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SUMMARY

Mitochondrial complex | (Cl), a large multi-subunit respiratory complex contains two LYR (leucine/tyrosi-
ne/arginine) domain-containing subunits, B14 (NDUA6/LYRM6) and B22 (NDUB9/LYRM3). Mitochondrial
LYR (LYRM) proteins are soluble matrix-located proteins that have been implicated in diverse functions such
as iron-sulphur cluster insertion, OXPHOS complex assembly, and mitoribosome biogenesis. B14 and B22
are unique to other LYRM proteins in that they are integral components of Cl. To explore the function of
B22, we examined T-DNA insertional knockout and knockdown lines, which displayed a mild growth defect
linked to reduced Cl activity and abundance. Notably, this defect could not be rescued by complementation
with a B22 variant that contained a mutated LYR domain, indicating the domain’s critical role in B22's func-
tion. Protein interaction assays further revealed that the LYR domain is crucial for B22's interaction with the
neighbouring Cl subunit, mitochondrial acyl carrier protein SDAP1. Similarly, T-DNA insertional knockdown
lines of SDAP1 showed a comparable Cl defect, suggesting that the interaction between B22 and SDAP1,
mediated by the LYR domain, is important for the function and assembly of Cl.

Keywords: LYR domain, B22 (NDUB9/LYRM3), assembly factors, NADH dehydrogenase, acyl carrier protein,
OXPHOS biogenesis, SDAP (ACP), mitochondria, Arabidopsis, complex I.

INTRODUCTION

Mitochondria generate cellular energy through a linked
series of chemical reactions known as oxidative phosphor-
ylation (OXPHOS). It involves five multi-subunit enzyme
complexes (CI-V) that are of bacterial origin (Lodish, 2016).
The assembly of these complexes requires the highly regu-
lated and co-ordinated transcription and translation of both
nuclear and mitochondrial encoded subunits, the import
and assembly of individual subunits, and protein matura-
tion via the insertion of essential cofactors, such as iron-
sulphur clusters (ISCs) (Ghifari et al., 2023; Meyer
et al., 2019).

Cl, also known as NADH dehydrogenase, is the first
entry site of electrons in the OXPHOS reactions. It is the
largest enzyme complex in the mitochondrial electron
transport chain (ETC), and it catalyses the transfer of elec-
trons from NADH to ubiquinone. The flow of electrons,
results in an electromotive force that pumps protons
across the inner mitochondrial membrane, which is later
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used for ATP production (Lodish, 2016). Cl adopts an
L-shaped architecture, with distinct modules dedicated to
NADH oxidation (N), ubiquinone reduction (Q), and proton
translocation (Pp — proton proximal and Pp — proton distal)
all residing within its two arms — the membrane and the
peripheral arm (Hofhaus et al., 1991; Wirth et al., 2016). In
bacteria, Cl consists of 14 subunits (Berrisford et al., 2016),
whilst in plants, Cl has expanded substantially in subunit
composition. It also features a gamma carbonic anhydrase
domain (CA) that is unique to plants (Klusch et al., 2021;
Soufari et al., 2020). Recent structural determination in Ara-
bidopsis thaliana (Arabidopsis) has revealed that plant Cl
consists of at least 48 subunits (Klusch et al., 2023).

In plants, four Cl assembly factors have been identi-
fied to date. GLDH (L-galactono-1,4-lactone dehydroge-
nase), an enzyme that catalyses the last step of the
ascorbate biosynthetic pathway was shown to be impor-
tant for the assembly of the membrane arm (Leferink
et al., 2008; Schertl et al., 2012; Schimmeyer et al., 2016).
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INDH (iron-sulphur protein required for NADH dehydroge-
nase), an enzyme also referred to as Ind1 or NUBPL in
humans was shown to be involved in ISC insertions (Bych
et al., 2008; Sheftel et al., 2009; Wydro et al., 2013). NDU-
FAF1 (NADH:ubiquinone oxidoreductase complex assem-
bly factor 1) was recently characterised in maize to be
involved in the assembly of the membrane arm of CI
(Wang et al., 2022). CIAF1 (Cl assembly factor 1), a plant-
specific LYR (leucine/tyrosine/arginine) domain-containing
protein, was demonstrated to be involved in ISC insertion
through its interaction with the 23 kDa subunit of CI (lva-
nova et al., 2019). Interestingly, Cl contains two bona fide
LYR domain containing subunits, B14 (NDUA6) and B22
(NDUB9), the functions of which are still unknown
(Angerer, 2015; Soufari et al., 2020). LYR proteins were
originally assumed to have a role in ISC biogenesis, as the
LYR motif containing protein ISD11 (Iron-Sulphur Domain
11) was shown to form a stable complex with cysteine
desulfurase Nfs1, a central component of the mitochon-
drial ISC machinery, in yeast (Adam et al., 2006). However,
other LYRM proteins have since then been shown to inter-
act with the OXPHOS complexes either as assembly factors
and/or through the recruitment of iron-sulphur clusters
(ISCs) necessary for electron transport (Atkinson et al.,
2011; lvanova et al., 2019; Lefebvre-Legendre et al., 2001; Li
et al., 2022).

Whilst most LYRM proteins identified to date are
found as soluble proteins in the mitochondrial matrix, B14
and B22 are unique as they are the only LYRM proteins
identified as subunits within the OXPHOS complexes.
Additionally, two mitochondrial acyl carrier proteins (ACPs;
also called SDAP) - SDAP1 and SDAP2, are found within
close proximity to B22 and B14, respectively (Klusch
et al., 2023; Soufari et al., 2020). ACPs are small soluble
proteins involved in fatty acid biogenesis during which
they act as a carrier of the synthesised fatty acid (Kastanio-
tis et al., 2017). Arabidopsis encodes for a third ACP,
SDAP3; SDAP3 is annotated to be weakly expressed (Fu
et al., 2020; Klepikova et al., 2016), whilst confirmed to be
mitochondrial (Fuchs et al., 2020; Niehaus et al., 2020;
Nietzel et al., 2020), it has not been identified as part of Cl
or any other complexes to date (Klusch et al., 2023).
Also, it should be noted that SDAP3 is more divergent
from SDAP1 and SDAP2 when comparing amino acid
sequences. Its function is likely important for fatty acid bio-
genesis and lipoic acid biosynthesis as the double mutant
sdap1 sdap2 is viable but the triple mutant sdap1 sdap2
sdap3is not (Fu et al., 2020). Altogether, this suggests that
the function of SDAP3 is limited to fatty acid biogenesis.

Their importance for fatty acid biogenesis is
highlighted by the fact that the triple mutant is not viable
(Fu et al., 2020). In yeast, it was shown that deletion of B14
in Yarrowia lipolytica resulted in a loss of SDAP2, ulti-
mately halting ubiquinone reductase activity (Angerer

et al., 2014). Furthermore, a three-subunit protein bridge
comprising of B14, SDAP2, and mFDX (mitochondrial
ferredoxin-like protein) was observed in recently deter-
mined Cryo-EM structures of Arabidopsis and Polytomella
sp. (Klusch et al., 2021, 2023). This bridge connects the ubi-
quinone module of the peripheral with the carbonic anhy-
drase domain and is thought to be important for Cl
function.

There are eight ISCs contained within five subunits of
Cl that form a chain through which electrons flow from the
N module to the Q module in the matrix arm. Interestingly,
B22 is positioned away from these clusters, at the tip of
the membrane arm, suggesting that this LYR protein may
have evolved to serve a different function within CI (Klusch
et al., 2021; Soufari et al., 2020). In bovine, B22 is involved
in a contact point between Cl and CIll in the CI + Clll
supercomplex through its interaction with UQCRC1
(ubiquinol-cytochrome ¢ reductase) which is homologous
to MPP-beta (mitochondrial-processing peptidase subunit
beta) of plants (Letts et al., 2019). A similar interaction is
observed in the Arabidopsis supercomplex | + lll (Klusch
et al., 2023). In Arabidopsis, it has been previously shown
that deletion of B22 results in shorter roots, smaller size,
and delayed flowering (Han et al., 2010), though the bio-
chemical consequences of deleting B22 were not
investigated.

Here we further investigated the function of the LYRM
Cl subunit, B22 in Arabidopsis. Phenotypic analysis
revealed mild growth defects similar to those previously
observed (Han et al., 2010), and these defects are restored
when b22 T-DNA insertional knockdown lines are comple-
mented with B22. Biochemical analysis of mitochondria
isolated from b22 mutants reveals a Cl defect that is
restored when complemented with B22. Additionally,
through protein interaction studies and structural predic-
tions, we demonstrate that the LYR domain is essential for
the interaction of B22 and the mitochondrial acyl carrier
protein SDAP1. Interestingly, investigation of T-DNA inser-
tion lines of SDAP1 reveals a similar Cl defect that was
observed for B22, confirming that B22 and SDAP1 are pro-
teins both required for Cl activity and their interaction is
mediated by the LYR domain.

RESULTS

B22 is a mitochondrial Cl subunit that contains a
conserved LYR domain

B22 (At4g37400) is a small nuclear-encoded protein that
consists of 117 amino acids and contains a conserved LYR
(leucine/tyrosine/arginine) domain at position 23 and a
conserved F (phenylalanine) at position 52 (Figure 1a,b).
B22 has previously been identified as a mitochondrial Cl
subunit by proteomic analysis (Sunderhaus et al., 2006),
and its structure within Cl determined by Cryo-EM in
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Figure 1. B22, a bonafide Cl subunit, contains a highly conserved LYR domain.

(a) Protein model of B22 highlighting the LYR tripeptide sequence and the downstream F.

(b) A LOGO plot of B22 (highlighted in blue) with known LYR motif-containing proteins in Arabidopsis highlights the conserved tripeptide LYR (Leu/Tyr/Arg) and
downstream F (Phe) motif.

(c) 2-D representation of Cl subunits fitted to the Arabidopsis Cl structure (PDB:7ARB) (Klusch et al., 2021). The various shades of grey highlight the modular
design of Cl: Pp, Pp — Proton translocation; Q — Quinone reduction; N — NADH oxidation; CA — Carbonic anhydrase (light green). B22 and SDAP1 are highlighted
in blue and light blue, respectively.
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Figure 2. Reduced Cl activity resulting from defective B22.

Interaction of B22 with SDAP1 5 of 15

(a) Representative photographs of Col-0, b22-1, b22-2, b22-2:B22, b22-2:B22"A%, b22-2:B22"**, and b22-2:822* on day 22. Scale bar = 1 cm.
(b) CI activity staining of isolated mitochondria from Col-0, b22-1, b22-2, b22-2:B22, b22-2:B22"*%, b22-2:B22°**, and b22-2:B22*, resolved on Blue Native
PolyAcrylamide-Gel Electrophoresis. Quantification of Cl and CI + lll abundance relative to Col-0 was carried out using ImageJ (n = 3).

(c) Enzymatic activities of various mitochondrial respiratory complexes measured using isolated mitochondria from Col-0, b22-1, b22-2, b22-2:B22, b22-2:B2.

b22-2:B22°**, and b22-2:822".

ZLAR,

(d) Immunodetection of antibodies raised against individual subunits of Cl: NDUFS4, Cal2, B14.7, 75 kDa (left). Inmunodetection of antibodies raised against
other OXPHOS complexes: Cll — SDH-1; ClIl - RISP; CIV — COX2; CV — ATP-B synthase (right). Data represents mean + SE (o//?); *P < 0.05; **P < 0.001 (deter-

mined by Student’s t-test, n = 4).

Brassica oleracea (Soufari et al., 2020) and Arabidopsis
(Klusch et al., 2021, 2023). B22 is located in the P, module
within close proximity to an acyl carrier protein (SDAP-1,
mtACP1), distant from the chain of eight ISCs in the matrix
arm domain (Figure 1c). Interestingly, this location sug-
gests that B22 may not be directly involved in ISC biogene-
sis, unlike other LYR domain-containing proteins that have
been characterised to date (Atkinson et al., 2011; lvanova
et al., 2019; Li et al., 2022).

Characterisation of b22 knockdown and knockout lines

T-DNA insertional mutants for B22 (At4g34700); b22-1
(SAIL_1146) and b22-2 (SAIL_1240) were obtained, geno-
typed, and confirmed as knockdown lines by qRT-PCR,
with b22-1 and b22-2 exhibiting respectively 36% and 9%
in B22 residual abundance (Figure S1b). Previous studies
have shown the LYR domain has a role in recruiting the
ISC complex (Li et al., 2022; Maio et al., 2014). To investi-
gate the function of B22 and the LYR domain, complemen-
tation lines were generated using b22-2 transformed with
B22 and variants; B22"“R where tyrosine at position 21
was changed to alanine; B22***, where the entire tripep-
tide LYR sequence was changed to AAA; and B22”, where
the conserved downstream phenylalanine (F) at position 52
was changed to alanine (Figure S1c). QRT-PCR was carried
out on the complementation lines confirming the abun-
dance of B22 and its variants by at least 13-fold in the com-
plementation lines (Figure S1d).

Analysis of mutant and complementation lines sug-
gests that b22-1 and b22-2 exhibit mild growth defects (as
previously observed; Han et al., 2010) that was restored by
complementation with B22 (Figure 2a) and to a lesser
extent B22” (Figure 2a). Complementation with B22"A% and
B22”*4 did not restore the small growth delay observed in
b22-1 and b22-2 (Figure 2a). To characterise this more
comprehensively an early seedling growth stage progres-
sion analysis was carried out Arabidopsis seeds grown on
% MS media with 3% (w/v) sucrose according to (Boyes
et al., 2001). It was observed that b22-1, b22-2, and b22-2:
B22” took a significantly longer period of time to reach
stage 1.02 compared with Col-0 (Figure S2a). Similar differ-
ences were found for bh22-2:B22"** taking longer to reach
stage 1.0, and for b22-2B22*R and b22-2:B22" to
reach stage 1.04 (Figure S2a). These delays in growth were
restored in the b22-2:B22 line (Figure S2a). Rosette size

© 2025 The Author(s).

was also analysed on soil, with a significantly smaller
rosette size observed for b22-1 and b22-2 on days 26, 29,
and 32 compared with Col-0 (Figure S2b). This growth
defect was restored in b22-2:B22 but not in b22-2:B22"4%,
b22-2:B22°*A, or b22-2:B22* (Figure S2b). Notably, Col-0
leaves were up to 6 cm longer than those of the b22-2
mutant on day 32 (Figure S2b, Student’s t-test, *P < 0.05,
**P < 0,001, n = 18).

To investigate the consequences of mitochondrial
function during plant development, root and hypocotyl
length were measured for all lines. It was observed that the
b22-2 and b22-2:B22*** mutants exhibited significantly
shorter root lengths on 3% (w/v) sucrose medium compared
to Col-0 after 10 days of growth and when grown on 0%
(w/v) sucrose media, significantly shorter root length was
observed in b22-1 (Figure S2¢, Student’s t-test, *P < 0.05,
**P < 0.001, n = 20). Significantly shorter hypocotyl lengths
were observed in b22-1, b22-2, b22-2:B22AR, p22-2:822°*4,
and b22-2B22* compared with Col-0 at 10 days
(Figure S2d, Student’s t-test, *P < 0.05, **P < 0.001, n > 27).

Additionally, a third T-DNA mutant, b22-3 (SAIL_251),
was also studied and confirmed as a knockout by qRT-
PCR, showing no detectable transcript levels (Figure S7a).
This mutant exhibited a more pronounced growth pheno-
type 11 days after imbibition (Figure S7b).

B22 mutants exhibit lower Cl activity and abundance

To investigate whether the observed phenotypes resulted
from defective Cl, mitochondria were isolated from 14-day-
old seedlings of all lines and resolved by Blue Native
PolyAcrylamide-Gel Electrophoresis (BN-PAGE) followed
by in-gel NADH dehydrogenase activity staining as previ-
ously described (Schertl & Braun, 2015) (Figure 2b). The
BN-PAGE analysis and subsequent Cl staining revealed a
significant decrease in Cl activity/abundance of up to 50%
for b22-2 and a mild decrease of up to 15% for b22-1,
whilst the complementation line b22-2:B22 and the mutant
b22-2:B22" restored of Cl activity/abundance to similar
levels as observed in Col-0 (Figure 2b). Interestingly, a sig-
nificant decrease of 25-30% was also seen for the mutants,
b22-2:B22"*R and b22-2:822*** (Figure 2b).

To confirm these observations, spectrometric enzy-
matic activity assays for Cl, Clll, and CV were carried out
on isolated mitochondria from Col-0 and all mutants. A sig-
nificant reduction in Cl activity was observed in both the
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Figure 3. B22 interacts with the mitochondrial acyl carrier protein, SDAP1.
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(a) Yeast-2-Hybrid interaction assay of SDAP1 and B22, both with and without a defective LYR domain. Successful mating was determined by growth on DDO,
whilst positive interactions were identified by growth on QDO. SV40 antigen and p53/LAM interactions served as positive and negative controls, respectively.

No interactions were observed using empty vectors.

(b) Bimolecular fluorescence complementation assays of B22, B22"%, B22***, and B22*, with SDAP1 in Arabidopsis mesophyll protoplasts transfected with con-
structs encoding either the C-terminal or N-terminal half of yellow fluorescent protein (cYFP/nYFP). Scale bar = 20 um.

mutant lines, b22-1 and b22-2, by 23% and 57%, respec-
tively, and b22-2B22"R and b22-2:822***, by 32% and
49%, respectively (Figure 2c). This reduction was more
apparent in the lines, b22-2 and b22-2:822***, exhibiting
approximately half the activity when compared to Col-0.
Furthermore, the activity of the complemented line, b22-
2:822, and the mutant, h22-2:B22* was restored to that of
Col-0. Activity levels for Clll and CV showed no significant
changes for all the mutants (determined by Student’s t-
test, n = 4).

Protein abundance of various individual Cl subunits
was investigated through immunodetection of isolated
mitochondria. Immunodetection of subunits B14.7, CAL2,
NDUFS4, and the matrix domain 75 kDa subunit show no
obvious changes to subunit abundance (Figure 2d). Fur-
thermore, immunodetection of Cll subunit, SDH-1, Clll sub-
unit RISP, CIV subunit Cox2, and ATP synthase subunit
ATP-B revealed no obvious difference in their abundance
(Figure 2d).

B22 interacts with the acyl carrier protein SDAP1 via the
LYR domain

Recently, the Cryo-EM structure of the human ISC complex
revealed that ISD11/LYRM4 is in close proximity to SDAP,
a mitochondrial acyl carrier protein (Fox et al., 2019). The
interaction between LYRM proteins and ACP has also been
documented in other eukaryotes (Boniecki et al., 2017;
Maio et al., 2014; Vranken et al., 2018), mediated by the
LYR domain, it is proposed that acetylated ACP acts as an
allosteric activator of LYRM proteins. In the recently deter-
mined Cl Cryo-EM structures from Arabidopsis and Bras-
sica oleracea, the two LYR proteins, B14 and B22 were also
found to be in close proximity to SDAP2 and SDAP1
respectively (Klusch et al., 2023; Soufari et al., 2020)
(Figure 1c).

Therefore, to confirm that Arabidopsis B22 interacts
with SDAP1, and to determine if the LYR domain is essen-
tial for this interaction, we conducted protein interaction
assays using Y2H assays and BiFC. Mating competent
yeast was transformed with expression vector for either
B22, B22'4R, B22***, or B22" and mated with compatible
yeast cells transformed with vectors for the expression of
various Cl subunits including B8, Cal2, Ca3, 75 kDa,
23 kDa, PSST, B13, 13 kDa, P1, MNLL (lvanova et al., 2019),
SDAP1, and SDAP2, as well as ISC biogenesis proteins
ISU1, HSCB, HSP23.5, and HSP23.6 (Li et al., 2022).
Positive protein-protein interactions were observed with

© 2025 The Author(s).

B22-cpPGBK and SDAP1-npgbk only (Figure 3a). Mutation
of the LYR and F domains B22""R, B22***, and B22* abol-
ished any interaction with B22 (Figure 3a).

To confirm these interactions in planta, BiFC analysis
was performed using  Arabidopsis  protoplasts.
Co-transformation of B22-cYFP and SDAP1-nYFP resulted
in a reconstituted YFP fluorescence (Figure 3b), whereas
co-transformation of SDAP1-nYFP with any of the LYR vari-
ants (B22"*"-nYFP, B22***-nYFP, and B22*-nYFP) did not
yield reconstituted YFP fluorescence (Figure 3b). These
findings confirm that B22 interacts with SDAP1 and the
conserved LYR domain and the F residue are required for
this interaction. Known interacting mitochondrial proteins
Tim17 and Tim23 were used as positive controls
(Figure S3).

To gain insights into the structural basis of the
observed interactions, structural predictions were carried
out using AlphaFold-3 (Jumper et al., 2021) to predict the
putative structures of the interacting pairs SDAP1:B22,
SDAP1:B22"AR, SDAP1:B22***, and SDAP1:B22". Predicted
aligned errors of these models and interaction sites are
given in Figure S6.

The closest contact points (pseudo-bonds >3 A) of the
putative tertiary structure of SDAP1:B22 in the AlphaFold-3
model were predicted to be located within the L,z and Ryg
regions of the B22 protein (Figure 4a). Specifically, the
tyrosine residue (Y4) was predicted to form a hydrogen
bond with glutamate (Egg) in SDAP1, whilst arginine (Rys)
was predicted to form at least four hydrogen bonds with
glutamate (Egs) and aspartic acid (Djp3) in SDAP1
(Figure 4b). Upon mutation of tyrosine (Y4) to alanine
(Ag4), AlphaFold predicts that there is no longer an interac-
tion with glutamate (Egg). Furthermore, it also affects the
ability of the arginine (Rys) to interact with glutamate (Eg,)
by losing up to three hydrogen bonds (Figure 4b). Lastly,
when mutating the LYR tripeptide sequence to AAA, all
interactions with the SDAP1 molecule are lost, suggesting
that this region is essential for an interaction between B22
and SDAP1 (Figure 4b).

Additionally, in the predicted SDAP1:B22 structure,
the arginine (R49), an amino acid that is also conserved
amongst some LYR proteins (Figure 1b), was predicted to
form three hydrogen bonds with aspartic acid (Dgs) and
glutamate (Egg). Interestingly, upon mutating the con-
served phenylalanine (Fs,) to alanine, two of these hydro-
gen bonds are lost, indicating that this region must also be
necessary for the interaction between B22 and SDAP1
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Figure 4. Predicted tertiary protein structures of B22 and SDAP1 using AlphaFold v3 (Jumper et al., 2021).
(a) Tertiary protein structure of B22 and SDAP1 with highlighted predicted pseudo-bonds (>3 A) in purple.
(b) Predicted structure of B22’s interaction with SDAP1 through the LYR domain and the mutated LAR/AAA. Hydrogen bonds (H-N) are represented using dotted

lines.

(c) Predicted structure of B22's interaction with SDAP1 in the downstream F region and the mutated F—A region.
(d) Sequence alignment of B22 and SDAP1, highlighting the regions that form hydrogen bonds.

(Figure 4c). Amino acid residues of the predicted interact-
ing regions are highlighted in green (Figure 4d).

To ensure the reliability of our structural predictions,
we also modelled these interactions using AF2-MM and
ChAi-1 (Boitreaud et al., 2024; Evans et al., 2022). In both the
AF2-MM and ChAi-1 models, the tyrosine residue (Y,,4) was
predicted to form a hydrogen bond with glutamate (Egg) in
SDAP1, consistent with our AlphaFold-3 model (Figures S4a
and Sba). Furthermore, arginine (R,s) was predicted to form
a hydrogen bond with either aspartic acid (D4q3) or gluta-
mate (Eg,), in the AF2-MM and ChAi-1 models, respectively
(Figures S4a and Sba). Upon mutation of the LYR tripeptide
sequence to either LAR or AAA, the AF2-MM model pre-
dicted no interaction with SDAP1 (Figure S4a). Additional
residues of SDAP1 predicted to interact in these models are
highlighted in yellow (Figure 4d).

Additionally, the conserved arginine (Ry9) of B22 was
predicted to form a hydrogen bond with aspartic acid (Dgs)
instead of (Dgs), and this interaction remained intact
despite mutating phenylalanine (Fs;) to alanine in the
AF2-MM model (Figure S4b). Interestingly, the ChAi-1
model predicted an N-terminal insertion of SDAP1 between
the three alpha helices of B22. Upon mutation of either
the LYR tripeptide or the downstream (F52), this insertion
was no longer observed (Figure S5b).

Deletion of the acyl carrier protein SDAP1 results in
defective Cl abundance and assembly

We also carried out a genetic approach to confirm the link
between SDAP1 and B22. For this, single and double
mutants for the three SDAP homologues (sdap1, sdap2,
sdap3, sdap1-/—sdap2, sdap1—/—sdap3, and

© 2025 The Author(s).
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(a) NADH dehydrogenase activity staining of complexes separated by BN-PAGE. The staining of the E3 subunit of the PDC serves as loading control.
(b) Immunodetection of Cl assembly intermediates using the anti-CA2 antibodies.

sdap2—/—-sdap3) were obtained (Fu et al., 2020) and com-
pared with the b22-3 mutant. Mitochondria were isolated
from each line and Cl activity and abundance was investi-
gated using BN-PAGE and in-gel activity assays. NADH
dehydrogenase activity staining shows low levels of Cl in
mitochondria isolated from sdap? and b22-3 whereas the
lines sdap2 and sdap3 show similar levels of Cl to Col-0
(Figure 5a). The mitochondrial samples used for this anal-
ysis were kept frozen for several weeks, which may have
destabilised supercomplexes, contributing to the reduced
visibility of the | + Ill supercomplex in the gel (Figure 5a).
To investigate Cl assembly in these lines, mitochondrial
complexes were resolved on a BN-PAGE gel, transferred
onto a nitrocellulose membrane, and immunodetected
using anti-CA2. This allows for the detection of assembly
intermediates of the membrane arm of Cl. In b22-3, an
assembly intermediate of 450 kDa was more pronounced,
in addition to weaker bands representing the
CA2-containing intermediates of ~200 and ~300 kDa
(Figure 5b), suggesting a defect in the assembly of the full
monomeric Cl. A very similar pattern is observed in sdap?
and both double mutants containing sdap7. Immunode-
tection with anti-CA2 identifies the last assembly interme-
diate of Cl (ClI*) and no variation was found in the
abundance of Cl* across the samples (Figure 5b). Alto-
gether, this analysis confirms that SDAP1, but not SDAP2
or SDAP3, interacts with B22, and this interaction is
important for efficient Cl biogenesis.

© 2025 The Author(s).

DISCUSSION

Cl plays a central role in mitochondrial respiration as the
first site of electron transport during OXPHOS. Cl is com-
posed of 48 individual subunits, many of whose function
has yet to be determined. This study investigates the role
of B22, a nuclear-encoded Cl subunit. B22 belongs to the
LYRM protein family, a conserved family of eukaryotic pro-
teins involved in regulating core mitochondrial functions
such as ISC recruitment, translation, and OXPHOS complex
assembly (Angerer, 2015; Dohnalek & Dolezal, 2024). Our
results demonstrate that B22 is important for the proper
function of Cl. Phenotypic analysis of T-DNA insertional
lines for B22 revealed a mild but statistically significant
growth defect with reduced hypocotyl and root lengths
suggesting a developmental impact due to compromised
Cl function (Figure S2). The mild growth defect correlated
with a decrease in Cl abundance and activity as determined
by BN-PAGE in-gel Cl activity staining and activity assays
using isolated mitochondria and as no significant defect
was observed in Clll or CV activity, we propose that the
growth defect can be attributed to a decrease in Cl activity
alone (Figure 2b,c). Interestingly, the abundance of individ-
ual Cl subunits, such as B14.7, CAL2, NDUFS4, and the 75
kDA subunit remained unchanged when determined by
immunodetection, implying that the decrease in Cl abun-
dance and activity is due to a defect in the assembly or sta-
bility of the monomeric Cl complex and not the abundance
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of individual Cl subunits (Figure 2d). This has previously
been observed with mutant lines of the Cl assembly factor,
CIAF1, another LYR domain-containing protein (lvanova
et al., 2019). CIAF1 unlike B22, is matrix-located, and was
shown to assist in Fe-S cluster insertion within a matrix
arm domain subunit. A knockdown of this protein resulted
in a much more severe Cl defect, with almost no mono-
meric Cl being detected, instead an assembly intermediate
was present consisting of the membrane arm domain
modules (lvanova et al., 2019). In this study, we tested the
ability of B22 to interact with ISC subunits and various
other Fe-S clusters containing Cl subunits but did not
observe any interaction. This suggests that the function of
B22 may not be in ISC cluster recruitment as we previously
determined for CIAF1, and for another LYRM protein Succi-
nate Dehydrogenase Assembly Factor 1 (SDHAF1) which
we determined to be involved in ISC cluster insertion
within the SDH subunit SDH2 (Li et al., 2022).

Whilst mitochondrial ACPs are thought to exist pre-
dominantly as soluble matrix proteins involved in fatty
acid synthesis (Fu et al., 2020), an increasing number of
studies show that ACP associates with LYRM proteins.
ACPs have been identified alongside LYRM proteins in Cl
in both plants and non-plants (Cronan et al., 2005; Klusch
et al., 2023; Soufari et al., 2020), the ISC complex (Boniecki
et al., 2017; Cory et al., 2017; Floyd et al., 2016; Fox et al.,
2019; Herrera et al.,, 2018), and in mitoribosomes (ltoh
et al., 2022; Vranken et al., 2018). The ability of LYRM pro-
teins to interact with ACP has been hypothesised to be a
mechanism for regulating mitochondrial metabolism,
whereby an acetylated ACP, upon interaction with an
LYRM protein, acts as a signalling molecule to trigger ISC
insertion, assembly, or protein synthesis (Dohnalek &
Dolezal, 2024; Masud et al., 2019; Nowinski et al., 2018).

Evolutionary analysis shows that across the various
eukaryotic lineages, LYRM subfamilies are conserved, and
present alongside ACPs (Dohnalek & Dolezal, 2024). Fur-
thermore, structural predictions reveal that despite diverse
functions and low sequence homology all LYRM proteins
are able to form a three alpha-helical tunnel structure that
can fit the acyl moiety of an acetylated ACP (Dohnalek &
Dolezal, 2024).

In plants, Cryo-EM analysis revealed that B22 is near
an ACP, named SDAP1 (Klusch et al., 2023; Soufari
et al., 2020). Here, we confirmed the ability of SDAP1 (but
not SDAP2) to interact with B22 using both Y2H interaction
assays and BiFC analysis in Arabidopsis protoplasts
(Figure 3a,b). Furthermore, this interaction was abolished
when the LYR domain was mutated, confirming the LYR/F
residues are necessary for this interaction to occur. To fur-
ther investigate the role of the conserved LYR domain
within B22, we carried genetic complementation assays
whereby the b22-2 line was complemented with wild-type
B22 or B22 containing mutated LYR residues (B22"AR,

B22**, B22") (Figure 2b,c). The LAR and AAA variants
failed to restore the Cl abundance and activity back to
wild-type levels. The b22-1:B22* mutant partially rescued
Cl activity. Although our Y2H and BiFC assays did not
detect an interaction between B22* and SDAP1, it is possi-
ble that these proteins assemble in planta through a
weaker interaction that these methods were unable to
detect. Supporting this possibility, our AlphaFold-3 and
AF2-MM models suggest that Ryg, rather than Fg,, makes
contact with SDAP1, indicating that the Fs, mutation might
still permit a weaker interaction within the plant context
(Figure 4c; Figure S4b). Our experiments confirm that the
LYR domain (and possibly the conserved F) is important
for the function of B22 in maintaining Cl integrity and func-
tion and this is most likely via an interaction with SDAP1.
Similar experiments have previously been carried out with
the Cl subunit B14, in yeast. The LYR domain within B14
was mutated and identified to be required for Cl activity
and stability in Yarrowia lipolytica. Interestingly, mutation
of the LYR/F domain also abolished any association of ACP
with Cl (Angerer et al., 2014).

To further investigate the link between ACP and B22,
we characterised T-DNA insertional knockdown lines for
mitochondrial ACPs. Arabidopsis encodes for three SDAP
(SDAP1, SDAP2 and SDAP3) (Meyer et al., 2007), analysis
of mitochondria isolated from single and double mutant
variants showed that only the knockdown lines containing
sdap1 exhibited a Cl defect, in agreement with our interac-
tion studies. We also observed a 450 kDa assembly inter-
mediate in mitochondria isolated from sdap? and b22
mutants suggesting that the assembly of the membrane
arm domain submodule was compromised (Figure 5b). A
similar defect has been observed in mutants of a mito-
chonderial acyl carrier protein from Neurospora crassa (acp-
1), where deletion of acp-1 affects the assembly of the
membrane arm of Cl and also leads to a loss of peripheral
arm subunits (Schneider et al., 1995). However, it is note-
worthy that the SDAP1 mutation had a more pronounced
impact on Cl levels than the B22 mutation (Figure 5a). This
suggests that whilst both proteins interact and contribute
to Cl biogenesis, SDAP1 may also interact with other CI
LYR domain-containing proteins.

Here, we show that in Arabidopsis, the Cl subunit B22
and the acyl carrier protein SDAP1, interact via the LYR
domain, to maintain Cl abundance and activity. We have
identified a likely assembly intermediate generated upon
deletion of these subunits, and it would be fascinating to
determine if these subunits play a specific role in the
assembly of Cl or in maintaining the stability of an already
assembled CI. Furthermore, the intriguing question
remains as to how acyl modification of the ACP can regu-
late the biogenesis of Cl via B22 which likely acts as an
adapter protein. It would be exciting to propose that the
acylation state of ACP is a regulatory mechanism for

© 2025 The Author(s).
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controlling OXPHOS complexes, allowing for rapid control
of OXPHOS function to respond to mitochondrial homeo-
stasis and energy demands.

MATERIALS AND METHODS
Bioinformatic analysis

Protein sequences for Arabidopsis LYR proteins (SDHAF1,
SDHAF3, MzZM1, FMC1, ISD11, B22, B14, and CIAF1) were
retrieved from The Arabidopsis Information Resource (TAIR).
Sequence alignment was performed using ClustalW, and a logo
map was generated using WebLogo with standard parameters
(Berardini et al., 2015; Crooks et al., 2004; McWilliam et al., 2013).

Cloning and plasmid construction

The protein-encoding sequence of B22 (At4g34700) was amplified
from Arabidopsis Col-0 complementary DNA (cDNA) using gene-
specific primers (Table S1) flanked by Gateway recombination cas-
settes and cloned into pDONR207. Site-directed mutagenesis was
conducted utilising a QuikChange kit (Stratagene) to generate
three variants: B22AR, B22** and B22” with primers specified in
(Table S1). These genes were recombined into various plasmids:
pMDC43 for Agrobacterium tumefaciens-mediated transformation
(Karimi et al., 2002); pGBKCg/pGBKT7 and pGADCg/pGADT7g for
Yeast-2-Hybrid (Y2H) interaction assays (Stellberger et al., 2010);
and pSAT4-DEST-nEYFP-C1 (pE3136), pSAT4-DEST-nEYFP-N1
(pE3134), pSAT5-DEST-cEYFP-C1 (pE3130), and pSAT5-DEST-
cEYFP-N1 (pE3132) for bimolecular fluorescence complementation
(BiFC) assays (Hua et al., 2018).

Plant materials and growth conditions

Col-0 and mutant seeds were surface sterilised with chlorine gas,
germinated on half-strength MS salt medium (¥2 MS) containing
1.5% (w/v) sucrose, and grown under a 16-h photoperiod at
22 + 2°C with a light intensity of 80 pmol quant m~2 sec™" (stan-
dard growth conditions). For soil-based analysis, a mixture of peat
moss, perlite, and vermiculite (3:1:1) was used under the same
growth conditions. Arabidopsis b22 T-DNA insertional lines
(SAIL_1146_B01, SAIL_1240_D04, and SAIL_251_C09) were
acquired from ABRC (Arabidopsis Biological Resource Centre) and
NASC (Nottingham Arabidopsis Seed Centre) and confirmed as
homozygous loss-of-function mutants through antibiotic selection
and PCR using primers listed (Table S1). Loss of function was con-
firmed by quantitative real-time PCR (QRT-PCR) analysis. The lines
were denoted as b22-1 (SAIL_1146_B01), b22-2 (SAIL_1240_D04),
and b22-3 (SAIL_251_C09). Complementation was carried out
using b22-2 and pMDC43-B22, pMDC43-B22"AR, pMDC43-B22°A4,
and pMDC43-B22* constructs (Figure S1c) via Agrobacterium
tumefaciens-mediated transformation as described in (Karimi
et al., 2002). Complemented lines were denoted as b22-2:B22, b22-
2:B22'R, p22-2:B22**4, and b22-2:B22".

Phenotypic analysis

Col-0 and mutant seeds were stratified for 3 days at 4°C in a dark
room to ensure synchronised growth for all phenotypic analysis.
Stage growth analysis and rosette leaf measurements were con-
ducted according to parameters previously described by Boyes
et al. (2001) (n = 18). For root length analysis, seeds were sown on
% MS with either 0 and 1.5% (w/v) sucrose and positioned verti-
cally under standard growth conditions for 10 days (n = 20). Hypo-
cotyl elongation was carried out on %2 MS plates with 1.5% (w/v)

© 2025 The Author(s).
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sucrose and positioned vertically in the dark for 10 days (n > 27).
Roots were photographed and lengths were determined using
ImageJ (Schneider et al., 2012).

Quantitative real-time PCR

RNA was extracted from 14-day-old seedlings using the FavorPrep
Total RNA Purification Mini Kit (Favorgen, Ping Tung, Taiwan)
according to manufacturer’s instructions. cDNA synthesis was car-
ried out using a High-Capacity ¢cDNA Reverse Transcription Kit
(Applied Biosystem, Waltham, MA, USA). Standards for the refer-
ence gene ACTIN2 (AT3g18780) and B22 was amplified using
primers listed in Table S1. QRT-PCR was carried out in a LightCycler
480 (Roche, Basel, Switzerland) using SYBR Green master mix
(Roche, BIO-RAD, Hercules, CA, USA). All samples were normalised
using ACTINZ2, and measurements were technically replicated twice
on RNA isolated from two independent seedling populations.

Mitochondrial isolation, gel electrophoresis, and
immunoblotting

Mitochondria were isolated under cold conditions from 14-day-old
seedlings grown in sterilised pots containing % MS liquid medium
under standard growth conditions with agitation at 200 rpm as
previously described (Murcha & Whelan, 2015).

Blue Native PolyAcrylamide-Gel Electrophoresis (BN-PAGE)
was carried out using 30 pg of isolated mitochondria, solubilised
in 5% (w/v) digitonin and resolved using precast NativePAGE
4-16% Bis-Tris gels (Invitrogen) (Eubel et al., 2005). Cl in-gel activ-
ity staining was carried out as previously described (Schertl &
Braun, 2015). Quantification of gel bands was carried out using
ImageJ (Schneider et al., 2012) (n = 3).

Proteins were separated on 12% (w/v) SDS-PAGE denaturing
gels and transferred to a polyvinylidene fluoride (PVDF) mem-
brane. Immunodetection was carried out using antibodies raised
against NDUFS4 (Meyer et al., 2009), 75 kDa (PhytoAb, USA), CA2
(Perales et al., 2005), CAL2 (Fromm et al., 2016), B14.7 (Wang
et al., 2012), SDH-1 (Peters et al., 2012), RISP (Carrie et al., 2010),
COX2 (AGRISERA), and ATP-p (AGRISERA).

Activity assays

All enzymatic assays were performed at 25°C using a spectropho-
tometer (SPECTROstarNano).

Cl (Deamino-NADH:Q reductase) specific activity was mea-
sured by a reaction solution comprising Tris—HCI (50 mwm, pH 7.2),
NaCl (50 mm), FeCN (1 mm), and deamino-NADH (0.2 mm). The
decrease in Ay was recorded after introducing 10 ug of mito-
chondrial protein into a 1 ml reaction solution. Specific activity
was calculated using an extinction coefficient of 1.03 mm~' cm™"
for FeCN at 420 nm (Huang et al., 2015) (n = 3).

ClI (Ubiquinol-cytochrome ¢ reductase) specific activity was
measured by a reaction solution comprising Tris-HCI (50 mm, pH
7.4), NaN3 (4 mwm), decyl-ubiquinol (0.05 mm), and cytochrome ¢
(0.05 mm). The increase of Asgo was recorded after introducing 10 pg
of mitochondrial protein into a 1 ml reaction solution. Specific activ-
ity was calculated using an extinction coefficient of 19.6 mm~" cm™"
for cytochrome cat 550 nm (Luo et al., 2008) (n = 3).

CV (ATP synthase) specific activity was measured by a reac-
tion solution comprising TES-KOH (10 mm, pH 7.2), NaCl (10 mw),
MgSO, (2 mwm), bovine serum albumin (0.1% w/v), lactate dehydro-
genase (2 units), pyruvate kinase (4 units), KCN (1 mm), NADH
(0.2 mm), n-propyl-gallate (50 mm), carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone (5 mm), ATP (1.5 mm), and
50 ug isolated mitochondria subjected to three freeze/thaw cycles
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in liquid nitrogen. The increase of Az was recorded after intro-
ducing 5 pl of phospho-enol pyruvate (1 mm) into a 1 ml reaction
solution. Specific activity was calculated using an extinction coef-
ficient of 6220 mm~'em™" for NADH at 340 nm (Catterall & Peder-
sen, 1971) (n = 3).

Activity assays were conducted on mitochondria isolated
from three independent seedling populations and protein concen-
trations for each individual sample were quantified using a Brad-
ford assay (Bradford, 1976).

Yeast-2-hybrid interaction assays

Bait constructs (cg-pGBK or n-pGBK) (Stellberger et al., 2010) for
B22, along with positive and negative control genes p53 and LAM
were transformed into Y187 yeast. Prey constructs (cg-pGAD or n-
pGAD) (Stellberger et al., 2010) containing the control gene SV40,
Cl subunits, including B8, CAL2, CA3, 75 kDa, 23 kDa, PSST, B13,
13 kDa, P1, MNLL (lvanova et al., 2019), SDAP1, and SDAP2, as
well as ISC subunits ISU1, HSCB, HSP23.5, and HSP23.6 (Li
et al., 2022) were transformed into AH109 vyeast using the
PEG/LiAc and DMSO enhanced heat shock method (Gietz &
Schiestl, 2007). Selection of transformants was carried out on syn-
thetic defined media (SD): SD—Trp for bait constructs and SD—Leu
for prey constructs.

Matings were carried out in 96-well plates using yeast extract
peptone dextrose (YPD) liquid medium, following the Matchmaker
GAL4 Two-Hybrid System guidelines (Clontech). Mated yeasts
were plated on SD-Leu—Trp Double Drop Out (DDO) and
SD-Leu-Trp—Ade—His Quadruple Drop Out (QDO) media.

Successfully mated diploid strains were identified after
5 days at 30°C on DDO media, whilst positive protein-protein
interaction strains were identified by growth on QDO media.
Positive interaction was observed only with B22-cpGBK and
SDAP1-npGAD. Variants of B22 were generated by site-directed
mutagenesis (B22"A%, B22**4 B22*) and the mating repeated. The
diploid strains were serially diluted in sterile water and plated
onto DDO and QDO media.

Bimolecular fluorescence complementation assays

BiFC assays were carried out to confirm the Y2H interactions using
transiently transformed protoplasts isolated from 3- to 4-weeks-
old Arabidopsis rosette leaves, following the method previously
described (Wu et al., 2009). Arabidopsis rosette leaves were sand-
wiched with tape to remove the lower epidermis layer and then
incubated in a freshly prepared enzyme solution (0.5% w/v cellu-
lase, 0.25% w/v pectolyase, 0.1% w/v BSA, 0.4 m mannitol, 20 mm
KCI, 20 mm MES pH 5.7, 10 mm CaCl,, sterilised by heating at 55°C
for 10 min) for 1 h at 40 rpm under light. Protoplasts were har-
vested by centrifugation at 70 g 4°C for 2 min, washed twice with
chilled W5 solution (154 mm NaCl, 125 mm CaCl,, 5 mm KCI, 5 mm
glucose, 2 mm MES pH 5.7, sterilised by autoclaving), and incu-
bated on ice for 30 min in the dark. Protoplast concentration was
adjusted to approximately 2 x 10° cells mI~" in MMG solution
(0.4 m mannitol, 15 mm MgCl,, 5 mm glucose, 4 mm MES pH 5.7,
sterilised through a 0.45 um syringe filter). Transformation was
achieved by adding 10 ul of plasmid (1 pg pl™") and 110 pl of
freshly prepared sterile polyethylene glycol (PEG) solution (40%
w/v PEG, 0.1 m CaCl,, 0.2 m mannitol) to 300 ul of protoplasts, and
incubated for 5 min at room temperature. The transformed mix-
ture was washed twice with 440 ul of W5 solution (centrifuged at
70 g for 2 min) and resuspended in 300 pul of W5 solution and
incubated overnight in the dark. AOX-RFP was used as a mito-
chondrial marker to identify cells that had successfully undergone
transformation.

Fluorescence was visualised using an Olympus BX61 micro-
scope with excitation/emission wavelengths of 510-535 nm for an
enhanced yellow fluorescent protein.

Protein structural prediction

The putative structures for B22, B22AR, B22**A and B22* and
their putative interaction with SDAP1 were predicted using
AlphaFold-3, AlphaFold-2 multimer (AF2-MM), and ChAi-1 (Boi-
treaud et al., 2024; Evans et al., 2022; Jumper et al., 2021). Chi-
meraX was used to analyse, visualise and annotate the predicted
structures, and Blender was used to render the final images
(Hess, 2010; Meng et al., 2023).

Statistical analysis

All statistical analyses were carried out by the student’s t-test with
biological replicates as indicated in figure legends (*P < 0.05;
**P < 0.01).
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Sequence data of genes mentioned in this article can be
found in The Arabidopsis Information Resource (TAIR) web-
site (Berardini et al., 2015) under the following accession
numbers: At1g76060 (CIAF1), At3g12260 (B14), At4g34700
(B22), Atbg61220 (ISD11), Atbg51960 (FMC1), At3g62810
(MZM1), At3g19508 (SDHAF3), At2g39725 (SDHAF1),
At3g18780 (Actin2), At2g42210 (B14.7), At5g13430 (RISP),
At5g66760 (SDH1.1), At5g08670 (ATP-f), At3g48680 (CAL2),
At1g47260 (CA2), At5g67590 (NDUFS4), Atg11770 (PSST),
At3g03070 (13 kDa), At1g67350 (P1), At4g16450 (MNLL),
At5g47890 (B8), At1g16700 (23 kDa), At5g52840 (B13),
At4g22220 (ISU1), At5g06410 (HSCB), At5g51440 (HSP23.5),
At4g25200 (HSP23.6), At1g65290 (SDAP1, mtACP1),
At2g44620 (SDAP2, mtACP2), At5g47630 (SDAP3, mtACP3),
At5g37510 (75 kDa), and AtMg00160 (Cox2).
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Figure S1. Characterisation of b22 T-DNA insertional lines. (a)
Gene model highlighting insertions of SAIL_1146 (b22-1) and
SAIL_1240 (b22-2) in B22 (At4g34700). (b) Transcript analysis of
B22 in knockdowns relative to Col-0 determined by quantitative
real-time PCR (qRT-PCR). (c) Protein models of B22 with generated
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mutants: B22"AR, B22*, and B22" that was used in generating
complementation lines. (d) RNA expression of b22 in knockdowns
and complementation lines relative to Col-0 determined by qRT-
PCR. Data represents mean + SE (oA?); *P<0.05; **P < 0.01
(determined by Student’s t-test, n = 2).

Figure S2. Phenotypic analysis of b22 mutants. (a) Growth stage
analysis of b22 mutants in comparison to Col-0: The development
stages are defined as 0.1 = seed imbibition; 0.5 = radical emer-
gence; 0.7 = hypocotyl and cotyledon emergence; 1.0 = fully open
cotyledons; 1+ 0.01n = “n’ rosette leaves larger than 1 mm. Scale
bar = 2 mm. (b) Relative rosette lengths of b22 mutants in com-
parison to Col-0: The longest rosette leaf of each plant was
marked after 17 days of sowing and measured every 2-3 days
(n=18). Scale bar = 2 cm. (c) Root length analysis of 10-day-old
b22 mutants and Col-0 grown in 0 and 1.5% (w/v) sucrose media
(n = 20). Scale bar = 1 cm. (d) Hypocotyl elongation of 10-day-old
b22 mutants and Col-0 grown on 1.5% (w/v) sucrose media in the
dark (n>27). Scale bar=0.5cm. Data represents mean + S.E
(o?); *P < 0.05; **P < 0.001 (determined by Student’s t-test).
Figure S3. Bimolecular fluorescence complementation (BiFC)
assays of interaction between known interacting partners, Tim17
and Tim23 (Wang et al., 2012), used as positive control for BiFC
assays (Figure 3b). Arabidopsis mesophyll protoplasts were trans-
fected with constructs encoding either the C-terminal or N-termi-
nal half of yellow fluorescent protein (cYFP/nYFP). Scale
bar = 20 pm.

Figure S4. Predicted tertiary protein structures of B22 and SDAP1
using AF2-MM (Evans et al., 2022). (a) Predicted structure of B22's
interaction with SDAP1 through the LYR domain and the mutated
LAR/AAA. Hydrogen bonds (H-N) are represented using dotted
lines. (b) Predicted structure of B22's interaction with SDAP1 in
the downstream F region and the mutated F — A region.

Figure S5. Predicted tertiary protein structures of B22 and SDAP1
using ChAi-1 (Boitreaud et al., 2024). (a) Predicted structure of
B22's interaction with SDAP1 through the LYR domain and the
mutated LAR/AAA. Hydrogen bonds (H-N) are represented using
dotted lines. (b) Predicted structure of B22's interaction with
SDAP1 in the downstream F region and the mutated F - A
region.

Figure S6. Predicted average errors (PAE) for SDAP1:B22, SDAP1:
B22'AR SDAP1:B22**4, and SDAP1:B22”. (a—c) The plots display a
heatmap of PAE for structures predicted by AlphaFold-3, AF2-MM,
and ChAi-1, respectively. The white dotted lines highlight the
interacting region of B22 and SDAP1 that contain pseudo-bonds
(>3 A), as shown in (a).

Figure S7. Relative transcript abundance and phenotypes of b22-3
mutant. (a) Transcript levels of B22 gene in 7-days-old WT and
b22-3 seedlings. Relative transcript expression was normalised to
the nuclear ACT (ACTIN) gene and the B22 line was not plotted as
the transcript level was not detectable (ND). Therefore, the cycle
threshold (CT) value for this data was taken as 0 for the statistical
test. Data represents mean + SE (o//?); **P < 0.01 (determined by
Student’s t-test, n = 3). (b) Phenotypes of Col-0 and b22-3 plants
on day 11 after imbibition. (c) Blue Native PolyAcrylamide-Gel
Electrophoresis (BN-PAGE) and immunoblotting were conducted
on mitochondria isolated from Col-0 and b22-3. Mitochondrial pro-
teins were separated in non-denaturing conditions using BN-
PAGE and subsequently, transferred onto a PVDF membrane. The
proteins were then subjected to Coomassie staining (left), fol-
lowed by incubation with anti-CA2 antibodies (right).

Table S1. Primers used in this study.

Table S2. Sequences used for multiple sequence alignment
(Figure 1b).

© 2025 The Author(s).
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