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Abstract

ATP is generated in mitochondria by oxidative phosphorylation. Complex | (NADH:ubiquinone oxidoreductase or NADH dehydro-
genase) is the first multisubunit protein complex of this pathway, oxidizing NADH and transferring electrons to the ubiquinone
pool. Typically, Complex | mutants display a slow growth rate compared to wild-type plants. Here, using a forward genetic screen
approach for restored growth of a Complex | mutant, we have identified the mitochondrial ATP-dependent metalloprotease,
Filamentous Temperature Sensitive H 3 (FTSH3), as a factor that is required for the disassembly of Complex I. An ethyl
methanesulfonate-induced mutation in FTSH3, named as rmb1 (restoration of mitochondrial biogenesis 1), restored Complex |
abundance and plant growth. Complementation could be achieved with FTSH3 lacking proteolytic activity, suggesting the unfol-
dase function of FTSH3 has a role in Complex | disassembly. The introduction of the rmb1 to an additional, independent, and ex-
tensively characterized Complex | mutant, ndufs4, resulted in similar increases to Complex | abundance and a partial restoration
of growth. These results show that disassembly or degradation of Complex | plays a role in determining its steady-state abundance
and thus turnover may vary under different conditions.

Introduction
protein degradation (Vierstra, 2009), the mechanisms involved in

the turnover of organellar proteins remains poorly understood. It
has been shown that chloroplast biogenesis is regulated by the
ubiquitin—proteasome system (Ling et al, 2012) and that limited
inhibition of cytosolic proteolysis leads to improvements in pho-
tosynthetic performance (Grimmer et al, 2020). As there is an in-
verse relationship between growth rate and protein turnover in
Arabidopsis thaliana (Arabidopsis; Ishihara et al, 2017), the cost of
translation and protein turnover may be an energy consuming

Protein abundance can be controlled at a variety of levels,
from pre-transcriptional mechanisms (ie. epigenetic) to protein
degradation. In a variety of systems, it has been established that
the rate of protein turnover varies greatly between proteins.
Proteins with high regulatory functions exhibit high-turnover rates,
which makes them responsive to changing conditions (Li et al,
2013, 2017; Szczepanowska et al, 2020). Whereas the ubiquitin—
proteosome system is a well-established model for cytosolic
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cycle that can be optimized to improve plant performance
(Amthor et al, 2019).

Mitochondria undergo continuous changes to protein con-
tent in response to changing energetic demands or to replace
misfolded, damaged, and aggregated proteins (Vazquez-Calvo
et al, 2020). The matrix facing module of Complex |, known
as the NQ-module, is particularly prone to oxidative damage
as it contains a chain of eight iron—sulfur (Fe-S) clusters in-
volved in electron transfer. In Arabidopsis and human (Homo
sapiens), the N-module domain exhibits a rapid rate of turn-
over, up to six times higher than its membrane-bound coun-
terparts (Li et al, 2017; Szczepanowska et al, 2020). This
suggests that Complex | turnover is a highly regulated and se-
lective process. The human mitochondrial matrix protease
ClpXP is involved in the specific turnover of the matrix arm
domain N-module (Szczepanowska et al, 2020). Interestingly,
the N-module was found to dissociate from the membrane
domain following oxidative phosphorylation (OXPHOS) im-
pairment and subsequently degraded by CIpXP, a mitochon-
drial matrix protease consisting of the ClpX chaperone and
the ClpP peptidase (Szczepanowska et al, 2020). This process
of selected release is more energetically favorable than the dis-
assembly, turnover, import, and reassembly of the full halo
enzyme complex (Szczepanowska et al, 2020). In Arabidopsis,
deletion of a related matrix protease subunit named caseino-
lytic protease subunit 2 resulted in the accumulation of the
N-module sub complex within the matrix with no change to
the Complex | halo enzyme abundance (Petereit et al, 2020).
This suggests that the specific disassociation and rapid turn-
over of the N-domain module is a conserved mechanism for
the removal of damaged Complex | subunits; however, the
factors involved in this process are yet to be ascertained.

An Arabidopsis mitochondrial LYR-domain protein,
named COMPLEX | ASSEMBLY FACTOR 1 (CIAF1), has
been shown to be involved in the assembly of the NQ-
module domain of Complex | (lvanova et al, 2019). A T-
DNA deletion mutant ciaf1-1 exhibits low Complex | abun-
dance due to a defect in the assembly of the NQ-module
and a severe delayed growth phenotype. ciaf1-1 is still ca-
pable of generating a fully functional Complex | and super-
complex | +1ll, but these are much reduced in abundance
(Ivanova et al, 2019). To identify factors involved in plant
Complex | biogenesis and turnover, we carried out a for-
ward genetic screen approach. Ethyl methanesulfonate
(EMS) mutagenesis was carried out on ciaf1-1. This mutant
has much reduced Complex | abundance due to a defect
in assembly and exhibits a severe delayed growth pheno-
type, like what has been observed for a variety of Complex
I mutants (Meyer et al., 2011). A screen of the EMS popula-
tion looked for restored growth to identify factors that
may affect the turnover of Complex I. One EMS mutant
identified was Filamentous Temperature Sensitive H 3
(FTSH3), a mitochondrial ATP-dependent metalloprotease,
which displayed partial restoration of growth and Complex
| abundance.

Ivanova et al.

Results

Perturbation of individual Complex | subunits or assembly
factors results in a decrease in Complex | abundance and ac-
tivity resulting in plants with a retarded growth phenotype
(Meyer et al, 2011). The retarded growth phenotype of
Complex | mutants provides an excellent background for a
forward genetic screen to identify revertants and thus fac-
tors that can regulate Complex | assembly and turnover.
The ciaf1-1 mutant (SALK_143656) was previously shown to
contain a T-DNA insert within CIAF1, a Complex | assembly
factor, and displays a delayed growth phenotype typical of
Complex I-defective mutants (Figure 1, A and B; lvanova
et al, 2019). Furthermore, Complex | abundance is substan-
tially decreased in ciafi-1 due to defective assembly of the
matrix arm domain NQ-module (lvanova et al, 2019). This
mutant has been previously described to also contain a par-
tial T-DNA insertion within the promotor of another gene,
At1g72750 (Translocase of the Inner membrane; Tim23-2;
Wang et al, 2012). To ensure that the observed retarded
growth phenotype of ciaf1-1 was only due to the T-DNA in-
sertion within ciaf1-1, a filial cross was carried out with
ciaf1-1 and Col-0 and the segregating populations genotyped
using PCR. The small, developmentally delayed phenotype
was only observed in plants with the T-DNA within CIAF1
and not within the promoter of At1g72750 (Tim23-2;
Supplemental Figure S1). To identify factors involved in
Complex | assembly and/or turnover, ciafl-1 seeds were
treated with EMS and the M2 population visually screened
for restoration of growth. A mutant that exhibited a sub-
stantial increase in plant growth and biomass relative to
ciaf1-1 was identified and the underlying mutation was iden-
tified and named rmb1 for Restorationof Mitochondrial
Biogenesis 1 (Figure 1A). This mutant, named rmbf1:ciafi-1,
exhibited substantially improved plant growth rates com-
pared to ciaf1-1. For example rmb1:ciafi-1 reached the de-
velopmental stage 1.10 (10 rosette leaves larger than 1 mm)
at Day 21 compared to Day 26 for ciafi-1 when grown on
Murashige and Skoog (MS) plate media (Figure 1Bi;
Supplemental Table S2). Growth of rmb1:ciaf1-1 on soil was
similarly associated with improved growth, with rmb1:ciaf1-
1 reaching completion of flowering (stage 6.9) at Day 56
compared to Day 69 for ciafi-1. In addition, rmb1:ciafi-1
exhibited significantly improved growth in parameters such
as plant height, number of rosette leaves, rosette radius, and
root length when compared to ciaf1-1 at most time points
(Figure 1B(iii); Supplemental Table S2; P < 0.05, Student’s t
test, P < 0.05, n = 20). Whole-genome sequencing on segre-
gating homozygous populations identified a C to T muta-
tion within At2g29080 (Figure 1C), which encodes for the
mitochondrial FTSH3 protein. FTSH3 belongs to a highly
conserved family of proteins found in mitochondria, chloro-
plasts, and bacteria that share a common membrane anchor
domain, an AAA domain (ATPases Associated with a variety
of cellular Activities), and a consensus metal-binding motif
HEXGH that exhibits proteolytic activity (Gerdes et al,
2012). The mutation (proline to leucine) at residue 415 is
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Figure 1 rmb1:ciaf1-1 is an EMS mutant within FTSH3 that partially restores ciaf1-1 developmental phenotype. A, The ciaf1-1 mutant has a defect
in mitochondrial respiratory Complex | assembly and consequently results in a small, developmentally delayed phenotype. An EMS forward ge-
netic screen was carried out on ciaf1-1 resulting in the identification of a mutant named rmb?1:ciaf1-1 (restoration of mitochondrial biogenesis 1)
where plant growth was partially restored. B, Comprehensive stage growth progression analysis on plates (1.5% [w/v] sucrose MS media) (i) and
soil (ii) indicates rmb1:ciaf1-1 reached all growth stages earlier than ciaf1-1. Growth stages are as defined by Boyes et al. (2001). Analysis of growth
parameters (iii) such as plant height, number of rosette leaves, rosette radius, and root length indicate rmb1:ciaf1-1 performed significantly better
than ciaf1-1 (p < 0.05, Student’s t test, n = 20). C, DNA sequencing confirmed that the mutation responsible for the phenotype was a C to T mu-
tation with the At2g29080 gene. At2g29080 encodes for the mitochondrial AAA ATPase FTSH3 and the C to T mutation at amino acid 415 is
within the chaperone ATPase domain. Scale bar = 1 cm.
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within the predicted chaperone ATPase active domain of
FTSH3 (Figure 1C).

To confirm that this mutation is responsible for the ob-
served phenotype, a number of crosses and complementa-
tion lines were generated and characterized (Figure 2A).
Since the mutation and phenotype was generated in the
ciaf1-1 background (rmb1:ciaf1-1), the rmb1 mutation was
also introduced into a Col-0 background (rmb1:Col-0) by fil-
ial crossing, with no significant alteration to plant phenotype
observed (Figure 2A; Supplemental Figure S2 and
Supplemental Table S2). A second allele for rmb1 was
obtained in the form of a FTSH3 T-DNA insertion line,
ftsh3-1 (SALK_037144), which did not show any phenotypic
alterations (Figure 2A; Supplemental Figure S2 and
Supplemental Table S2). This T-DNA line was cross-
pollinated with ciafl-1 and double homozygous mutants
were obtained to generate ftsh3-T:ciaf1-1 (Figure 2A;
Supplemental Figure S2 and Supplemental Table S2). ftsh3-
1:ciaf1-1 showed a substantial increase in plant growth
when compared to the ciafl-1 mutant (Figure 2A;
Supplemental Figure S2 and Supplemental Table S2). Stage
growth progression analysis showed that ftsh3-1:ciaf1-1
reached all developmental stages at the same time as
rmb1:ciafi-1, confirming that rmb1/ftsh3.1 is responsible for
the phenotypic reversion (Supplemental Figure S2 and
Supplemental Table S2). To further confirm that the muta-
tion within FTSH3 was responsible for the phenotypic rever-
sion, a complementation line was generated whereby
rmb1:ciafi-1 was transformed with the wild-type FTSH3
gene under its native promoter (rmb1:proFTSH3). This line
resulted in a reversion back to the small, developmentally
delayed phenotype characteristic of the original EMS back-
ground ciaf1-1, confirming that the mutation within FTSH3
is the causative mutation for the restored plant growth of
rmb1:ciafi-1 (Figure 2A; Supplemental Figure S2 and
Supplemental Table S2). Transcript analysis confirmed
FTSH3 was expressed at normal levels in all lines except the
ftsh3-1 mutants (Supplemental Figure S3). Additionally, an
overexpression line of FTSH3 was generated in a Col-0 back-
ground which showed > three-fold increase in FTSH3 pro-
tein abundance, but did not display any phenotypic
alterations (Figure 2A; Supplemental Figures S2-S3).

To investigate Complex | abundance, mitochondria were
isolated from all eight genotypes and analyzed by blue na-
tive polyacrylamide gel electrophoresis  (BN-PAGE;
Figure 2B). In-gel Complex | staining showed a significant in-
crease to Complex | abundance in rmb1:ciafl-1 compared
to ciaf1-1 whereby the abundance of Complex | and |+l
was restored by approximately two-fold (Figure 2B,
P <005 Student’s t test). No significant change to
Complex | abundance could be observed when rmb1 was in-
troduced into a Col-0 background (rmb1:Col-0) or when
FTSH3 function was removed in Col-0 (ftsh3-1; Figure 2B).
The double mutant line ftsh3-1:ciafi-1 also exhibited re-
stored plant growth and a significant increase to Complex |
abundance of approximately two-fold compared to ciaf1-1

Ivanova et al.

(Figure 2B). This suggests that the ftsh3-1 deletion can re-
store Complex | abundance in the ciaf1-1 background in a
similar  manner to the EMS rmbl  mutation.
Complementation of rmbT:ciaf1-1 by the reintroduction of
FTSH3 resulted in a decrease to Complex | abundance back
to the levels as observed in ciaf1-1 (Figure 2B).

To investigate the abundance of individual Complex | sub-
units within these lines, immunodetection was carried out
on isolated mitochondria (Figure 2C). Immunodetection
with antibodies raised against the Complex | inner mem-
brane subunit B14.7 showed no obvious change in abun-
dance in ciaf1-1 and rmb1:ciaf1-1 lines (Figure 2C). Similarly,
no change to the abundance of the Complex | N-module
subunits 75 kDa and 51 kDa could be observed. The car-
bonic anhydrase subunit GAMMA CARBONIC ANHYDRASE
LIKE 1 (CAL1), a plant-specific Complex | subunit, also
appeared unchanged in rmbi:ciafi-1 compared to ciafl-1
(Figure 2C). Blue Native Polyacrylamide Gel Electrophoresis
(BN-PAGE) analysis clearly showed increased abundance of
approximately two-fold of the monomeric Complex | and
the Supercomplex |+ Il (Figure 2B), and therefore compre-
hensive proteomic analysis was carried out on rosette leaf
tissue from Col-0, ciaf1-1, and rmb1:ciaf1-1 (Figure 3). Very
little change could be observed regarding the abundance of
Complex | subunits, with only minor changes to the matrix
arm domain subunits: 39, 23, 20, and 18 kDa increasing ap-
proximately 1.2- to 1.6-fold compared to ciafi-1 (Figure 3A;
Supplemental Table S3).

Mapman representation of fold changes to the mitochon-
drial proteome similarly revealed minor change in
rmb1:ciafi-1 compared to Col-0 and ciafi-1 compared to
Col-0 (Figure 3B; Supplemental Table S3). Gene ontology
(GO) enrichment analysis of whole tissue proteome revealed
that the ciaf1-1 mutant itself exhibits a substantial stress re-
sponse when compared to Col-0 (Figure 3C) and that this
response is mitigated in rmb1:ciafi-1. Proteins annotated as
GO term stress response were upregulated in ciaf1-1 com-
pared to Col-0, whereas general organellar activities and
electron transfer chain (ETC) were constrained (Figure 3C,
right panel). The mutation in rmbT:ciafl-1 normalized the
expression of these stress-responsive proteins, including the
WRKY transcription factors, CRK/LRR kinases, and heat-
shock proteins (HSPs; Figure 3C). Furthermore, an improve-
ment can be observed in the alternative ETC pathways as al-
ternative oxidases (AOX) AOX1A/C and alternative
NAD(P)H dehydrogenases (NDs) NDA1 and NDB2 are ad-
justed back to Col-0 levels (Figure 3G Supplemental Table
S3). Our proteomic analysis suggests that the abundances of
FTSH3 proteolytic targets are not altered in rmb1:ciaf1-1.
Furthermore, with only minor changes to the abundances of
Complex | subunits, rmb1:ciaf1-1 does not appear to exhibit
defective proteolysis. To further demonstrate this, we trans-
formed rmb1:ciafi-1 with FTSH3 devoid of its proteolytic
function (rmb1:proFTSH3_TRAP; Figure 4) by changing a
single amino acid (H to G at amino acid 586) in the proteo-
lytic center. This leads to loss of proteolytic activity whilst
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Figure 2 rmb1:ciaf1-1 partially restored Complex | abundance and activity in ciafi-1. A, Phenotypic analysis of Col-0, the Complex | mutant ciaf1-
1, the EMS mutant rmbT1 in the ciafi-1 background (rmb1:ciafi-1), rmb1 in a Col-0 background (rmb1:Col-0), the FTSH3 T-DNA insertion line
ftsh3-1 (SALK_037144), ftsh3-1 backcrossed to ciaf1-1 (ftsh3-1:ciaf1-1), complemented rmb1 (rmb1:proFTSH3), and a FTSH3 overexpressor
(FTSH3 OE). B, Mitochondria were isolated from all lines and resolved by BN-PAGE and stained for Complex | abundance. The position of the ma-
jor OXPHOS complexes is indicated on the left. Quantification averages of Complex | abundance relative to Col-0 are indicated below. Significant
differences are indicated with a * (+ sg, p < 0.05, Student’s t test, n = 3). C, Mitochondria were isolated from all mutant lines and immunodetected
with antibodies against FTSH3, its partner protein FTSH10, and mitochondrial controls COXIl and porin. The abundance of Complex | subunits
B14.7, 51 kDa, 75 kDa, and CAL were investigated showing little change in abundance across ciaf1-1 and rmb1:ciaf1-1. Phenotypic data is pre-

sented in Supplemental Figure S2 and Supplemental Table S2.

the chaperone ATPase function is retained (Westphal et al,
2012; Lindemann et al, 2018; Opalinska et al, 2018; Adam
et al, 2019; Kamal et al, 2019). rmb1:proFTSH3_TRAP
plants displayed the small, developmentally delayed

phenotype of ciafi-1 with stage 1.10 (10 rosette leaves > 1
mm) being reached at 24-26 d compared to 16 d in Col-0
(Figures 4B and 2A; Supplemental Figure S3), similar to
rmb1:ciaf1-1 complemented with the fully functional FTSH3
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Figure 4 Complementation of rmb1:ciafl-1 with a proteolytic defective FTSH3. A, Complementation of rmbi:ciafi-1 with FTSH3
(rmb1:proFTSH3) results in the reversion back to the small, developmental delayed phenotype of ciafi-1. Complementation of rmb1:ciaf1-1 with
FTSH3 where the proteolytic domain has been inactivated (rmb1:proFTSH3_TRAP) similarly results in a reversion of phenotype suggesting that
the proteolytic domain is not required to achieve complementation. Scale bar = 1 cm. B, Mitochondria were isolated from all lines and resolved
by BN-PAGE and stained for Complex | abundance. The position of OXPHOS complexes are indicated on the left. Quantification of Complex |
and | + Ill abundances relative to Col-0 are indicated below. Significant differences are indicated with an asterisk (+sp, P < 0.05, Student’s t test,
n = 3). A Coomassie stain of total mitochondrial protein resolved by SDS—PAGE is shown on the right.

(rmb1::proFTSH3). Mitochondria were isolated from these
lines and Complex | abundance determined by BN-PAGE and
Complex | staining (Figure 4C). Complementation of
rmb1:ciafil-1 with FTSH3 and FTSH3_TRAP results in Complex
| abundance decreasing from 68% to 22% (rmb1:proFTSH3)
and 25% (rmb1:proFTSH3_TRAP; Figure 4C). This demon-
strates that rmb1:ciafl-1 complementation was achieved with-
out the proteolytic domain, suggesting the chaperone ATPase

domain of FTSH3 plays a role in regulating Complex | abun-
dance in these mutant lines.

To investigate if FTSH3 can regulate Complex | abundance
and restore growth in other Complex | mutants, an addi-
tional double mutant line was generated (Figure 5). NDUFS4
(18 kDa) Complex | subunit has been previously proposed
to be involved in Complex | stability and/or assembly rather
than electron transfer (Kruse et al, 2008; Breuer et al, 2013;
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Figure 5 The deletion of FTSH3 can restore Complex | abundance in an independent Complex | deletion mutant. A, ndufs4 is a T-DNA insertion
knockout line within the Complex | subunit NDUFS4 (SAIL_596_E11; Meyer et al. 2009) that exhibits a substantial loss of Complex | abundance
and activity. A filial cross between ftsh3-1 (SALK_037144) and ndufs4 resulted in plants that display an increased growth phenotype, as observed
with rmb1:ciaf1-1. B, Mitochondria were isolated from all lines, resolved by BN-PAGE, and stained for Complex | abundance. The positions of
OXPHOS complexes are indicated on the left. Quantification averages of Complex | and | + lll abundance are indicated below. Significant differen-
ces are indicated with an asterisk (s, P < 0.05, Student’s t test, n = 3). C, Immunodetection of isolated mitochondria with antibodies against the

Complex | subunits B14.7 and NDUFS4, FTSH3, and Tim17-2.

Kahlhofer et al, 2017). Deletion of this subunit results in
small, developmentally delayed plants that display a substan-
tial loss of Complex | abundance (Meyer et al, 2009).
To determine if FTSH3 plays a role in regulating Complex |

abundance in ndufs4, a ftsh3.1:ndufs4 double mutant line
was generated (Figure 5). This double mutant showed a sub-
stantial increase to plant growth when compared to ndufs4
and ciaf1-1 (Figure 5A). ftsh3.1:ndufs4 was able to reach
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stage 1.10 (10 rosette leaves > 1 mm) at Day 20.5 com-
pared to Day 25 for ndufs4; ftsh3.1:ndufs4 reached all stages
earlier suggesting a restoration of Complex | abundance
(Figure 5B). Mitochondrial isolation and BN-PAGE indeed
revealed a significant restoration to Complex | abundance
from 19% in ndufs4 to 35% in ftsh3.1:ndufs4 relative to Col-
0 (Figure 5B, P < 0.05, Student’s t test). Immunodetection
of isolated mitochondria from all lines showed no change to
the abundance of the Complex | subunit B14.7 (Figure 5C),
whereas immunodetection of NDUFS4 and FTSH3.1 con-
firmed at a protein level that NDUFS4 and FTSH3 are not
present, and Tim17-2 confirmed equal loading (Figure 5C).
These results indicate that the abundance of Complex | in
affected by FTSH3 in independent Complex I-defective
backgrounds.

Discussion

Here, we have characterized a role for FTSH3 in regulating
Complex | abundance. Our data shows that a mutation
within the chaperone AAA domain of FTSH3, or a deletion
of FTSH3 has allowed Complex | to accumulate in two inde-
pendent Complex |-defective backgrounds. The FTSH3 pro-
tein belongs to the FTSH family of proteins. These proteases
are embedded within plasma membranes, inner mitochon-
drial membranes, or chloroplast thylakoids via an anchor do-
main at the N-terminus. FTSH proteins contain a
chaperone/unfoldase AAA domain (ATPases Associated
with a variety of cellular Activities) and a consensus metal-
binding motif that exhibits proteolytic activity (Gerdes et al,,
2012; Langklotz et al, 2012). The mutation within the chap-
erone/unfoldase AAA domain of FTSH3 resulted in an accu-
mulation of Complex | within ciaf1-1, a Complex I-defective
mutant. Proteomic analysis failed to identify any proteolytic
targets suggesting that the accumulation of Complex | was
likely achieved via a defect in the unfolding and disassembly
of Complex |, rather than proteolysis of individual Complex
| subunits. This hypothesis was further confirmed by the ob-
servation that  the proteolytic-defective ~ FTSH3
(FTSH3_TRAP) was able to complement rmbT:ciafi-1. The
role of FTSH3 in regulating Complex | abundance could also
be revealed in the ndufs4 mutant. NDUFS4 has been pro-
posed to be involved in maintaining Complex | structural in-
tegrity, and in ndufs4, Complex | subunits are being
transcribed, translated, and imported normally with all
membrane assembly submodules generated (Wang et al,
2012; Meyer et al, 2009, 2011; Kuhn et al, 2015). The inabil-
ity to identify N-module subunits in ndufs4 (Kuhn et al,
2015) suggests an assembly defect and/or an unstable struc-
ture. Recent cryo EM structures of plant Complex | show
NDUFS4 situated on the peripheral end of the N-module
(Maldonado et al, 2020; Soufari et al, 2020), supporting a
structural maintenance role and that the lack of Complex |
in ndufs4 is likely due to rapid turnover of an unstable
Complex I. Here, we have shown that defective FTSH3
within the ndufs4 background results in an increased accu-
mulation of Complex | and increased plant growth. This
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suggests that in both mutants, FTSH3 plays a role in the dis-
assembly of Complex | and thus FTSH3 inactivation results
in Complex | accumulation.

FTSH3 proteins have been well characterized in a number
of species and a common theme shows the AAA domain is
essential for the unfolding of substrates and the transloca-
tion to its proteolytic site (Tatsuta and Langer, 2009; Gerdes
et al, 2012; Quiros et al, 2015). Interestingly, it has also
been reported that the AAA domain can have a chaperone/
unfoldase role independent to proteolysis. Membrane-
bound OXPHOS subunits were found to be actively re-
moved by AAA proteases, independent to proteolytic activ-
ity (Tatsuta and Langer, 2009; Gerdes et al, 2012; Zurita
Rendon and Shoubridge, 2012; Quiros et al,, 2015). The AAA
domain can mediate interactions with select membrane pro-
teins for further degradation either by itself or by other mi-
tochondrial proteases (Leonhard et al, 1999; Tatsuta et al,
2007; Botelho et al, 2013). For example, in yeast
(Saccharomyces cerevisiae) mitochondria, the cytochrome ¢
peroxidase (Ccp1) precursor protein is specifically released
from the inner membrane via the matrix-facing m-AAA pro-
tease prior to proteolysis by a rhomboid protease (Tatsuta
et al, 2007). A chaperone activity has also been identified
for aggregated inner membrane proteins whereby the yeast
FTSH Yme1 is able to prevent the formation of intermem-
brane space aggregates by protein refolding rather than pro-
teolysis (Leonhard et al., 1999; Schreiner et al, 2012).

Arabidopsis FTSH3 has been previously characterized and
also shown to exhibit both chaperone and unfoldase func-
tions (Kolodziejczak et al, 2018). Arabidopsis FTSH3 was
shown to process yeast MrpL32, a mitochondrial ribosomal
subunit (Nolden et al, 2005; Kolodziejczak et al, 2018).
FTSH3 is also able to dislocate the yeast Ccp1 precursor pro-
tein from the inner membrane (Kolodziejczak et al, 2018),
showing that the chaperone and unfoldase functions of
FTSH3 proteins are conserved in plants (Voos, 2013). Here,
we have identified an additional chaperone role for FTSH3
with regards to regulating Complex | abundance. Whereas
our protein analysis did not identify any clear proteolytic
substrates for FTSH3, we did observe a small increase in the
39, 20, 18, and 23 kDa subunits in the EMS mutant.
Interestingly these subunits have been shown to sit between
the membrane and matrix arm NQ-module in Arabidopsis
(Ligas et al, 2019), which raises the possibility that FTSH3
exerts its function on potential NQ-module anchoring pro-
teins, facilitating their disassociation and proteolysis.

No changes to plant growth were observed in either rmb1
or ftsh3-1 in a Col-0 background. A significant increase in
Complex | abundance was observed in ftsh3-1 (1.2-fold in-
crease). A similar significant increase was also observed in
the FTSH3 overexpressing line, suggesting that additional
mechanisms exist to regulate the abundance of Complex |,
or that other components can compensate for the loss of
FTSH3 in wild-type backgrounds. Arabidopsis FTSH3 is
known to exist as homo- or hetero-oligomers, with FTSH10
forming a large supramolecular structure (Steglich et al,
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1999; Piechota et al, 2010). Deletion of both FTSH3 and
FTSH10 in planta resulted in slower rates of mitochondrial
translation (likely due to their role in MrpL32 proteolysis)
with surprisingly no impact to plant growth phenotype
(Kolodziejczak et al,, 2018). Mitochondria contain additional
FTSH proteases, FTSH4 and FTSH11, termed as i-AAA pro-
teases, with their proteolytic domain facing the intermem-
brane space (Urantowka et al, 2005). Both FTSH4/11 have
been linked to regulating the abundance of Complex |, Ii, Ili,
and V subunits (Zhang et al, 2014a, 2014b), plant stress,
and autophagy (Zhang et al., 2017). Further, FTSH4 has been
linked to maintaining cardiolipin content (Smakowska et al,,
2016), a known regulator of Complex | activity (Jussupow
et al, 2019). Targeted multiple reaction monitoring mass
spectrometry of ftsh4 has identified potential substrates in
several Complex |l subunits during seed germination
(Heidorn-Czarna et al, 2018). Consequently, it is becoming
clear that FTSH proteins have many diverse roles in main-
taining mitochondrial homeostasis, in particular with respect
to the OXPHOS machinery. This study raises an interesting
question of what signals the degradation of protein or com-
plexes and how the activities of FTSH proteins are activated
or regulated. The identification of the triggers for protein
degradation and the machinery involved in protein turnover
provide further targets to regulate plant growth, processes
that have the potential for optimization via optimized re-
source allocation (Amthor et al,, 2019).

Materials and methods

Plant growth and phenotyping

Col-0 (cv Columbia-0), EMS mutants, and T-DNA insertional
mutants were germinated on 0.5 MS salt medium contain-
ing 1.5% (w/v) sucrose and grown at 22°C with a light in-
tensity of 80 pimol quanta m” s in a 16-h photoperiod. The
SALK T-DNA insertion line ftsh3.1 (SALK_037144) was
obtained from the ABRC seed stock center (Alonso et al,
2003). ndufs4 (SAIL_596_E11) was obtained from E. Meyer
(Meyer et al, 2009). Mutant lines were screened for homo-
zygosity of the T-DNA insert with the primers listed in
Supplemental Table S1 according to SALK Institute T_DNA
Arabidopsis mapping tool suggestions. Genomic DNA was
isolated from 14-d-old plants, and PCR was performed using
the MyFi Mix (Bioline) according to the manufacturer’s
instructions. Plant phenotyping was performed according to
the parameters as described previously (Boyes et al, 2001).
Student’s t test (P < 0.05) was used to determine any signif-
icant differences between Col-0 and mutants.

EMS mutagenesis and forward genetic screen

EMS mutagenesis was carried out on the seeds of the ciaf1-1
homozygous line (SALK_143656) according to parameters as
described previously (Weigel and Glazebrook, 2006; lvanova
et al, 2019). A visual screen of EMS mutants was carried out
to identify plants with increased growth compared to ciaf1-
1. Approximately 2,000 individual M2 plants were grown
and screened on MS media. Candidate revertant lines were
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phenotypically confirmed as true mutants in the subsequent
M3 generations following at least three rounds of back-
crossing to ciaf1-1.

Whole-genome sequencing and mapping
Whole-genome sequencing using the lllumina HiSeq 2500 was
carried out in six individual homozygous lines. Sequencing li-
braries were generated from isolated genomic DNA (QIAGEN
DNeasy MAXI kit) using the Nextera DNA Flex Library Prep Kit
according to the manufacture (lllumina). Libraries were se-
quenced with a 70-bp read length on a NextSeq500 system
(lllumina). Reads were aligned to the Arabidopsis reference ge-
nome (Araport11) with bowtie2 v23.4.1 (Langmead and
Salzberg, 2012) and mutations identified using the “mpileup”
and “call” commands of bcftools v1.4 using standard parame-
ters (http://www.htslib.org/doc/bcftoolshtml). A single nucleo-
tide polymorphism at position 12,491,285 on Chromosome 2,
C to T, was present in all six homozygous mutant lines within
the coding region of At2g29080.

Generation of constructs

Cloning from cDNA was performed using the HiFi Mix
(Bioline) according to the manufacturer’s instructions using pri-
mers listed in Supplemental Table S1. cDNA was amplified us-
ing gene-specific primers flanked by Gateway™ recombination
cassettes and cloned into pDONR201 and recombined into
B2GW?7 for Agrobacterium tumefaciens-mediated transforma-
tion to generate the overexpression line (Karimi et al, 2002).
The full-length FTSH3 gene (At2g28090) including the 1-kb up-
stream promoter region was amplified from Col-0 genomic
DNA using primers listed in Supplemental Table S1 and cloned
into pCAMBIA1300 using NEBuilder HiFi DNA Assembly
Master Mix (BiolLabs) according to the manufacturer’s instruc-
tions. Site Directed Mutagenesis was carried out using
Stratagene’s QuikChange™ mutagenesis kit with primers listed
in Supplemental Table S1.

Reverse transcription quantitative PCR

Total RNA from 14-d-old seedlings was extracted using
FavorPrep Plant Total RNA Purification Mini Kit according
to the manufacturer’s instructions (FAVORGEN Biotech
Corp). RcDNA was generated using HighCapacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to
manufacturer’s instructions. RT-qPCR was performed using
the Light Cycler (Roche Applied Science) and 2xPCR master
SYBR mix (Roche Applied Science).

Mitochondrial isolation, immunodetection, blue
native PAGE, and activity staining

Mitochondria were isolated from 10-d-old seedlings grown in
water pots as described previously (Duncan et al, 2015).
Immunodetection was carried out using antibodies raised
against FTSH3 (AGRISERA), COXIlI (AGRISERA), B14.7 (Wang
et al, 2012), Tim17-2 (Murcha et al, 2005), 51 kDa
(PhytoAb, USA), 75 kDa (PhytoAb, USA), CAL1 (Fromm
et al, 2016), and NDUFS4 (Meyer et al,, 2009). Quantification
of FTSH3 was carried out using ImageQuant™ (GE
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Healthcare Life Sciences). BN-PAGE was carried out as de-
scribed previously (Eubel et al., 2005) using 5% (w/v) digito-
nin and precast 4%-16% Bis-Tris Gels (NOVEX). In-gel
Complex | staining was carried out as described by Schertl
and Braun (2015). Quantification of FTSH3 and Complex |
abundance was carried out using Image) software (Schneider
et al, 2012).

Proteomic analysis

HiRiEF High resolution isoelectric focusing (HIiRIEF) liquid
chromatography-mass spectrometry (LC-MS) proteomics
was carried out as described previously (Branca et al., 2014;
Ivanova et al, 2019) and data deposited online at the
ProteomeXchange Consortium via the PRIDE partner reposi-
tory with the dataset identifier PXD011795. Detected pro-
teins were filtered for significant differences in ciaf-1 and
rmb1:ciafi-1 compared to Col-0. Protein levels were consid-
ered significantly different when P < 0.05 and absolute value
of log, fold-change >0.25 (Kmiec et al, 2018). Heatmap of
differentially expressed proteins was generated in R using
Euclidean distribution metric ad hierarchical clustering with
ward distance method. GO term enrichment analysis was
performed with two-sided hypergeometric enrichment test
and Bonferroni P-value correction using ClueGO plugin in
Cytoscape (Bindea et al,, 2009).

Accession numbers

Actin2 (At3g18780), CIAF1-1 (At1g76060), FTSH3 (At2g28900),
FTSH10 (At1g07510), COXIl (At2g07695), porin (At3g01280),
B14.7 (At2g42210), 75 kDa (At5g37510), 51 kDa (At5g08530),
CAL1 (At5g63510), NDUFS4 (At5g67590). Tim17-2 (At2g37410)
and Tim23-2 (At1g72750).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Segregation of SALK_14656 that
contains two T-DNA insertions, one within CIAF1-1 and an-
other 300-bp fragment within the promoter of At1g72750.

Supplemental Figure S2. Phenotypic analysis of Col-0,
ciaf1-1, rmb1:ciaf1-1, crosses, and complemented lines.

Supplemental Figure S3. Confirmation of mutant lines
used in this study.

Supplemental Table S1. Primers used in this study.

Supplemental Table S2. Phenotyping data.

Supplemental Table S3. Protein abundance changes in
ciaf1-1 and rmb1:ciaf1-1.
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