'.) Check for updates

An Assembly Factor Promotes Assembly of Flavinated SDH1
into the Succinate Dehydrogenase Complex!(OFENI

Katharina Belt,* Olivier Van Aken,” Monika Murcha,* A. Harvey Millar,* and Shaobai Huang*?

*Australian Research Council Centre of Excellence in Plant Energy Biology, Faculty of Science, University of
Western Australia, Crawley 6009, Western Australia, Australia
"Department of Biology, Faculty of Science, Lund University, SE-223 62 Lund, Sweden

ORCID IDs: 0000-0002-3142-5656 (K.B.); 0000-0003-4024-968X (O.V.A.); 0000-0002-3689-6158 (M.M.); 0000-0001-9679-1473 (A.H.M.);
0000-0003-3667-611X (S.H.)

Succinate dehydrogenase (Complex II; SDH) plays an important role in mitochondrial respiratory metabolism. The SDH com-
plex consists of four core subunits and multiple cofactors, which must be assembled correctly to ensure enzyme function. To
date, only an assembly factor (SDHAF2) required for FAD insertion into subunit SDH1 has been identified in plants. Here, we re-
port the identification of Arabidopsis (Arabidopsis thaliana) At5g67490 as a second SDH assembly factor. Knockout of At5¢67490
(sdhaf4) did not cause any phenotypic variation in seedlings but resulted in a decrease in both SDH activity and the succinate-
dependent respiration rate as well as increased accumulation of succinate. Mass spectrometry analyses revealed stable levels of
FAD-SDHL1 in sdhaf4, together with increased levels of the FAD-SDH1 assembly factor, SDHAF2, and reduced levels of SDH2
compared with the wild type. Loss of SDHAF4 in sdhaf4 inhibited the formation of the SDH1/SDH2 intermediate, leading to the
accumulation of soluble SDHI1 in the mitochondrial matrix and reduced levels of SDH1 in the membrane. The increased levels
of SDHAF2 suggest that the stabilization of soluble FAD-SDH1 depends on SDHAF?2 availability. We conclude that SDHAF4
acts on FAD-SDHI1 and promotes its assembly with SDH2, thereby stabilizing SDH2 and enabling its full assembly with SDH3/

SDH4 to form the SDH complex.

Mitochondria are involved in a series of cellular
processes, including ATP synthesis, respiratory metab-
olism, and reactive oxygen species (ROS) production
(Millar et al., 2011). The electron transport chain (ETC)
is embedded in the inner mitochondrial membrane
(IMM) and consists of four protein complexes (I-IV).
These complexes are essential to the formation of a
proton gradient formed by redox reactions along the
ETC and the translocation of protons across the IMM,
which, in turn, drive the production of ATP via ATP
synthase (Complex V; Jacoby et al., 2012). Within the
ETC, succinate dehydrogenase (SDH; Complex II) is
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the smallest complex and forms part of both the ETC
and the tricarboxylic acid cycle (Huang and Millar,
2013). It is the only complex within the classical ETC
that does not pump protons across the IMM. SDH cat-
alyzes the oxidation of succinate to fumarate and, in
doing so, reduces ubiquinone (UQ) to ubiquinol. SDH
is a heterotetrameric protein complex, anchored to the
IMM by two integral membrane proteins, SDH3 and
SDH4, which dimerize to bind a heme and generate the
two UQ-binding sites. The SDH3/SDH4 dimer binds to
subunit SDH2, which contains three iron-sulfur (Fe-S)
clusters and is assembled with the catalytic subunit
SDH1. SDH1 contains the succinate-binding site and
carries a covalently bound FAD cofactor (Lemire and
Oyedotun, 2002; Sun et al., 2005; Huang and Millar,
2013). There are two genes encoding SDH1 in Arabi-
dopsis (Arabidopsis thaliana), SDH1-1 (At5g66760) and
SDH1-2 (At2g18450), but the latter is expressed at a
very low level (Figueroa et al., 2002).

Comparisons of plant SDH subunit amino acid se-
quences and purified SDH complexes with those in
other organisms showed that the plant SDH complex
is divergent in both sequence and composition (Eubel
et al., 2003; Huang and Millar, 2013). Although the se-
quences of the SDH1 and SDH2 subunits are highly
conserved across eukaryotes, SDH3 and SDH4 show a
high degree of sequence divergence, notably between
plants and animals (Burger et al., 1996). Furthermore,
the purified plant SDH complex has been reported to
contain four additional subunits (SDH5-SDHS8) with
yet unknown function (Eubel et al., 2003; Millar et al.,
2004; Huang et al., 2010). A recent study has suggested
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that SDH6 and SDHY act as substitutes for missing heli-
ces in SDH3 and SDH4, which are not present in plants
but are conserved in other organisms (Schikowsky
et al., 2017). For SDH to function, it must be assem-
bled and a series of cofactors must be inserted into the
different subunits. Four SDH assembly factors (named
SDHAF1-SDHAF4) have been identified in mammals
and yeast as being required for the assembly of SDH1
and SDH2 into a soluble intermediate ready for attach-
ment to the membrane-bound SDH3/SDH4 (Ghezzi
etal., 2009; Hao et al., 2009; Na et al., 2014; Van Vranken
et al., 2014). Three of these proteins have putative
orthologs in Arabidopsis (SDHAF1, SDHAF2, and
SDHAF4), which have different degrees of sequence
conservation with their yeast, Drosophila melanogaster,
and mammalian orthologs.

In plants, one of these assembly factors, SDHAF2,
has been characterized successfully (Huang et al.,
2013). Knockdown of SDHAF?2 in Arabidopsis resulted
in a significant reduction in the levels of mature SDH
complex, as only 50% of assembled SDH holo-complex
could be found in sdhaf2 (Huang et al., 2013). Reduced
abundances of SDH1 and FAD-bound SDH1 were ob-
served for sdhaf2, indicating the important role played
by SDHAF2 in FAD insertion into SDH1 and SDH1
maturation in Arabidopsis (Huang et al., 2013). Previ-
ous studies demonstrated that reduced SDH activity
and seed set occurred in an SDH1-1 RNA interference
line or an SDH1-1/sdh1-1 heterozygous line (Le6n et al.,
2007). Interestingly, deficiency of SDH1 in the SDH1-1/
sdh1-1 heterozygous line results in an elevated photo-
synthesis rate and better growth under nitrogen-limiting
conditions (Fuentes et al., 2011). An elevated rate of
photosynthesis also was observed in tomato SDH2
RNA interference lines with partial SDH dysfunc-
tion (Aradjo et al., 2011). Additionally, recent studies
demonstrated the importance of mature, assembled
SDHI1 in the salicylic acid-induced stress response
(Belt et al., 2017). A mutant carrying a point mutation
(dsr1) at the succinate-binding site of SDH1 (Gleason
et al., 2011) showed a change in substrate affinity and
catalytic efficiency and was, together with sdhaf2, used
to measure salicylic acid-induced stress signaling. Due
to the kinetic changes in dsr1 and the lower abundance
of mature SDHI in sdhaf2, the stress response was de-
creased severely in both lines (Belt et al., 2017). Besides
the incorporation of FAD into SDH1 via SDHAF?2, little
is known about the assembly and maturation of SDH1
and its binding to SDH2. As SDH1 maturation is essen-
tial for functional mitochondrial metabolism and plant
development, it is important to investigate its assem-
bly further by determining the next essential step, the
assembly of SDH1 with SDH2.

In yeast, D. melanogaster, and mammalian cells,
SDHAF4 (Cé6orf57 in humans) was shown to bind
specifically to the flavinated SDH1 subunit, thereby
promoting the assembly of SDH1 with SDH2 after the
FAD cofactor was incorporated into SDH1 (Van Vranken
et al., 2014). Based on sequence homology, a gene in
Arabidopsis (At5g67490, herein named SDHAF4) with
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a yet unknown function was identified. To investigate
the role of At5¢67490 and its potential to be a functional
equivalent of SDHAF4 for SDH1 assembly in plants,
we analyzed a T-DNA insertion line (Landsberg erecta
[Ler] background) for SDHAF4 (sdhaf4) to extend the
model of the SDH1 assembly pathway in plants, fol-
lowing the insertion of FAD aided by SDHAF2.

RESULTS

SDHAF4 Is Located in Mitochondria and Shares a
Conserved Protein Region at the C Terminus

To properly investigate the function of the Arabi-
dopsis gene At5g67490, bioinformatic, localization,
genetic, and functional studies needed to be under-
taken. Alignment of amino acid sequences for SDHAF4
showed an overall sequence similarity of only 28%
between human (Homo sapiens), yeast (Saccharomyces
cerevisiae), and plant SDHAF4-like sequences (Arabi-
dopsis, Brassica napus, and Eutrema salsugenium), but
a conserved region of approximately 25 amino acids
located at the C terminus of each protein was apparent
(Fig. 1A; blastncbinlm.nih.gov and http://www.
pantherdb.org). Using subcellular localization informa-
tion (http:/ /suba.plantenergy.uwa.edu.au/),amitochon-
drial targeting sequence was predicted for At5g67490.
Consistent with this prediction, At5g67490 also had
been reported as an identified unknown protein in a
peptide mass spectrometry analysis of Arabidopsis mi-
tochondrial extracts (Taylor et al., 2011). The At5¢67490
gene has only one exon and is expressed in all tissues,
with the highest expression patterns in cotyledons
(http:/ /bar.utoronto.ca). The AtSDHAF4 protein has
a calculated molecular mass of approximately 12 kD
(www.arabidopsis.org). To further confirm the local-
ization of SDHAF4, GFP was fused to the N terminus
of SDHAF4 and expressed transiently in Arabidopsis
cell culture. Microscopy imaging of SDHAF4:GFP, as
well as mitochondrial ALTERNATIVE OXIDASEla
(AOX1a) fused to red fluorescent protein (AOX-RFP)
as a marker, confirmed the mitochondrial localization
of SDHAF4 (Fig. 1B). The combined evidence of local-
ization prediction, identification by mass spectrometry,
and confirmation by GFP localization provides strong
evidence that At5g67490 is a mitochondrial protein.

Characterization and Phenotypic Analysis of an SDHAF4
T-DNA Insertion Line

We sought to determine whether At5g67490, de-
spite its low sequence identity to SDHAF4 in other
organisms, is a second assembly factor for SDH, act-
ing after SDHAF2. If so, we hypothesized that its loss
would affect SDH activity and the assembly of SDH1
with SDH2 once FAD was inserted into SDH1. Thus,
the aim of this study was to determine the impact of
AtSDHAF4 loss on SDH function and the assembly of
SDH1 through study of a knockout line. A confirmed
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Figure 1. SDHAF4 sequences contain a conserved region at the C terminus among different species, the Arabidopsis protein
is located within mitochondria, and sdhaf4 is an effective knockout Arabidopsis line at the protein level for SDHAF4. A, Se-
quence alignment of SDHAF4 protein between S. cerevisiae (YBR269C), human (NM_145267), Arabidopsis (At5g67490), B.
napus (XM_013885343), and E. salsugenium (XM_006393894; Clustal Omega). Conserved regions are highlighted in red.
Asterisks indicate identical residues, colons indicates conserved substitution, and periods indicate semiconserved substitution.
B, GFP_SDHAF4 and RFP_AOX constructs were expressed transiently in Arabidopsis cell culture. GFP localization of SDHAF4
in mitochondria was performed by microscopy imaging. C, Location of the T-DNA insertion in At5g67490 (SDHAF4) within
the exon region. Red arrows indicate the binding sites of the primers used for RT-qPCR. D, SDHAF4 gene expression in Ler and
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knockdown line for SDHAF?2 (sdhaf2) also was included
in the experiments to determine possible similarities
between the two assembly factor mutant lines and to
determine the different steps and/or order of these
two assembly factors in the maturation of SDH1 and
the assembly of SDH1 with SDH2.

To analyze the function of the SDHAF4-like gene
in Arabidopsis (At5¢67490; SDHAF4), a T-DNA in-
sertion line (GT_5_75821 in the Ler background,
hereafter referred to as sdhaf4) from the Nottingham
Arabidopsis Stock Centre (http://signal.salk.edu/
cgi-bin/tdnaexpress) was obtained and homozygous lines
were identified by genotyping (Supplemental Fig. S1).
The T-DNA insertion was located within the exon of
At5¢67490 (Fig. 1C). Reverse transcription quantitative
PCR (RT-qPCR) was used to determine the expression
level of SDHAF4 in sdhaf4 compared with Ler (Fig. 1D).
Primers covering a region outside the T-DNA insertion
(Fig. 1C, red arrows) were designed. The expression
level of the transcript was reduced about 60% in sdhaf4
(Fig. 1D), showing that, due to the T-DNA insertion,
expression from this gene was strongly, but not com-
pletely, inhibited. In order to investigate if SDHAF4
protein still accumulates in sdhaf4, multiple reaction
monitoring (MRM) was used to detect peptides from
SDHAF4 and SDH1 (Fig. 1E). Peptide amount was cal-
culated as the ratio of SDHAF4 or SDH1 in sdhaf4 to
Ler. From the results obtained, the abundance of SDH1
was not changed significantly in sdhaf4, while SDHAF4
was not detectable in the mutant, demonstrating that,
although transcripts were measurable, SDHAF4 pro-
tein did not accumulate (Fig. 1E), indicating an effec-
tive knockout of SDHAF4 function in sdhaf4.

We did not observe any change in plant growth or
development between sdhaf4 and Ler when they were
grown on soil under long-day conditions, which was
similar to sdhaf2 and the Columbia-0 (Col-0) wild type
(Supplemental Fig. S2). Similarly, there was no dif-
ference in root elongation when Ler and sdhaf4 were
grown on agar plates (Supplemental Fig. S2), which
is in contrast to the short-root phenotype observed in
sdhaf2 (Huang et al., 2013).

sdhaf4 Shows Decreased SDH Activity and Succinate-
Dependent Respiration

To determine whether knocking out SDHAF4 directly
affects SDH function, SDH activity was measured in
isolated mitochondria obtained from Ler and sdhaf4
plants (Fig. 2). Phenazine methosulfate (PMS) and
2,6-dichloro-indolephenol (DCPIP) were used to ac-
cept electrons generated at the succinate-binding site
of SDH. Using a range of 0.1 to 10 mM succinate, a

significant decrease in SDH activity was observed in
sdhaf4 in comparison with Ler at most substrate con-
centrations (Fig. 2A). Approximately one-third of the
activity seen in Ler could be measured in sdhaf4 (Fig.
2B). The calculated K_ value of SDH for succinate
(R software; Supplemental Document S1), which de-
scribes the substrate concentration necessary to reach
half-maximum enzyme velocity, was not significantly
different between sdhaf4 and Ler (Student’s t test, P >
0.1; Fig. 2C). Both lines showed a K of approximately
0.4 mm succinate, indicating that this kinetic property
of SDH in Ler is maintained in sdhaf4. Due to its low
SDH activity even at high concentrations of succinate,
the catalytic efficiency (V__ /K ) in sdhaf4 was approx-
imately one-third that in Ler (Fig. 2D).

To determine if succinate-dependent oxygen up-
take was altered in sdhaf4, mitochondrial respiration
rate was measured using a Clark-type oxygen elec-
trode (Fig. 2E). The succinate-dependent respiration
rate in sdhaf4 was only about half the rate in Ler (Fig.
2E), which was very similar to what was observed in
sdhaf2 (Huang et al., 2013). To confirm that electron
transport through other complexes of the ETC was not
affected in sdhaf4, the assay was repeated using NADH
as substrate. No significant differences between gen-
otypes could be observed, and both Ler and sdhaf4
showed typical NADH-dependent mitochondrial res-
piration rates (Fig. 2E). Mitochondria from both lines
also showed almost complete sensitivity of their NA-
DH-dependent respiratory rates to cyanide treatment
(Fig. 2E). This indicated that AOX capacity was simi-
larly low in both genotypes. Taken together, these data
showed that sdhaf4 had a decreased mitochondrial res-
piration rate when electron flow passed through SDH
in a succinate-dependent manner and that no major
compensatory changes in other respiratory pathways
occurred.

Assembly of the SDH Holo-Complex Is Decreased in
sdhaf4

To determine if SDHAF4 is required for SDH1 as-
sembly in plants, mitochondria from Ler and sdhaf4
were separated by blue native (BN) PAGE (Fig. 3). Anti-
SDH1 antibodies were used to detect SDH1 protein
(Fig. 3A). Ler showed a strong SDH1 signal at the ex-
pected size of the SDH holo-complex (~170 kD). In the
case of sdhaf4, two distinct bands were detected. One
was about the same size as the immunoreactivity in
Ler, representing the SDH holo-complex, but it showed
only a weak signal compared with Ler. A second lower
band, which was absent in Ler, was detected in sdhaf4
with a strong signal. This lower band likely represents

Figure 1. (Continued.)

sdhaf4. RT-qPCR using primers outside the T-DNA region (red arrows in C) was performed to determine SDHAF4 expression.
Expression levels were normalized to actin, and the expression of SDHAF4 in Ler was set as 1. E, SDH1 and SDHAF4 peptides
were detected and quantified using mass spectrometry. Mitochondria isolated from Ler and sdhaf4 were used, and protein-
specific peptides were used for identification. Samples were normalized to ATP synthase. Shown is the ratio of sdhaf4 to Ler.

Error bars indicate st (n = 4). **, P < 0.01 (Student’s t test).
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Figure 2. sdhaf4 shows lower SDH activity and succinate-dependent
oxygen consumption compared with Ler. A, SDH activity at different
succinate concentrations in the range of 0.1 to 10 mm. B, Kinetic anal-
ysis using the Michaelis-Menten formula was performed to determine
maximum SDH velocity. C, K value of SDH for succinate. D, Catalytic
efficiency in sdhaf4 and Ler. E, Oxygen consumption in the presence
of 5 mm succinate or T mm NADH. Error bars indicate se. Student’s ¢ test
was performed to determine significant differences between genotypes
(n=4):**, P<0.01 and ***, P < 0.001.

soluble SDH1 (~70 kD) that was not incorporated into
the holo-complex (Fig. 3A). This is consistent with
SDHAF4 being required for the assembly of SDH1 into
the SDH holo-complex.

To test this further, the import of radiolabeled SDH1
into mitochondria was performed in an attempt to vi-
sualize directly the SDH1 assembly process (Fig. 3B).
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Figure 3. Less SDH1 is incorporated into the SDH holo-complex, and
it accumulates as a soluble protein in sdhaf4. A, SDH1 antibody was
used to detect SDH1 abundance in whole mitochondria samples from
Ler and sdhaf4 loaded on a BN gel and blotted on a PVDF membrane.
Two bands were detected, potentially representing SDH holo-complex
and soluble SDH1 protein, as indicated. B, Import of [**S]Met-labeled
SDH1 and MPP-a into Ler mitochondria analyzed by SDS-PAGE. Pre,
Precursor; Mit, mitochondria; PK, proteinase K; Val, valinomycin (in-
hibitor for import across the IMM); p, precursor protein; m, mature
protein. C, [**S]Met-labeled SDH1 and MPP-a imported into Ler and
sdhaf4 mitochondria for 30 and 60 min and separated by BN-PAGE.
C I+11l, ComplexI+lll; C 1, Complex I.

MPP-a subunit was used as a control. Radiolabeled *S
precursor proteins were imported into mitochondria
and samples were separated by SDS-PAGE, demon-
strating that both SDH1 and MMP-a could be imported
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and were protease protected in mitochondria isolated
from Ler (Fig. 3B). However, when BN-PAGE was used
to separate proteins in their native state after 30 or
60 min of incubation, the assembly of SDH could not
be observed in either Ler or sdhaf4 (Fig. 3C). Exoge-
nous FAD was added to determine if it would improve
SDH1 assembly, without success (Fig. 3C). As a control,
MPP-a subunit was imported in parallel experiments
and showed successful radiolabeling of Complex III
and the Supercomplex I and III in both Ler and sdhaf4
(Fig. 3C), demonstrating that the import and assem-
bly of ETC components into these mitochondria could
be successful, but not for SDH1 (Fig. 3C). It might be
possible that, in the case of SDH1 assembly, additional
substrates and/or conditions in the mitochondria are
necessary that are still unknown.

Protein Abundance of SDH2 and SDHAF2 Is Altered in
sdhaf4 Mitochondria

The results noted above showed that the loss of
functional SDHAF4 resulted in decreased SDH activ-
ity and less succinate-dependent respiration. Based on
the model in yeast, it was hypothesized that SDHAF4
would act as an assembly factor of the flavinated SDH1
and would be important for the assembly of an SDH1/
SDH2 intermediate. Although the SDH1 import did not
work to provide evidence in support of this, western-
blot analysis did show a second lower molecular
weight band in sdhaf4, potentially indicating soluble
SDHI1. To further investigate this, the abundance of
gene-specific tryptic peptides derived from SDHAF4
as well as SDHAF2, and the subunits SDH1, SDH2,
SDH6, and SDHY7, were obtained from isolated mito-
chondria using MRM analysis. Samples of mitochon-
drial proteins from sdhaf4, Ler, sdhaf2, and Col-0 were
analyzed to further investigate alterations in SDHAF2
and SDHAF4 abundance when SDH1 is reduced in
abundance.

Comparing protein abundance in sdhaf4 and Ler, we
found that the abundance of SDH1 was not altered in
sdhaf4 (Fig. 4A), consistent with Figure 1E. Interestingly,
SDH2 abundance was reduced significantly by half in
sdhaf4 compared with Ler (Fig. 4A). The reduced abun-
dance of SDH2 is consistent with the hypothesis that
SDHAF4 acts as an assembly factor for SDH and acts
during the incorporation of SDH2 into SDH1/SDH?2
assembly intermediates. If this hypothesis is true, the
loss of SDHAF4 should result in a reduction in the
amount of SDH2 and a change in stoichiometry of
SDH1 to SDH2. In sdhaf2, SDH1 abundance was de-
creased, indicating that, without SDHAF2 and without
the inserted FAD, SDH1 was not stable enough to ac-
cumulate, leading to decreased amounts of SDH1 (Fig.
4A). The abundances of SDH6 and SDH7 peptides
were reduced slightly in sdhaf4 but not in sdhaf2 (Fig.
4A). As they are likely to be replacements of the heli-
ces missing from SDH3 and SDH4 (Schikowsky et al.,
2017), SDH6 and SDH7 can be used as representations
for subunits SDH3 and SDH4, as specific peptides for
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SDH subunits and assembly factors. Shown are the ratios of peptides
(mutant to wild type) based on whole mitochondria protein samples
(50 pg; n = 3). N.D. indicates not detected in sdhaf4. Error bars indi-
cate st. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (Student’s t test for
sdhaf2:Col-0 or sdhaf4:Ler). B, A FAD-bound protein assay was per-
formed to compare FAD binding with SDH1 in sdhaf4 (af4) and Ler.
Mitochondrial proteins (10 pg) were separated by SDS-PAGE, follow-
ing a gel incubation in 10% (v/v) acetic acid for 30 min. FAD fluorescence
scans were performed before and after the acetic acid treatment using
Typhoon Trio Laser (Amersham Biosciences) and filters Cy5 (670 bp) and
Cy3 (580 bp). The FAD-bound SDH1 band became visible after ace-
tic acid incubation (marked with a black arrow). C, Quantification of
FAD-bound SDH1 bands on gels, with three replicates.

these subunits could not be identified by mass spec-
trometry. Nevertheless, the lack of severe consequences
in the stability or abundance of SDH6 and SDH7 in-
dicated that the assembly of the SDH membrane arm
might occur independently from SDH1/SDH2.

There was a statistically significant 3-fold increase
in SDHAEF?2 levels in sdhaf4 (Fig. 4A). It could be hy-
pothesized that, due to the loss of SDHAF4, SDHAF2
may have accumulated in order to keep SDH1 stable
as a soluble protein or that SDHAF2 was simply sta-
bilized by the availability of its product, FAD-SDH1.
Depending on where SDHAF4 acts, one might expect
to see the same effect in sdhaf2, with the accumulation
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of SDHAF4 in order to keep SDH1 as stable as possi-
ble. However, from the results obtained, sdhaf2 plants
did not show any increase in SDHAF4 abundance; in
fact, it was reduced by half compared with Col-0 (Fig.
4A). The fact that SDHAF2 accumulated in sdhaf4, but
not the reverse, is consistent with the hypothesis that
SDHAF2 acts upstream of SDHAF4 in the assembly
pathway of SDH. Together, these findings are consis-
tent with the hypothesis that SDHAF4 abundance is de-
pendent on the presence of SDH1, which is reduced in
sdhaf2. SDHAF2, on the other hand, is highly abundant
in sdhaf4, consistent with a role for SDHAF2 in SDH1
maturation and/or stability upstream of SDHAF4.

In previous work, the sdhaf2 line was shown to have
lower levels of FAD-bound SDH1 protein (Huang et al.,
2013). As SDHAF4 is suggested to act after SDHAF2,
following the incorporation of FAD into SDH1, sdhaf4
should not show any differences in FAD binding com-
pared with Ler. To test this hypothesis, the FAD-bound
protein assay developed by Bafunno et al. (2004) was
performed, which reveals FAD-SDH1 after gel acidifi-
cation (Fig. 4B). Based on gel band area comparisons
calculated in Image] (Fig. 4, B and C), no differences
could be detected in the fluorescence of the acetic
acid-dependent protein bands from Ler and sdhaf4,
showing that FAD insertion into SDH1 was unaltered
in sdhaf4. This further strengthens the hypothesis that
SDHAF4 acts upon the already flavinated SDH1 sub-
unit in plants.

SDH1 Protein Accumulates in the Soluble Fraction of
sdhaf4 Mitochondria

The sdhaf4 line displayed decreased amounts of SDH2
and increased amounts of SDHAF2, whereas the abun-
dances of SDH1 as well as SDH6 and SDH7 were
largely unaltered (Fig. 4A). FAD binding in SDH1 was
unaltered (Fig. 4, B and C), but two bands for SDH1
were identified by native BN-PAGE (Fig. 3A). Based
on these results, it was hypothesized that, in the case
of sdhaf4, SDH1 may be stable and accumulate as a sol-
uble protein; however, it is unable to attach to SDH2
and less assembled into the holo-complex II enzyme.
To test this idea, the MRM assays were repeated, but
mitochondrial samples were separated into soluble
and membrane fractions. To compare possible differ-
ences in SDH components and SDH assembly fac-
tors, peptide detection of SDH1 and SDH2, as well
as the assembly factors SDHAF2 and SDHAF4, was
performed in sdhaf4, Ler, sdhaf2, and Col-0 (Fig. 5). To
compare differences between the mutant lines, relative
peptide abundance was calculated as the ratio of abun-
dance in the mutant to that in the respective wild-type
background (Fig. 5A). The results showed that, within
the membrane samples, the abundance of SDH1 and
SDH2 was reduced by half that in the two assembly
factor mutants (Fig. 5A), indicating that there was less
membrane-assembled SDH holo-complex present.
However, comparing soluble fractions, sdhaf4 showed
significantly higher amounts of SDH1 (Student’s t test,
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P =0.04) compared with its matched membrane sam-
ple, with about the same amount of SDH1 protein as
in Ler, while sdhaf2 showed no such difference (Fig. 5A).
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There was no SDH2 protein accumulation in the sol-
uble fraction in sdhaf4; rather, it was about half the
amount compared with Ler (Fig. 5A). In agreement
with MRM analysis of whole mitochondria (Fig. 4A),
the SDHAF2 protein accumulated in both fractions in
sdhaf4; however, this accumulation was significantly
higher in the soluble fraction (Fig. 5A).

Col-0 and Ler showed half as much SDH1 and SDH2
protein in the soluble fraction compared with their
respective membrane fractions. In sdhaf2, approxi-
mately one-quarter of the SDH1 and SDH2 were in the
soluble mitochondrial fraction (Fig. 5B). In contrast,
sdhaf4 had about the same amount of SDH1 protein
in its soluble mitochondrial fraction compared with
its membrane fraction (Fig. 5B), a significantly higher
soluble-to-membrane ratio than in Ler. These findings
are in agreement with the hypothesis that SDHAF4
acts on flavinated SDH1 and promotes the assembly
of SDH1 with SDH2. Due to the knockout of SDHAF4,
SDH1 assembly with SDH2 appeared to be inhibited,
resulting in the accumulation of soluble SDH1 and
the degradation of SDH2. The SDH1 assembly factors
SDHAF2 and SDHAF4 were significantly more abun-
dant in the soluble fraction of Col-0 and Ler, indicat-
ing that they are present mostly as soluble proteins in
mitochondria.

To test whether SDH1 accumulated as a soluble
FAD-bound protein in sdhaf4, the FAD-binding assays
also were repeated and quantified using soluble and
membrane mitochondrial samples (Fig. 5C; Supple-
mental Fig. S3). The FAD-bound SDH1 contents in
soluble and membrane fractions were compared be-
tween genotypes and are shown as the ratio of mu-
tant to wild-type FAD-bound SDH1 (Fig. 5C). sdhaf2
showed reduced FAD binding, particularly in the sol-
uble fraction, which is in agreement with the MRM
findings and previous studies in sdhaf2 (Huang et al.,
2013). In contrast, sdhaf4 showed a similar amount of
FAD-bound protein in the soluble fraction to that in Ler
(Fig. 5C). This provides additional evidence that SDH1
accumulated in the soluble fraction as a FAD-bound
protein in sdhaf4, suggesting that SDHAF4 is important
for SDH1 assembly.

Having a high amount of free flavinated SDH1 in
the soluble fraction of mitochondria isolated from
sdhaf4 plants might theoretically lead to a higher
SDH activity or ROS production in that fraction.
Therefore, to check for either scenario, SDH activity
was measured in soluble and membrane fractions of
mitochondria isolated from Ler, sdhaf4, sdhaf2, and
Col-0 (Supplemental Fig. S4). Based on total protein
amount, no increased activity in the soluble fraction
from sdhaf4 could be observed; instead, the opposite
was demonstrated (Supplemental Fig. S4A). The sol-
uble fraction in all genotypes showed less DCPIP-
dependent SDH activity than in the membrane fraction.
Similar results were obtained from ROS detection in
soluble and membrane fractions using DCFDA as a
fluorescent dye (Supplemental Fig. S4B). Soluble mi-
tochondrial samples showed less than half the rate of
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ROS production of membrane samples (Supplemental
Fig. 54B). A possible explanation could be that solu-
ble FAD-SDHI1 by itself is only able to achieve par-
tial functional electron transfer to PMS-DCPIP, while
Complex II in membranes containing Fe-S clusters
and the UQ site have a higher efficiency for electron
transfer to PMS-DCPIP.

sdhaf4 Shows an Increase in Succinate, and Its SDH
Dysfunction Can Be Genetically Complemented

Consistent with the inhibition of SDH activity (Fig. 2),
sdhaf4 showed a 2-fold increase in the abundance of
succinate in whole plant extracts of 10-d-old seedlings
compared with Ler (n = 4; P = 0.015; Fig. 6A). To con-
firm that the succinate accumulation was caused by the
loss of SDHAF4, 355:SDHAF4 complementation lines
were designed and two independent lines (22.3 and
23.4) were selected and analyzed together with sdhaf4
(Fig. 6). Both complementation lines showed similar
amounts of succinate compared to Ler. As observed in
previous studies, sdhaf2 showed a 5-fold accumulation
of succinate compared with Col-0 in analogous assays
(Fig. 6B). In order to confirm that the accumulation of
succinate was due to the dysfunction of SDH in sdhaf4,
mitochondria were isolated and SDH enzymatic activ-
ity and succinate-dependent respiration rate in both
complementation lines were measured side by side
with Ler and sdhaf4. Both lines showed similar levels
of SDH enzymatic activity and succinate-dependent
respiration rate to the wild type in all measurements,
in contrast to sdhaf4, which showed only one-quarter
of the SDH enzymatic activity (Fig. 6C) and half the
respiration rate (Fig. 6D) of Ler. We also measured the
protein levels of SDH subunits SDH1 and SDH2 and
SDH assembly factors SDHAF2 and SDHAF4 in isolated
mitochondria of two complemented lines (22.3 and
23.4), sdhaf4, and Ler (Fig. 6E). There were no differences
in SDH1 abundance among the four lines (Fig. 6E).
Both complemented lines showed similar levels of
SDH2 and SDHAF2 compared with Ler (Fig. 6E). Fur-
thermore, both complemented lines had significantly
higher levels of SDHAF4 protein than that in Ler (Fig.
6E), presumably due to the overexpression of SDHAF4
using the 35S promoter. Therefore, the 35S:SDHAF4
complementation restored the defects in sdhaf4 (Fig. 6),
and we concluded that the knockout of At5g67490 is
responsible for its SDH dysfunction.

DISCUSSION

The functional assembly of SDH1 into the SDH pro-
tein complex is crucial for its activity, as SDH1 is the
catalytic site for the oxidization of succinate to fuma-
rate. Matured SDH1 must then assemble with SDH2,
forming the SDH1/SDH2 intermediate that then docks
with the SDH3/SDH4/SDH6/SDH7 membrane sub-
complex. SDHAF2 was identified previously as an
assembly factor of SDH in Arabidopsis (Huang et al.,
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Figure 7. Schematic diagram of FAD insertion into SDH1 and the
assembly of SDH1 with SDH2. Left, As a first step in SDH1 assem-
bly, SDHAF2 (AF2) is required to insert the FAD cofactor into SDHT.
SDHAF4 (AF4) likely binds to the FAD site in SDH1 and promotes the
assembly of SDH1 with SDH2. Right, Loss of SDHAF4 causes the de-
creased assembly of SDH1 with SDH2, leading to the degradation of

SDH2. Loss of AF4 also induces the accumulation of AF2, presumably
improving the stability of SDH1-FAD.

sdhaf4 ‘ SDH2 ‘

2013) and shown to be involved in inserting the FAD
cofactor into SDH1. Here, an Arabidopsis gene anal-
ogous to SDHAF4 in humans was studied, and our
analysis of an At5¢67490 T-DNA knockout line (sdhaf4)
provided evidence that AtSDHAF4 is important for
SDH2 stability and SDH1/SDH?2 intermediate assem-
bly (Fig. 7). The results presented in this study thus
extend our understanding of the machinery of SDH as-
sembly in plants and mechanistically confirm the pu-
tative role attributed to At5¢67490 based on sequence
comparison alone.

The results obtained from our studies of At5g67490
are broadly consistent with the model that SDHAF4
acts directly at the FAD-bound cofactor in SDH1 (Van
Vranken et al., 2014). Knockout of this gene decreased
SDH activity and succinate-dependent respiration and
increased succinate content in plant tissues. Comple-
mentation with 355:SDHAF4 restored not only succi-
nate levels in the mutant but also mitochondrial SDH
activity and the respiration rate to the levels observed
in Ler (Figs. 2 and 6). No significant changes in SDH1
abundance or FAD-bound cofactor on the whole mito-
chondria level were observed in sdhaf4 compared to Ler
(Fig. 4), demonstrating that, in contrast to sdhaf2, the
amounts of available SDH1 and SDH1-FAD were not
reduced in sdhaf4. In contrast, SDH2 abundance was
reduced by half, indicating that the assembly of SDH1
with SDH2 was likely disrupted (Fig. 7). Furthermore,
a mismatch in the stoichiometry of SDH1 and SDH2
occurred in sdhaf4. This is in agreement with stud-
ies performed in yeast, where knockout of SDHAF4
caused a decrease in SDH2 abundance (Van Vranken et
al., 2014). Altogether, this provides further evidence of
SDH2 stability being dependent on SDH1 availability
and maturation across eukaryotes (Fig. 7). Interesting-
ly, in D. melanogaster, SDHAF4 deletion demonstrated
that AISDHAF4 is necessary to maintain SDH1 stability
(Van Vranken et al., 2014).

When we compared mitochondrial membrane and
soluble fractions, an accumulation of soluble flavinated
SDH1 was observed in sdhaf4 (Fig. 5), a phenome-
non consistent with reports in other eukaryotes (Van
Vranken et al., 2014). Membrane-bound SDH1 and
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SDH2 abundance was halved in sdhaf4 compared with
Ler (Fig. 5), which indicates that there was a reduced
amount of membrane-bound SDH holo-complex in the
mutant. This is in agreement with studies in yeast and
D. melanogaster, which also showed decreased steady-
state levels of the SDH holo-complex (Van Vranken
et al.,, 2014). In addition, SDHAF2 abundance in-
creased about 3-fold in sdhaf4, likely to prevent the de-
stabilization of SDHI1. In the case of sdhaf2, SDHAF4
did not accumulate but rather decreased in abundance
(Fig. 4). Together, these results indicate that SDHAF2
acts upstream of SDHAF4 (Fig. 7). A high availability
of nonassembled SDH1 protein in the soluble frac-
tion provides evidence that SDHAF4 is involved in
SDH1/SDH2 assembly in plants as described for an-
imals (Van Vranken et al., 2014). It most likely acts on
the FAD-bound cofactor in SDH1 (Van Vranken et al.,
2014), following FAD insertion by SDHAF2 (Hao et al.,
2009; Huang et al., 2013). SDHAF4 binds to SDH1 in-
dependently of any other core subunit and SDHAF2
(Van Vranken et al., 2014). In addition, the interaction
of SDHAF4 and SDHI1 is dependent on the covalent
binding of FAD to SDH1, as yeast SDHAF4 failed to
interact with SDH1 if the FAD cofactor was missing
(Van Vranken et al., 2014). Furthermore, BN-PAGE
analysis revealed that SDHAF4 formed a stable sub-
complex with SDH1 that was not associated with the
SDH holo-complex and that accumulated if SDH2
was not present (Van Vranken et al., 2014). This is in
agreement with the decreased abundance of the SDH
holo-complex in sdhaf4 and the formation of a slightly
smaller subcomplex of soluble SDH1 (Fig. 3). In addi-
tion, the levels of SDH6 and SDH7, which are likely
replacements of helices missing from SDH3 and SDH4
(Schikowsky et al., 2017), were not altered as drastcally
as SDH2 in sdhaf2 or sdhaf4 (Fig. 4), indicating that the
assembly of SDH1 and SDH2 occurred independently
of SDH3 and SDH4.

It was proposed that SDHAF4 blocks the production
of ROS during the assembly of SDH1 to SDH2 (Van
Vranken et al., 2014). Therefore, the high abundance
of free flavinated SDH1 in sdhaf4 might be expected
to have toxic effects. ROS could be generated by sol-
vent-accessible FAD, which may oxidize succinate to
fumarate independently of the SDH complex. This
would lead to the reduction of FAD, which would be
autooxidized by molecular oxygen and result in the
formation of superoxide (Messner and Imlay, 2002;
Guzy et al., 2008). However, measurement of SDH ac-
tivity via DCPIP reduction as well as ROS measure-
ments using DCFDA as a fluorescent dye in soluble
and membrane fractions of mitochondria isolated from
sdhaf4 showed no increase in SDH activity or ROS ac-
cumulation in the soluble fractions (Supplemental
Fig. 54). In fact, in sdhaf4, SDH activity and ROS pro-
duction rates were lower in the soluble mitochondrial
samples compared with the membrane samples (Sup-
plemental Fig. S4), indicating that, in Arabidopsis at
least, free FAD-SDHI1 is not as efficient as membrane
Complex II in promoting succinate oxidation. These
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results are in contrast to previous findings, where de-
letion of SDHAF4 resulted in a high sensitivity to oxi-
dative stress induced by hyperoxia in D. melanogaster
and the accumulation of ROS in yeast (Van Vranken
et al., 2014), indicating that the assembly of SDH1 and
its catalytic capability may be regulated differently in
plants. Studies to date on SDH disagree with regard to
the site of autooxidation responsible for ROS produc-
tion. Some studies point to the FAD site within SDH
(Imlay, 1995; Messner and Imlay, 1999, 2002), while
others indicate ubisemiquinone and Fe-S centers to be
the responsible sites (Guo and Lemire, 2003; Liang and
Patel, 2004; Huang and Lemire, 2009). Studies in mam-
malian cells also showed that knockdown of SDH2,
but not SDHI, caused an increase in ROS production
(Ishii et al., 1998; Guzy et al., 2008). In Arabidopsis, it
seems that FAD is not a major site responsible for ROS
production (Supplemental Fig. S4). It is possible that
Fe-S clusters or the UQ site form the reactive site, or
that it is formed by a combination of FAD and Fe-S
centers that are present in the membrane Complex II
(Supplemental Fig. 54).

Despite its role in SDH assembly, it is clear that
SDHAF4 is not essential for SDH function in Arabi-
dopsis, as low enzyme activity and respiration rate
could still be achieved in sdhaf4 (Fig. 2) and there was
no apparent growth penalty or phenotype associated
with the complete loss of the SDHAF4 protein (Sup-
plemental Fig. S2). This is in contrast with the knock-
out of SDHAF2, which is embryo lethal in Arabidopsis,
indicating that, while the SDHAF2 protein is essential
for SDH1 flavination in plants (Huang et al., 2013), the
SDHAF4 protein is not essential for FAD-SDH1 assem-
bly with SDH2. Combined with this study, the obser-
vation that, in other mutant lines, partial dysfunction
of the SDH complex can occur without phenotypic
growth variation, or can result in the inhibition of root
elongation or even better growth performance with en-
hanced photosynthesis rate (Leén et al., 2007; Aratjo
et al,, 2011; Fuentes et al., 2011; Gleason et al., 2011;
Huang et al.,, 2013), indicates that the complicated
physiological roles of SDH depend on the level or
site of dysfunction and, presumably, also downstream
signaling.

D. melanogaster lacking SDHAF4 had a more severe
phenotype than the plant mutants, with D. melanogaster
showing reduced SDH activity and destabilization of
both SDH1 and SDH2 as well as a much more signifi-
cant decrease in abundance of the SDH holo-complex
(Van Vranken et al., 2014). Yeast and mammalian cells,
on the other hand, were able to maintain 40% to
50% of wild-type SDH activity and showed a similar
level of mature SDH complex assembly (Van Vranken
et al., 2014) to that observed in Arabidopsis (Fig. 2).
While yeast mutants showed relatively unaltered lev-
els of SDH1, D. melanogaster mutants had a highly
reduced abundance of SDH1, which was potentially
responsible for the almost complete loss of holo-
complex in those lines (Van Vranken et al., 2014).
Yeast and mammalian cells had functional SDH in the
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absence of SDHAF4 (Van Vranken et al., 2014). Simi-
larly, Arabidopsis also was able to maintain SDH1 lev-
els in the form of soluble protein and maintained some
SDH activity (Figs. 2 and 5A), suggesting that either
additional assembly factors exist in plants or that the
process of SDH1/SDH?2 intermediate assembly occurs
spontaneously at a low rate without the requirement
for this assembly factor.

MATERIALS AND METHODS
Plant Lines

Seeds of Arabidopsis (Arabidopsis thaliana) ecotype Col-0 (Lamb et al., 1989)
and Ler, as well as previously described sdhaf2, were used within this study.
Seeds of a T-DNA insertion line (GT_5_75821) were obtained from the Not-
tingham Arabidopsis Stock Centre. Plants were screened for homozygous in-
sertion using standard PCR-based methods, the primers for which are listed
in Supplemental Figure S1.

Growth of Arabidopsis Plants on Soil

Seeds of Arabidopsis lines were sown on a 1:3:1 (v/v) perlite:shamrock
compost:vermiculite soil mix and covered with a transparent acrylic hood.
After 3 d of stratification in the dark at 4°C, plants were transferred to a growth
chamber with controlled long-day conditions (16 h of light/8 h of dark, light
intensity of 200 pmol m2 s, relative humidity of 70%, and 22°C day/17°C
night).

Growth of Hydroponic Arabidopsis Plants

Arabidopsis seeds were washed in 70% (v/v) ethanol for 2 min and in
sterilization solution (5% [v/v] bleach and 0.1% [v/v] Tween 20) for 5 min
with periodic shaking. Seeds were washed five times in sterile water before
being dispensed into 250-mL plastic vessels containing 80 mL of MS medium
(one-half-strength Murashige and Skoog medium without vitamins, one-
half-strength Gamborg B5 vitamin solution, 5 mm MES, and 2.5% [w/v] Suc,
pH 5.7). Hydroponic cultures were grown under long-day conditions (described
above) with shaking at 220 rpm for 2 weeks.

Isolation of Mitochondria from Hydroponic Cultures

Mitochondria were isolated from 2-week-old hydroponically grown Ara-
bidopsis plants based on the method described by Millar et al. (2001) with
slight modifications. Plant materials were homogenized in grinding buffer
(0.3 M Suc, 25 mm tetrasodium pyrophosphate, 1% [w/v] polyvinylpyrrolidone
[PVP]-40, 2 mm EDTA, 10 mm KH,PO,, 1% [w/v] BSA, and 20 mm ascorbic
acid, pH 7.5) using mortar and pestle for 2 to 5 min, twice. The homogenate
was filtered through four layers of Miracloth and centrifuged at 2,500¢ for
5 min at 4°C. The supernatant was centrifuged at 14,000¢ for 20 min at 4°C,
and the resulting pellet was resuspended in Suc wash buffer (0.3 M Suc, 0.1%
[w/v] BSA, and 10 mm TES, pH 7.5). Resuspended tissue material was care-
fully layered over a 35-mL PVP-40 gradient (30% (v/v) Percoll and 0%—4%
(w/v) PVP). The gradient was centrifuged at 40,000¢ for 40 min at 4°C. The
mitochondrial band was collected and washed three times in Suc wash buffer
without BSA at 20,000¢ for 20 min at 4°C, and aliquots of isolated mitochondrial
protein were stored at —80°C.

Determination of Root Growth

Arabidopsis seeds were washed in 70% (v/v) ethanol for 2 min and in
sterilization solution (5% [v/v] sodium hydrochlorite and 0.1% [v/v] Tween
20) for 5 min with periodic shaking. Seeds were washed five times in ster-
ile water before individual seeds were transferred onto 100-mm? square petri
dishes containing MS medium (one-half-strength Murashige and Skoog medi-
um without vitamins, one-half-strength Gamborg B5 vitamin solution, 5 mm
MES, 0.8% [w/v] agar, and 2.5% [w/v] Suc, pH 5.8). Plates were wrapped in
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aluminum foil and kept at 4°C for 48 h before being transferred into a growth
chamber set up with controlled conditions (16/8-h light/dark period with a
light intensity of 100-125 umol m= s™ at 22°C). Over a period of 2 weeks,
root length development was documented and root area was calculated using
Image].

Designing the SDHAF4-GFP Construct

Gateway technology (Thermo Fisher) was used to create the GFP con-
struct. Full-length SDHAF4 genomic sequence was amplified by PCR with
primers containing attB adapters: forward primer, 5'-GGGGACAAGTTTG-
TACAAAAAAGCAGGCTCCACCATGGCGACGAACAACATCGTACG-3/;
and reverse primer, 5-GGGGACCACTTTGTACAAGAAAGCTGGGTC-
GAAATCAGAGCATCGACCACGTTG-3'. PCR fragments were loaded onto
a 1.5% (w/v) agarose gel, followed by gel purification (Qiagen). Purified DNA
of SDHAF4 was cloned into pDONR201 and subsequently the GFP vector
(pDest-CGFP) under the control of the 355 promoter of Cauliflower mosaic virus
using the BP and LR reaction kit (Thermo Fisher), followed by transforma-
tion into Escherichia coli DH5a (Carrie et al., 2008). Plasmid isolation using the
Plasmid Midi Kit (Qiagen) was performed as described by the manufacturer.

Arabidopsis Transient Transformation Using Gold Particle
Bombardment

As a mitochondrial marker, red fluorescent protein was fused to Glycine
max alternative oxidase (RFP-AOX). Arabidopsis suspension cell culture was
used for transient transformation. Arabidopsis cell culture (2-3 mL) was
placed onto sterile Whatman filter paper and placed onto cell culture MS
plates containing mannitol as osmoticum for 2 h prior to transformation. To 50
uL of washed gold (1 uM size; Bio-Rad), 5 ug of DNA (SDHAF4-GFP or AOX-
RFP) was added and mixed. During mixing, 50 uL of 2.5 m CaCl, and 20 uL of
100 mm spermidine were added one after the other. Tubes were vortexed and
centrifuged for 30 s, and the supernatant was removed. A total of 140 pL of
70% (v/v) ethanol was added and mixed, and the supernatant was removed,
followed by adding 140 pL of 100% ethanol, vortexing, and removal of the
supernatant. Finally, 56 uL of 100% ethanol was added. Seven macrocarriers
(Bio-Rad) were prepared for each, and precipitated gold was resuspended be-
fore 8 uL was transferred onto the center of each macrocarrier.

Arabidopsis cell culture was transformed using the PDS-1000 system ac-
cording to the manufacturer’s instructions (Bio-Rad). Gold particles were fired
onto cells under vacuum at an approximate pressure of 1,300 bar. Cells were
kept at 22°C in the dark for 12 to 24 h before GFP and RFP were visualized at
100x magnification with a BX61 Olympus microscope using excitation wave-
lengths at 460/480 nm (GFP) or 535/555 nm (RFP) and emission wavelengths
of 495 to 540 nm (GFP) or 570 to 625 nm (RFP). Images were captured using
CellR imaging software as described previously (Carrie et al., 2009).

Design of 35S:SDHAF4 Complementation Lines

Complementation of the sdhaf4 mutant line (GT_5_75821) was achieved
using the full-length At5¢67490 cDNA. The resulting sequence was cloned
into Gateway pDonr Zeo vector (Invitrogen), sequenced, and recombined into
binary vector pB2GW?7 containing the cauliflower mosaic virus 35S promoter
(Invitrogen). This construct was transformed into Agrobacterium tumefaciens
and used to transform homozygous sdhaf4 mutants by the floral dip method
(Mara et al., 2010). Transformed plants were selected on agar plates containing
Basta (5 mg mL™).

Metabolite Extraction and Gas Chromatography-Mass
Spectrometry Data Analysis of Arabidopsis Leaves

Two-week-old plant leaves grown on MS petri dishes under long-day con-
ditions were collected in 2-mL microfuge tubes and snap frozen in liquid ni-
trogen. Stainless grinding balls were added, and leaf tissue was homogenized
twice using a mixer mill (MM 301; Retsch) at a frequency 20 Hz for 1 min
each. Metabolite extraction medium (20 mL of HPLC-grade methanol, 2 mL
of fresh MilliQ water, and 1 mL of Ribitol [0.2 mg mL]; 150 pL per 10 mg
of leaf material) was added to samples, mixed, and incubated at 65°C for 20
min. Samples were centrifuged at 20,000¢ for 10 min, and 60 pL of supernatant
was transferred into verex insert tubes (6 mm diameter; Phenomenex) and set
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in 2-mL tubes. Samples were vacuum dried and derivatized before analysis
on an Agilent GC/MSD system (Agilent Technologies). Data preprocessing
and statistical analysis were performed using MetabolomeExpress software
(version 1.0; http://www.metabolome-express.org) as described previously
(Carroll et al., 2010).

Quantitative RT-PCR to Determine SDHAF4
Gene Expression

Ler and sdhaf4 plants were grown on soil under long-day conditions for 3
weeks. RNA isolation was performed using the RNAeasy extraction kit (Qia-
gen) following the manufacturer’s instructions. Three micrograms of DNA-
free RNA was used for cDNA synthesis using the reverse transcriptase pro-
vided in the SuperScript III kit (Invitrogen). One microliter of 25-fold diluted
reverse transcriptase reaction was used for the quantitative RT-PCR. Samples
were loaded onto 384-well plates and mixed with 4 uL of SYBR Green I Master
Mix (Roche Diagnostics). Samples were analyzed using the LightCycler 480
Roche real-time PCR system as described previously (de Longevialle et al.,
2008). Primers used for quantitative RT-PCR were as follows: SDHAF4-
forward, 5-TGTTAGGCCTAGCTCCTGATG-3’; SDHAF4-reverse, 5'-
ACTGGAATAACAAGATCACCAG-3'; Actin-forward, 5-GAAGATCAAGAT-
CATTGCTCCT-3’; and Actin-reverse, 5-TACTCTGCTTGCTGATCCA-3'.

SDH Activity and Kinetic Analysis

SDH activity was measured spectrophotometrically by following the re-
duction of DCPIP at 600 nm using succinate as the substrate. Arabidopsis mi-
tochondria (50 ug) isolated from the wild type and sdhaf4 were used in 1 mL
of reaction medium (50 mm potassium phosphate, pH 7.4, 0.1 mm EDTA, 0.1%
[w/v] BSA, 10 mm potassium cyanide, 0.12 mm DCPIP, and 1.6 mm PMS). To
calculate SDH activity, an extinction coefficient of 21 mm™ cm™ at 600 nm for
DCPIP was used. Calculations of the Michaelis-Menten kinetic constants K |
and V,__ were performed using R software (script can be found in Supplemen-

max

tal Document S1).

Measurement of Oxygen Uptake Using a Clark Electrode

Oxygen consumption was measured using a Clark oxygen electrode (Han-
satech Instruments). Arabidopsis mitochondria (100 ug) isolated from the wild
type and sdhaf4 were used, and oxygen uptake was measured as described
previously (Huang et al., 2013) in the presence of either 5 mm succinate or 1
mm NADH, in both cases with the addition of 1 mm cyanide.

Measurement of Flavin-Protein Binding

Isolated mitochondrial protein samples were separated on an SDS mini-gel
(Mini-PROTEAN, any kD; Bio-Rad). Ten micrograms of mitochondrial protein
was mixed with f-mercaptoethanol and 2x SDS buffer (8% [w/v] SDS, 125
mwm Tris-HCI, 20% [v/v] glycerol, and 0.01% [w/v] Bromphenol Blue) in a 1:4
(v/v) ratio, and samples were incubated at 95°C for 3 min before being loaded
onto the mini-gel. The gel run was set to a constant voltage of 200 V for 20 min.
Flavin-protein binding was measured as described by Bafunno et al. (2004).
After electrophoresis, the gel was incubated in 10% acetic acid solution and
scanned before and after treatment using a Typhoon Trio Laser Imager (Amer-
sham Biosciences) and Cy5 (670 bp) and Cy3 (580 bp) filters. Bound FAD can
be measured based on the gel band area that becomes visible after acetic acid
treatment. The maximum fluorescence intensity was reached at pH 3.2 to 3.5.
Image] was used to determine the band area between different genotypes.

Measurement of ROS from Isolated Mitochondria
Using DCFDA

Mitochondria isolated from Ler and sdhaf4 were separated into membrane
and soluble fractions by freeze/thawing three times followed by centrifu-
gation at 20,000¢ for 10 min. DCFDA measurements were performed as de-
scribed previously (Belt et al., 2017). In brief, fresh mitochondria from soluble
and membrane fractions (15 pg) were transferred in 50 pL of buffer (0.3 M Suc,
5 mm KH,PO,, 10 mm TES, 10 mm NaCl, 2 mm MgSO,, and 0.1% [w/v] BSA,
pH 7.2). DCFDA was diluted to 10 um, a final volume of 50 uL in the same
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buffer solution together with the individual substrates. Both solutions were
transferred and mixed on a 96-well plate to a final volume of 100 uL. Fluores-
cence with excitation/emission spectra of 480/529 nm was measured over 10
min, and the slope was calculated.

BN-PAGE and Western-Blot SDH1-1 Detection

A precast gradient native gel (4.5%-16%; Invitrogen) was used to load
mitochondria from wild-type and sdhaf4 samples. Thirty micrograms of mi-
tochondrial pellet was resuspended in 10 pL of solubilization buffer (30 mm
HEPES, pH 7.4, 150 mM potassium acetate, 10% (v/v) glycerol, and 0.5 g of
digitonin per 10 mL) per 100 pg of mitochondrial protein. Samples were in-
cubated on ice for 20 min, followed by a second centrifugation for 20 min at
18,300g at 4°C. Supernatant was transferred into a new 1.5-mL microfuge tube,
and 1 pL of 5% (w/v) Serva Blue G per 20 pL of solubilization buffer was
added. Gel electrophoresis was run at 150 V for 2 to 3 h following the manu-
facturer’s protocol.

For western-blot transfer, the protein gel was soaked in transfer buffer (25
mwm Tris-HCI, pH 7.6, 192 mm Gly, 20% (v/v) methanol, and 0.03% (w/v) SDS)
for 30 min before assembly in a Hoefer semiphor semidry blotting appara-
tus. Blot transfer was set up for 0.8 mA cm™? membrane area, and voltage was
limited to 100 V. After blot transfer, the membrane was incubated in blocking
solution (3 mL of 10x blocking solution [Sigma] and 27 mL of 1x TBS Tween
buffer [1.5 M NaCl and 100 mm Tris-HCI, pH 7.4]) at room temperature for 1 h
before incubation with primary SDH1-1 antibody (Peters et al., 2012; SDH1-1
antibody was kindly provided by Hans-Peter Braun) in a 1:1,000 dilution in
TBS Tween buffer overnight at 4°C on a shaker. The membrane was washed
in TBS Tween solution three times before incubation with the secondary an-
tibody (anti-rabbit IgG; Sigma) for 1 h at room temperature. Washing steps
in TBS Tween buffer were repeated, and signal was detected using 3 mL of
western-blot detection substrates in a 1:1 ratio (Clarity Western Blotting Sub-
strates; Bio-Rad).

Mitochondrial Protein in Vitro Import

Mitochondrial protein import assays were carried out as described pre-
viously (Wang et al., 2012). [®*S]Met-labeled precursor proteins of MPP-a
(At1g51980) and SDH1-1 (At5g66760) were synthesized using rabbit reticulo-
cyte T T in vitro transcription/translation lysate (Promega). Briefly, 100 ug of
freshly isolated mitochondria was incubated in 180 pL of import master mix
(0.3 M Suc, 50 mm KCl, 10 mm MOPS, pH 7.4, 5 mm KH,PO4, 0.1% [w/v] BSA,
1 mm MgCl,, 1 mm Met, 200 mm ADP, 750 mm ATP, 5 mM succinate, 5 mm DTT,
5 mm NADH, and 1 mm GTP) with or without the addition of valinomyecin.
Radiolabeled precursor protein (10 pL) was added, and the import reaction
was initiated by incubation at 26°C with gentle rocking for 30 min. To one-
half of each reaction, 3.2 ug of proteinase K was added, and reactions were
incubated on ice for 30 min. Proteolysis was inhibited with 1 pL of 100 mm
PMSF. The mitochondria were pelleted by centrifugation at 20,000g for 5 min
at 4°C, and the mitochondrial pellet was resuspended with SDS-PAGE sample
buffer and resolved on 12% Tris acrylamide gels. For BN-PAGE import assays,
30 ug of mitochondria was inoculated with 10 pL of radiolabeled protein, and
the samples were incubated for 30 and 60 min. Mitochondria were pelleted
as above, and the pellets were resuspended in 5% (w/v) digitonin buffer and
resolved on precast gradient native gels (4.5%-16%; Invitrogen). The gels were
Coomassie Blue stained, dried, and exposed to a BAS TR2040 phosphor image
screen for 24 h. The phosphor-imaging plates were scanned using the Typhoon
5 (GE Healthcare).

MRM Sample Preparation and Analysis

Fifty to 100 pg of isolated mitochondrial protein extract (see “Isolation of
Mitochondria from Hydroponic Cultures”) per plant line was used for MRM
analysis. Whole mitochondria protein samples as well as membrane and sol-
uble fractions were used. To separate soluble and membrane mitochondrial
fractions, whole mitochondria samples were frozen and thawed three times
with vortexing in between. To separate fractions, samples were centrifuged at
20,000g for 20 min at 4°C. Supernatant was transferred into a new tube (soluble
fraction), and the pellet was resuspended in Suc wash buffer (membrane frac-
tion). Proteins were acetone precipitated overnight at —20°C. After the removal
of acetone, dried pellets were resuspended in buffer containing 7 m urea, 2
M thiourea, 50 mm NH,HCO,, and 10 mm DTT. Samples were solubilized at
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room temperature with shaking at 500 rpm. Iodacetamide (25 mm) was add-
ed, and samples were incubated for 45 min at room temperature in the dark
before being diluted to a final concentration of less than 1 M urea using 50 mm
NH,HCO,. Trypsin (0.8 ug uL") was added to the samples in a 1:20 ratio of
trypsin to protein content, and samples were incubated overnight at 37°C, fol-
lowed by acidification using 0.1% (v/v) formic acid. Peptides from trypsin-di-
gested protein extracts from soluble and membrane fractions were analyzed
by triple-quadrupole mass spectrometry as described previously (Huang et
al., 2013). The following peptide sequences were used to quantify protein
abundance: AVIELENYGLPFSR, SMTMEIR, and SSYTIVDHTYDAVVVGAG-
GAGLR for SDH1; NEMDPSLTER for SDH2; FMEWWER and LSFFENYTR
for SDH6; ALLAEDASLR for SDH7; AAAGQPWVR for SDHAF2; and YG-
DWEQR for SDHAF4.

A 6495 triple-quadrupole mass spectrometer (Agilent Technologies) regu-
lated by MassHunter Workstation Data Acquisition software (version B.07.01,
build 7.1.7112.0; Agilent Technologies) was used, and MRM data were ana-
lyzed in Skyline (version 3.5.0.9319, MacCoss Laboratory, University of Wash-
ington [https://skyline.gs.washington.edu]) by integrating peak areas for
each quantifier ion. To correct for differences, the sum of all detected peptides
in each run was normalized to the sum of ATP synthase peptides.

Accession Number

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number At5g67490 (Q84WS5) for SDHAF4.

Supplemental Data
The following supplemental materials are available.

Supplemental Figure S1. Genotyping of the T-DNA insertion line of
At5¢67490.

Supplemental Figure S2. Plant growth and development in soil and on
plates.

Supplemental Figure S3. SDS-PAGE of FAD-bound SDH1 from soluble
and membrane protein fractions.

Supplemental Figure S4. SDH activity and ROS production are not in-
creased in the soluble mitochondrial fraction of sdhaf4.

Supplemental Document S1. R script version 3.3.1 was used for the calcu-
lation of SDHK and V.
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