth phenotype under normal
conditions (Honlinger et al., 1996). In the present study, we deci-
phered the particular import steps, whose disturbance is sensitive to
dysfunction of Msp1 and the proteasome. We show a negative ge-
netic interaction between MSP1 and TOM5, TOM20 and TOM40,
respectively, but also between TOM5 and RPN10. On the basis of
our observations and in principal agreement with the recent
hypothesis of Weidberg and Amon (2018), we provide evidence
for a functional interaction between the TOM complex and Msp1.

significance was tested by two-way ANOVA with the Tukey’s multiple comparison test. Error bars indicate standard
deviations. (C) Wild-type (+/+) and mspn-1(tm3831) animals carrying the Phsp_éGFP transcriptional reporter

(strains MD4432 and MD4430, respectively) were analyzed by brightfield and fluorescence microscopy (scale bar
indicates 0.5 mm; intensity scale 1-1000). (D) The P}, sGFP fluorescence intensities were quantified. Error bars
indicate standard deviations. The difference between the two strains is statistically significant by Mann-Whitney test

(p=0.0022; n=6).
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FIGURE 4: Identification of ubiquitin/proteasome system components in the quality control pathway at the TOM
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Drops were spotted in serial dilution of 1:10. (C) Analysis of the levels of precursor and mature form of the chaperonin
Hsp60 at 37° and 30°C by SDS-PAGE, Western blot, and immunodecoration.

Atom5Amsp1, Atom20Amsp1, and TOM40A3'UTRAmsp1 double
mutants are synthetically sick as demonstrated by reduced growth
rates at elevated temperatures. Importantly, we observed an accu-
mulation of precursors in these mutants, but not in the AtoméAmsp1,
Atom70Amsp1, and TOM22A3’'UTRAmsp1 mutants that show no
genetic interaction with MSP1. Our results allow for a deeper
understanding of the different TOM complex subunits in coopera-
tion with incoming precursors and their role for efficient import.
What distinguishes the two small TOM subunits Tom5 and Tomé
besides their genetic interaction with MSP1? Deletion of Tom5 has
no effect on the overall amount of assembled TOM complex, but
still results in severe import deficiency in vitro (Dietmeier et al.,
1997). It was demonstrated that incoming precursor proteins
interact with Tom5 when they accumulate at the outer membrane
(Dietmeier et al., 1997). Further, Bausewein et al. (2017) showed the
proximity of Tom5 to the cytosolic side of Tom40 and, in agreement
with previously described findings, suggested Tom5 could serve as
a docking platform for incoming precursors. Tomé was located on
the IMS side of the Tom40 (Bausewein et al., 2017) and could not be
cross-linked to the incoming precursors (Dietmeier et al., 1997). In
addition, for Tom7 it was demonstrated by two-step import that it is
required at later steps during import at the trans site of the outer
membrane and it is particularly important for proteins taking the
SAM pathway to the outer membrane (Honlinger et al., 1996;
Dietmeier etal., 1997; Esaki et al., 2004). In the Atom5 mutant, which
shows a strong genetic interaction with MSP1, precursors accumu-
late presumably at the pore of the TOM complex prior to transloca-
tion and thereby prevent further protein import. Consequently, and
as shown in our study, these arrested precursors have to be removed
by Msp1. The small subunits Tomé and Tom7 are required for
regulating the stability of the complex and, in case of Tom7, guiding
the precursors after passage of the TOM complex. On deletion of
TOMS, the TOM complex partially dissociates, which results in the
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release of the receptors from the core complex (Dekker et al., 1998).
The loss of receptor subunits will result in a TOM complex that most
likely binds less import substrates; thus dysfunction will not be
linked to accumulation at the import pore. This could explain why
precursor accumulation and synthetic interaction is observed with
the Atom5 but not the Atomé mutant.

Why do we see specific accumulation of precursor in the Atom20,
but not in the Atom70 strain? Notably, both TOM subunits were
reported to act as receptors for substrates in the protein import
pathway. Furthermore, for both it was shown that Tom22 can
partially compensate for their functions, although with strongly
reduced efficiency (Harkness et al., 1994). An explanation could be
the different mechanisms that substrates of the individual receptors
use to approach the TOM complex. Tom20 shows preferential
binding affinity to mitochondrial N-terminal targeting signals, while
Tom70 is a receptor for larger chaperone-guided precursors with
internal targeting signals such as inner membrane carriers (Séllner
et al., 1989; Moczko et al., 1993; Harkness et al., 1994; Lithgow
etal., 1994). Binding of the Tom70 substrates to chaperones prior to
the interaction with the TOM complex could prevent their arrest at
the level of the outer membrane and result in their direct transfer
to the precursor degradation system (Young et al., 2003; Opalinski
et al., 2018). Consequently, Msp1 might not be required for their
removal from the TOM translocase. Our results are very well in line
with the recently reported organization of the TOM complex. Shiota
etal. (2015) showed that Tom22 is required to modify the oligomeric
state and thereby the import activity of the TOM complex. In cells
depleted for Tom22, the TOM complex dissociates into the dimeric
form. Importantly, the presence of Tom22 in the active complex is
promoted by Tomé (Sakaue et al, 2019). Since Tomé and
Tom22 affect the composition and import competence of the
TOM complex in a similar way, a comparable effect on precursor
accumulation is expected.
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due to the lower efficiency of IMS protein
import. We therefore believe that overex-
pression of Msp1 shifts the equilibrium of
IMS protein import toward the cytosolic
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‘ pool, which is subsequently degraded. In

agreement, a cellular response to accumu-
lation of mitochondrial IMS proteins in
the cytosol (UPRam) was described, which
features degradation of accumulated
IMS proteins in the cytosol by activating
the proteasome (Wrobel et al., 2015).
Mildly increased levels of Mia40 in the
Atom5Amsp 1 mutant might also be a result
of this response, and loss of essential IMS
proteins in Msp1 overexpressing cells can
explain the decreased viability because
lack of IMS proteins is known for causing
growth defects (Glerum et al., 1996;
Jarosch et al., 1997; Paschen et al., 2000).
This observation is in agreement with the
phenotype of the double mutant that
overexpresses Msp1 in the Atom5 back-
ground, which exhibits an unexpectedly
strong growth defect (Figure 2A). Tom5
was reported to be of particular impor-
tance for import of small IMS proteins
(Kurz et al., 1999; Vogtle et al., 2012;
Gornicka et al., 2014). In light of this spe-
cific function of Tom5, a genetic interaction
between TOM5 deletion and Msp1 overex-
pression seems plausible.

proteasome

FIGURE 6: Model for the concerted action of Msp1 and the proteasome (similar to Cdc48 and
proteasome function during ERAD) during extraction of Msp1 substrates. TOM subunits

showing a genetic interaction with Msp1 are depicted in dark gray.

In addition to the genetic interactions between TOM subunits
and MSP1, we observed a comparably strong interaction between
TOMS5 and RPN10, which encodes a proteasomal subunit. Chase
of arrested precursors from isolated mitochondria during inactiva-
tion of the proteasome revealed a strong dependency of the
precursor extraction on proteasomal activity. Further, we showed
the physical interaction between the proteasome and Msp1. On
the basis of all our observations, we conclude a role of Msp1 and
the proteasome in the same quality control mechanism at the
mitochondrial import pore. We therefore propose that Msp1
recruits the proteasome and both then cooperate in the extraction
of arrested precursors.

Interestingly, in the Msp1 overexpression mutant we found
decreased levels of IMS proteins, which are substrates of the MIA
pathway. Other proteins showed normal endogenous levels.
Importantly, previous studies demonstrated that dysfunction of the
MIA import pathway results in reduced levels of its substrate
proteins (Chacinska et al., 2004; Naoé et al., 2004; Mesecke et al.,
2005; Terziyska et al., 2005), while matrix protein precursors do not
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A recent study reported the response
on massive cellular overload with Cytb2-
ATM-DHFR, the same fusion protein we
used in our study. Under these conditions
that strongly resemble our experimental
approach, a general up-regulation of
proteasomal subunits was observed (Boos et al., 2019), which is
in agreement with our results.

Msp1 activity needs to be tightly regulated for being beneficial:
overexpression impairs import, and reduced expression exacer-
bates TOM import deficiency. Interestingly and in line with these
observations, a human neurological disorder was linked with a gain-
of-function mutation in the gene encoding the human Msp1 homo-
logue ATAD1/thorase (Piard et al., 2018). Furthermore, a conserved
role of Msp1 homologues of metazoans in mitochondrial protein
import homeostasis is likely as loss of MSPN-1 function in C. elegans
induces UPR™, a stress response that is induced on disturbed
protein import (Rolland et al., 2019).

On the basis of our results, we propose a model where both
Msp1 and the proteasome act as key players during quality con-
trol of mitochondrial protein import at the TOM complex (Figure
6). Precursor proteins approach the OMM where those carrying
an N-terminal signal sequence first get in contact with the re-
ceptor component Tom20. Then Tom5 would hand the protein
over to the GIP Tom40. If the process is inhibited in one of these
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steps, the import may come to a halt and result in clogging the
TOM complex. Msp1 is required to catch the protein that
clogs the import pore and disturbs mitochondrial biogenesis.
We suggest that a similar mechanism applies to the Msp1-
dependent removal of mislocalized TA ER proteins (Figure
6). The Msp1 substrate proteins subsequently undergo
ubiquitination. Finally, the proteasome coordinately extracts
the substrate together with Msp1 as inhibition of the protea-
some activity significantly reduces extraction. In agreement
with this model, Msp1 as well as proteasomal activity suppress
the phenotypes that various TOM mutants exhibit due to the
arrest of import. Our study defines a new and unexpected
mechanism that relies on tight functional cooperation of Msp1
and the proteasome in mitochondrial quality control processes,
which strongly resemble the ERAD pathway that is required for
removal of misfolded proteins at the endoplasmic reticulum
(Mayer et al., 1998; Walter et al., 2001; Ravid et al., 2006;
Nakatsukasa et al., 2013).

Just recently, two independent studies reported the require-
ment of Doa10 in degradation of mislocalized TA ER proteins. In
those cases, the Msp1 substrate was shown to relocate to the ER
after extraction by Msp1 where it was ubiquitinated in a Ubcé-,
Ubc7-, and Doa10-dependent manner (Dederer et al., 2019;
Matsumoto et al., 2019). Interestingly, Msp1 seems to extract no-
nubiquitinated substrate while Cdc48 seems to extract the sub-
strate in its ubiquitinated form from the ER membrane (Matsumoto
et al., 2019). Hints for differences between extraction of mislocal-
ized TA proteins and extraction of other Msp1 substrates came
from a study by Li et al. (2019) that addressed the role of specific
residues in Msp1 and its substrates for extraction and degradation.
They found that modification of a specific hydrophobic stretch in
the model substrate Pex15A30 turns its degradation not only de-
pending on Msp1 but also on the proteasome (Li et al., 2019). This
observation supports our finding where arrested precursor pro-
teins are removed in a proteasome-dependent manner. The recent
discovery of Ubx2-dependent import quality control at the TOM
channel (Martensson et al., 2019) can explain why the Msp1-de-
pendent mechanism of arrested precursor removal is not essential
for the cell to survive and not exclusive as observed in our in or-
ganello chase experiments. Particularly under unstressed condi-
tions, Amsp1 mutants do not exhibit a growth phenotype. How-
ever, in line with our results, Martensson et al. observed the genetic
interaction between MSP1 and UBX2 (Martensson et al., 2019),
indicating that both encoded proteins act in two parallel pathways
that ensure mitochondrial protein import quality control.

MATERIALS AND METHODS

Yeast strains

All mutants were generated in the Saccharomyces cerevisiae back-
ground W303 ¢« (MAT ¢, ade2-1, his3-11,15 leu2,112 trp1 ura23-53
can1-100). In the Amsp1 mutant, the MSPT ORF was replaced by
an hphMX cassette. TOM5, TOM6, TOM20, and TOM70 ORFs
were replaced by a kanMX4 cassette. The 3"UTRs of the essential
genes TOM22 and TOM40 were replaced by a kanMX4 cassette
resulting in reduced expression of the respective genes. The strain
expressing chromosomally tagged MSP1 was generated by inte-
gration of a C-terminal His; tag in combination with a kanMX4
cassette for selection. For the generation of strains expressing His-
tagged ubiquitin, the Ylplac128-HisUbi plasmid (Kalocsay et al.,
2009) was linearized with EcoRV and the DNA fragment was ge-
nomically integrated on transformation into yeast cells according
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to Gietz et al. (1995). All new strains were confirmed by PCR or
immunoblotting.

Plasmids

For overexpression, the MSPT ORF was cloned into pYX242 (Nova-
gen) by use of the Ncol and Hindlll restriction sites. For endogenous
expression levels, the MSP1 ORF was cloned into pRS315 including
300 base pairs of the 5" and 3" UTR by use of the restriction sites
Notl and Xhol. To introduce the E193Q point mutation into the
ATPase domain of Msp1, both plasmids were amplified by use of
Phusion Polymerase (NEB) and two primers carrying the desired
mutation (5-CAAGTTACAACCTTGTATAATATTCATTGACCAAATT-
GATTCATTCCTTAGAGAAC-3" and 5-GTTCTCTAAGGAATGAAT-
CAATTTGGTCAATGAATATTATACAAGGTTGTAACTTG-3').  After
Dpnl treatment, the PCR product was transformed directly into
competent Escherichia coli DH5¢ cells for ampilification.

All plasmids were sequenced by the Genomics Service Unit of
the Faculty of Biology, LMU Munich.

The plasmids pYES2-Cytb,(1-107)ATM-DHFR, pYES2-Cytb,(1-
167)ATM-DHFR, and pYES2-Cytb,(1-167)ATM-DHFR-His, were
received as a kind gift from Dejana Mokranjac (LMU Munich,
Planegg-Martinsried, Germany) and described previously in Popov-
Celeketic et al. (2008, 2011).

Preparation of whole cell extracts

For analysis of protein levels, whole cell extracts were prepared from
liquid cultures by alkaline extraction as described in Kushnirov
(2000). The final pellet was boiled in 50 pl 3x Laemmli buffer
(150 mM Tris-HCI, 3 mM EDTA, 0.02% bromophenol blue, 30%
glycerol, 6% SDS, and freshly added 6% B-mercaptoethanol, pH
6.8) for 5 min at 95°C.

Immunoblotting

Proteins were separated by 8, 12, or 16% SDS-PAGE and trans-
ferred onto Nitrocellulose membranes. After incubation with pri-
mary antibody overnight and secondary antibody (goat-anti-rabbit
immunoglobulin G [IgG] horseradish peroxidase [HRP] [1:10,000]
or goat anti-mouse IgG HRP [1:5000; Bio-Rad]) for 1 h at room
temperature, signals were visualized in a Bio-Rad Gel Doc XR+Gel
Documentation System.

Media

The S. cerevisiae strains were grown in YP, S, or SC drop-out
medium. As carbon sources, 2% glucose, 2% galactose, 3% glycerol,
or 2% lactate were added, if not indicated otherwise.

Isolation of mitochondria

Yeast cells were harvested in logarithmic growth phase by centrifu-
gation. After washing with water, the cells were treated with 100 mM
Tris (no pH adjusted) and 10 mM dithiothreitol (DTT) under shaking
for 10 min at 30°C. Cell membranes were digested by zymolyase
T20 (Amsbio) in 1.2 M sorbitol and 20 mM KH,POy (pH 7.4) for 1 h
at 30°C. The cell pellet was washed twice in homogenization buffer
(0.6 M sorbitol, 10 mM Tris, 1 mM EDTA, 0.2% fatty acid-free bovine
serum albumin, and 1 mM phenylmethylsulfonyl fluoride [PMSF], pH
7.4). Spheroblasts were gently broken by pipetting with a cut 5-ml
pipette tip in homogenization buffer. Mitochondria were collected
from the supernatant of the lysed cells by centrifugation for 10 min
at 12,000 rpm. The mitochondrial pellet was resuspended in SM
buffer (0.6 M sorbitol, 20 mM MOPS-KOH, pH 7.2), aliquoted, and
shock frozen in liquid Nj.
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Expression and chase of mitochondrially targeted precursor
protein in vivo

Yeast strains carrying pYES2-Cytb,(1-107)ATM-DHFR  constructs
were kept in logarithmic growth phase in SLac medium containing
0.1% glucose to repress the GALT promoter. The expression of
Cytb,(1-107)ATM-DHFR was induced in the same medium contain-
ing 1% galactose instead of glucose for 4 h at 37°C. The DHFR moiety
of the protein was folded in the presence of 0.2 mM aminopterin
(Sigma) during the entire expression time. After DHFR accumula-
tion, the cells were again shifted to glucose instead of galactose to
repress the expression and samples were taken at several time
points to analyze the chase of the accumulated Cytb,(1-107)ATM-
DHFR. The samples at each time point were shock frozen, and
whole cell extracts were prepared and analyzed by SDS-PAGE,
Western blot, and immunodecoration against DHFR. The quantifi-
cation was done with Image Lab Software from Bio-Rad.

Binding and chase of mitochondrially targeted precursor
protein in vitro

Recombinant Cytby(1-167)ATM-DHFR was a kind gift from
Dejana Mokranjac (Koll et al., 1992; Gold et al., 2017). It was
prefolded in the presence of methotrexate and bound to isolated
mitochondria of the respective strains. After indicated time
points, either mitochondria were reisolated by centrifugation or
the supernatant containing the unbound DHFR was trichloroace-
tic acid (TCA) precipitated. Both were washed and analyzed by
SDS-PAGE, Western blot, and immunodecoration against DHFR.
MG-132 was used at 100 pM final concentration in chase experi-
ments where indicated.

Purification of Cytb,ATM-DHFR-His after aminopterin
treatment

Yeast cells carrying the pYES2-Cytb,(1-167)ATM-DHFR-His, con-
struct grown overnight in SLac medium containing 0.1% glucose.
The next day cells were washed with water, resuspended in SlLac
medium, and pretreated with 0.2 mM aminopterin (Sigma) for
30 min. Afterward, 1% galactose was added to induce Cytb,ATM-
DHFR-His, expression. After 3 h incubation, the mitochondria were
isolated according to the previously described protocol.

For purification of Cytb,ATM-DHFR-Hise, 500 pg isolated mito-
chondria were pelleted and resuspended in Tris/MTX buffer (20 mM
Tris, 80 mM KCI, 20 mM imidazol, 10% glycerol, T mM methotrex-
ate, 8 mM NADPH, 1 mM PMSF, pH 7.4) and solubilized with 1%
digitonin. After a clarifying spin, the supernatant was transferred to
Ni-NTA Agarose beads (QIAGEN) and incubated for 1 h. Cytb,ATM-
DHFR was eluted with 3x Laemmli buffer containing 300 mM
imidazol for 3 min at 95°C. The samples were analyzed by SDS-
PAGE, Western blot, and immunodecoration.

Purification of ubiquitinated Cytb,ATM-DHFR

The purification of ubiquitinated DHFR was performed under de-
naturing conditions. Cells (200 ODs) were harvested, washed with
ice-cold water, and lysed with 1.91 N NaOH and 5% (vol/vol) B-
mercaptoethanol. After 15 min incubation on ice, 55% TCA was
added and incubated on ice for a further 15 min. The cells were
pelleted, washed with ice-cold water, and afterward resuspended
in buffer A (6 M guanidinium chloride, 100 mM NaH,PO,4 H,0,
10 mM Tris, pH 8.0) containing 0.05% Tween-20. To break the cells
completely, the resuspended pellet was shaken vigorously for 3 h.
For clarification, the suspension was centrifuged for 20 min at
23,000 x g at 4°C. The supernatant was supplemented with
imidazole to a final concentration of 10 mM and transferred to
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100 pl Ni-NTA Agarose beads (QIAGEN) for binding overnight at
4°C on a rotating wheel. The next day, the beads were washed
three times with buffer A containing 0.05% Tween-20 and 10 mM
imidazol. Afterward the beads were washed five times with buffer
C (8 M urea, 100 mM NaH,PO,4 H,O, 10 mM Tris, pH 6.3) contain-
ing 0.05% Tween-20. The elution of bound proteins was performed
with 30 pl 1% SDS at 65°C for 10 min, and the eluate was dried in
a SpeedVac (Christ) at 45°C for 25 min. To the dried beads, 10 pl
H,0O and 15 pl HU buffer (8 M Urea, 5% SDS, 200 mM Tris pH 6.8,
Bromophenolblue, 1.5% DTT) were added and incubated at 65°C
for 10 min. The input control was prepared from 1 OD of cells of
the final culture, which were ruptured and lysed by vortexing with
10 pl H,O, 15 pl HU buffer, and glass beads. The proteins were
denatured at 65°C for 10 min.

Purification of His-tagged Msp1 for mass spectrometry
analysis

Yeast cells bearing chromosomally His-tagged Msp1 were grown in
synthetic medium containing 2% galactose. Cells were harvested
and resuspended in 50 mM sodium phosphate, pH 8.0, 100 mM
NaCl, 20 mM imidazol, 1:100 Protease Arrest Reagent (Calbio-
chem), and opened by vortexing with glass beads. Membranes
were solubilized with 0.5% TritonX100 (Serva) and cell lysate was
incubated with NiNTA Agarose beads (QIAGEN) for 1 h. For mass
spectrometry analysis, the detergent was removed by washing three
times with 50 mM NH4HCO3 (Serva).

LC-MS/MS short gradient analysis

For the identification of Msp1 interacting proteins, beads were re-
suspended in 4 M urea in 100 mM Tris, pH 7.5, to unfold proteins
bound to the Ni-NTA resin. LysC (0.2 pg) for protein cleavage and
15 mM DTT for reduction of disulfide bonds was added to the
suspension and the mixture was incubated at 27°C for 2 h. After
1 h of incubation, 35 mM iodoacetamide was added to block free
sulfhydryl groups. After completion of the precleavage step, the
sample mixture was diluted with 200 pl of 100 mM Tris, pH 7.5,
and 1 pg of trypsin was added to cleave proteins to small oligo-
peptides for liquid chromatography/tandem mass spectrometry
(LC-MS/MS) analysis. The obtained peptide mixture was separated
from the beads and acidified with 10% TFA to a final concentration
of 0.5% and a pH ~2.5. Stage tips were prepared with three disks
of Empore C18 filter material (3M) as described earlier, and acidi-
fied peptides were desalted and subsequently vacuum dried. The
samples were redissolved in 0.1% formic acid and directly loaded
onto a 15-cm column with an inner diameter of 75 um packed with
2.4-pym beads (Dr. Maisch GmbH, Reprosil C18-Aq) via the auto-
sampler of the Thermo U3000 nano chromatography system
(Thermo-Fisher Scientific). Peptides were separated and eluted
using a linear gradient of 50 min from 3% ACN to 40% ACN in
water/0.1% formic acid and directly sprayed into a benchtop
Orbtitrap mass spectrometer (Q Exactive HF, Thermo Scientific).
The mass spectrometer was operated in a data-dependent mode
with survey scans acquired at 60,000 resolution (at m/z = 200) with
an AGC target of 3E6. Based on the survey scan, up to 10 peptide
features were selected and fragmented using HCD-based frag-
mentation at a normalized collision energy of 27 and fragmenta-
tion scans were acquired at a resolution of 15,000 (at m/z = 200).
Previously fragmented peptides were dynamically excluded for
20 s within an m/z window of 10 ppm. Raw data were processed
using the MaxQuant 1.5.5.1 computational platform (Cox and
Mann, 2008). Peak lists generated were searched against the
yeast Uniprot database with initial precursor and fragment mass
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tolerance of 20 and 4 ppm for the first search and the main search
steps, respectively. Carbamidomethylation of cysteine residues
was enabled as fixed modification with oxidation of methionine
and protein N-terminal acetylation as variable modification. Pro-
teins were quantified using the LFQ intensity values, which were
log2 transformed and median normalized. Contaminants, reversed
hits, and protein hits with fewer than three values were excluded
from the subsequent statistical analysis using the Limma algorithm
within R (Ritchie et al., 2015).

Statistical analysis of protein levels

Normal distribution was analyzed with the Kolmogorov-Smirnov test.
If the data showed normal distribution, they were analyzed using
the one sample t test. Statistical significance was tested by two-way
analysis of variance (ANOVA) with Tukey's multiple comparison test.

Worm strains

The strain SJ4100, which carries the Phsp_éGFP transcriptional re-
porter (Yoneda et al., 2004), was used to monitor UPR™ induction.
The strain carrying the mspn-1 deletion tm3831 was generated by
the National BioResource Project. The strain was backcrossed in
total three times (one time with N2 and two times with SJ4100). At
the end of the last backcross, two homozygous wild-type strains
carrying for the Ppg, ¢GFP reporter were isolated (MD4432 and
MD4433). In addition, two mspn-1(tm3831) homozygous strains car-
rying the Pps, sGFP reporter were isolated (MD4430 and MD4431).
These strains are isogenic with the exception of the presence of the
mspn-1(tm3831) mutation.

Analysis of UPR™ induction

Four L4 larvae of MD4432 and MD4433 (+/+; Pps, ¢GFP) as well as
MD4430 and MD4431 (mspn-1(tm3831); Phsp,éGFP) were inocu-
lated on a NGM plate and incubated at 20°C. After 24 h, the four
adults were transferred onto a new NGM plate and let to lay eggs
for 4 h at 20°C. The adults were then removed from the plates and
the plates were further incubated for 4 d at 20°C. F1 adults were
analyzed by brightfield and fluorescence microscopy using a Leica
GFP dissecting microscope (M205 FA) and the software Leica
Application Suite (3.2.0.9652). Images were quantified using a Fiji
macro as previously described (Rolland et al., 2019). The experi-
ment was performed blind.

Statistical analysis of UPR™ induction

Equal variance was tested using the F-test, whereas normality was
tested using the Shapiro-Wilk test. If the data showed equal vari-
ance but nonnormal distribution, we used a nonparametric Mann—
Whitney test. If the data showed normal distribution but unequal
variance, we used an unpaired t test with Welch's correction.
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