Plant Communications ¢ CellPress

Research article Partner Journal
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ABSTRACT

The cytochrome bgs (Cyt bg) complex is a multisubunit protein complex in chloroplast thylakoid
membranes required for photosynthetic electron transport. Here we report the isolation and character-
ization of the new tiny albino 1 (ntal) mutant in Arabidopsis, which has severe defects in Cyt bg
accumulation and chloroplast development. Gene cloning revealed that the nta’ phenotype was caused
by disruption of a single nuclear gene, NTA1, which encodes an integral thylakoid membrane protein
conserved across green algae and plants. Overexpression of NTA1 completely rescued the nta1 pheno-
type, and knockout of NTA1 in wild-type plants recapitulated the mutant phenotype. Loss of NTA71 func-
tion severely impaired the accumulation of multiprotein complexes related to photosynthesis in thylakoid
membranes, particularly the components of Cyt bgr. NTA1 was shown to directly interact with four sub-
units (Cyt bg/PetB, PetD, PetG, and PetN) of Cyt bg; through the DUF1279 domain and C-terminal
sequence to mediate their assembly. Taken together, our results identify NTA1 as a new and key regu-
lator of chloroplast development that plays essential roles in assembly of the Cyt bg; complex by inter-
acting with multiple Cyt bgs subunits.
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INTRODUCTION determinant of the rate of electron transport (Yamori et al.,
2011; Malone et al., 2021).

Plant photosynthesis takes place in two major phases: light-

dependent and light-independent reactions. Light-dependent re- Cyt ber is a multisubunit pigment-protein complex that contains

actions involve the capture of solar energy by thylakoid  one molecule of chlorophyll a and one molecule of B-carotene.

membrane-localized pigment-protein complexes and coupled Gyt b occupies an electrochemically central position in the linear

electron transfer reactions, through which the captured light en- electron transport chain responsible for electron transport and

ergy is converted to chemical energy in the form of ATP and  gnergy transduction between PSII and PSI (Cramer et al., 2006;
NADPH (Allen, 2002; Blankenship, 2014). The photosynthetic

electron transfer chain is made up of photosystem Il (PSlI), the
cytochrome ber complex (Cyt bey), photosystem | (PSI), and the Published by the Plant Communications Shanghai Editorial Office in

electron carriers plastoquinone and plastocyanin (Joliot and association with Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and
Johnson, 2011). The activity of the Cyt bg; complex is a key CEMPS, CAS.
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Joliot and Johnson, 2011; Malone et al., 2021). Cyt bgr is also
involved in cyclic electron transport around PSI, in which
electrons can be recycled from either reduced ferredoxin or
NADPH to plastoquinone and subsequently to Cyt bgto drive for-
mation of ATP, providing it to the Calvin cycle (Joliot et al., 2006;
Dumas et al., 2016; Buchert et al., 2020). Apart from its significant
role in electron transport, Cyt bgr also participates in regulating
the processes of state transition, redox regulation, and
photoprotection (Bellafiore et al., 2005; Dumas et al., 2017;
Buchert et al., 2022). In addition, an increase in Cyt bgf activity
can improve the efficiency of photosynthesis and stimulate
plant growth (Simkin et al., 2017; Ermakova et al., 2019).

The resolved crystal structure of Cyt bgs reveals a highly
conserved organization and a dimer structure in the native
form, which is the functional form of Cyt bgr and can be converted
into a monomer with detergents (Kurisu et al., 2003; Zhang and
Cramer, 2004; Baniulis et al., 2008; Malone et al., 2019). The
monomeric complex comprises four large subunits
(cytochrome f [Cyt f], cytochrome bg [Cyt bgl, the Rieske-FeS
protein [PetC], and PetD) and four small subunits (PetG, PetL,
PetM, and PetN) and binds several co-factors, the heme c of cy-
tochrome f and the newly discovered heme ci’ covalently
attached to Cyt bg in the quinone binding site Qi (Kurisu et al.,
2003; Stroebel et al., 2003). PetC and PetM are encoded by the
nuclear genome, and the others are encoded by plastid genes.

Despite the detailed knowledge about the structure and composi-
tion of the Cyt bgr complex, much less is known about the mech-
anisms of its biogenesis and assembly. The biogenesis of Cyt bgris
a sophisticated process regulated at the transcriptional, transla-
tional, and post-translational levels and requires coordinated
gene expression in the nucleus and chloroplast (Bruce and
Malkin, 1991; Saint-Marcoux et al., 2009; Boulouis et al., 2011;
Wang and Grimm, 2021). In addition to the eight known
subunits, the biogenesis and assembly of the Cyt bgr complex
also requires other co-factors and auxiliary proteins. For example,
several proteins in the co-factor assembly, complex C, subunit B
(PetB) pathway are required for heme binding of Cyt bg in both Ara-
bidopsis and the green algae Chlamydomonas, and their loss-of-
function mutants show severe defects in Cyt bgraccumulation and
growth phenotypes (Lezhneva et al., 2008; Saint-Marcoux et al.,
2009). HIGH CHLOROPHYLL FLUORESCENCE 164 (HCF164),
a thioredoxin-like protein, and HCF222, a DnaJ-like zinc-finger
protein, modulate Cyt bgy levels through their disulfide reductase
activities (Lennartz et al., 2001; Hartings et al., 2017), and the
thylakoid membrane protein DEFECTIVE ACCUMULATION OF
Cyt bgr (DAC) is likely involved in the assembly/stabilization of
Cyt bgr by interacting with the PetD subunit (Xiao et al., 2012).
These nuclear-encoded protein factors therefore have important
roles in Cyt bgsbiogenesis or accumulation, and some are involved
in the assembly of Cyt be;.

Very recently, another nuclear-encoded protein, DE-
ETIOLATION-INDUCED PROTEIN 1 (DEIP1), was reported to
play an important role in the assembly of Cyt bgr components.
The deip1 mutant in Arabidopsis showed a specific loss of Cyt
ber, and the DEIP1 protein interacts with PetA and PetB, two sub-
units of Cyt bgr, and mediates the assembly of intermediates in
Cyt bgr biogenesis (Sandoval-Ibafiez et al., 2022). In this study,
we report the isolation and characterization of the nta7 mutant

NTA1 is required for assembly of the cytochrome bgf complex

and the causal protein NTA1. nta1 was identified from a transfer
DNA (T-DNA) activation tagging-mediated genetic mutant
screen in Arabidopsis and is defective in the same gene locus
as the deip1 mutant, AT2G27290. Similar to deip1, ntal had
severe defects in chloroplast development and plant growth,
including albinism, seedling lethality, and collapse of thylakoid
membranes. Functional characterization indicated that NTA1
localizes in the thylakoid membrane and interacts with four
subunits of Cyt bgr (Cyt bg/PetB, PetD, PetG, and PetN) to
affect their assembly. Our study provides new molecular,
genetic, and biochemical evidence confirming that NTA1/DEIP1
is essential for chloroplast development during the seedling
greening process and for accumulation of multiprotein com-
plexes related to photosynthesis in thylakoid membranes, partic-
ularly Cyt bg. In addition, we demonstrate that the C terminus is
critical for maintaining the normal function of NTA1.

RESULTS

Isolation and characterization of the nta1 mutant

The nta1 mutant was identified from a T-DNA activation tagging-
based genetic mutant screen in Arabidopsis. Activation tagging
usually causes gain-of-function mutations (Weigel et al., 2000);
however, ntal turned out to be a recessive mutant. Mutant
segregation and genotyping by PCR analysis indicated that the
albino ntal phenotype segregated in a recessive way and was
caused by a single nuclear gene (Figure 1A and Supplemental
Figure 1A and 1B). When grown on half-strength Murashige and
Skoog (» MS) medium supplemented with 1% sucrose, the
mutant terminated its growth quickly after germination and
produced only pale-green true leaves (Figure 1B and
Supplemental Figure 1C). After transplant to soil, these
seedlings could not grow further and eventually died,
suggesting that this mutation cannot support photoautotrophic
growth and is seedling lethal. Because some reported albino
mutants, such as sco (Ruppel and Hangarter, 2007) and spd1
(Ruppel et al.,, 2011), can produce green true leaves and
develop into normal adult plants when supplied with higher
concentrations of sucrose (2%-5%) in the growth medium, we
tested whether ntal phenotypes could also be rescued by
higher concentrations of sucrose. On 3% and 5% sucrose, the
mutant indeed grew better and for a longer time (Supplemental
Figure 1D and 1E), but it still did not survive after transfer to
soil, indicating that higher sucrose can improve nta7 growth but
cannot rescue its lethality. To test whether the albino
phenotype of ntal can be corrected by any plant hormones,
we examined its responses to several plant hormones at
different concentrations. None of the tested hormones,
including auxin, gibberellin, brassinolide (the most active form
of brassinosteroid), cytokinin, and 1-aminocyclopropane-1-car-
boxylic acid (a precursor of ethylene), could rescue the mutant
phenotype (Supplemental Figure 1F). All these results suggest
that the ntal mutant is different from any previously known
albino mutants; therefore, we named it new tiny albino 1 (ntat).

Consistent with their albino phenotype, the mutant plants had
significantly lower chlorophyll and carotenoid contents
compared with the wild-type (WT) plants, and the degree
of decrease was correlated with the developmental
stage (Supplemental Figure 2A-2D). The mutants were also
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Figure 1. nta1 mutant phenotypes and cloning of the NTA7 gene.

(A) ntat is a recessive albino mutant that segregates in a 1:3 ratio with wild-type-looking plants. The white arrowheads denote the albino plants
segregated from a T2 generation. The inset on the upper left shows an enlarged image of the nta? mutant. Scale bar, 0.1 cm. Plants were grown on half-
strength MS medium containing 1% sucrose under a 16-h light (100 umol photons m~2 s~")/8-h dark cycle at 22°C.

(B) The nta? mutant grew very slowly on '/, MS + 1% sucrose medium compared with the wild-type Col-0 plants.

(C) Identification of T-DNA insertion sites in the nta7 genome by genome resequencing using the lllumina HiSeq 2500 platform. The colored bars in the
outer circle represent the five chromosomes of Arabidopsis. The dark gray histogram in the inner circle indicates the sequencing depth (0-150x) of the
whole-genome resequencing reads in each 10-kb window. Four T-DNA insertion sites (a, b, ¢, and d) were identified in chromosome 2.

(D) A schematic diagram of the NTA7 gene structure showing the translation initiation codon (ATG), exons (black boxes), introns (black lines between
exons), and 5’ and 3’ UTRs (white boxes). One of the T-DNA insertions (d) was inserted in the second intron of the NTA71 (AT2G27290) gene, which caused
the nta phenotype. NTA7-S1 and NTA7-N1 indicate the two sequences mutated by CRISPR-Cas9, and NTA7-WT shows the wild-type NTA7 sequences
selected for CRISPR targeting. The three-letter protospacer adjacent motif is highlighted in blue. P1 and P2 show the primer positions used for NTA1

(AT2G27290) gene expression analysis in NTA7-related mutants (Supplemental Figures 3B and 4B).

(E) Phenotypes of two representative nta7 lines complemented by overexpression of AT2G27290 (Com1 and Com2).

(F) Phenotypes of NTA7-S1 and NTA71-N1 mutants generated by CRISPR-Cas9. The targeting sequences in the NTA7-S7 and NTA7-N1 plants are shown
in (D). The deleted nucleotide is shown as a solid dash mark, and the inserted nucleotide is displayed with a red capital letter.

demonstrated to be photosynthetically defective (Supplemental
Table 1 and Supplemental Figure 2E). The ratio of variable to
maximum fluorescence, Fv/Fm, an indicator of the maximum
quantum vyield of PSIl, was reduced to 0.404 in ntal from the
WT value of 0.775. The effective quantum yield of PSII (®PSlIl)
was reduced to 0.0363 in nta’ from 0.467 in WT. In addition,
the photochemical quenching (gP) dropped to nearly zero in
ntat, indicating that the electrons from PSIl accumulated in the
plastoquinone pool and could not be immediately transported
via the electron transport chain. A clear difference was also
observed in the quantum yield of non-regulated non-photochem-
ical energy loss in PSII (Y(NO)). The Y(NO) value in WT was 0.306,
whereas it was more than doubled in nta7 (0.809). Thus, nta7 is
severely disturbed in photosynthetic activity, and most of the en-
ergy absorbed is lost in an uncontrolled manner in ntaf.

NTA1 gene cloning, nta1 phenotype complementation,
and recapitulation

To identify the gene that caused the nta7 phenotype, both whole-
genome resequencing and adapter ligation-mediated PCR clon-
ing (O’Malley et al., 2007) were performed in ntai. A total of four

T-DNA insertions in the nta’ genome were identified and were all
located on chromosome 2, with two in the intergenic region, one
in the second exon of the AT2G23980 gene, and one in the last
intron of the AT2G27290 gene (Figure 1C and 1D and
Supplemental Figure 3). Because a previous study reported
that mutants of AT2G23980 have no growth phenotypes (Gao
et al.,, 2012), we focused our attention on AT2G27290.
Expression of AT2G27290 was barely detectable at both the
RNA and protein levels in the ntal mutant (Supplemental
Figure 4B and 4D). In GenBank, AT2G27290 was annotated as
encoding a chloroplast-localized uncharacterized protein. All
these data and information suggest that AT2G27290 is likely to
be the gene that causes the nta? phenotype.

To confirm that AT2G27290 is the causal gene of the nta’ mutant
phenotype, we first performed nta7 phenotype complementation.
The expression of AT2G27290 in nta1 completely rescued its al-
bino phenotype and other associated abnormalities, including
dwarfism and lethality (Figure 1E and Supplemental Figure 4A).
Consistent with the restored phenotype, the chlorophyll and
carotenoid contents of the complementation lines were also
recovered to WT levels (Supplemental Figure 2A-2D). All these
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results suggest that AT2G27290 is the gene that causes the nta
phenotype.

To further confirm that AT2G27290 is the NTA1 gene, we per-
formed phenotype recapitulation of the ntal mutant by
CRISPR-Cas9 gene editing. Two 19-bp sequences were chosen
as the target sites, one in exon 1 (S site) and the other in exon 2 (N
site) of AT2G27290 (Figure 1D). Two homozygous lines, NTA71-S1
and NTA1-N1, corresponding to the two target sites, showed the
same albino phenotype as the original nta? mutant, with tiny and
albino rosettes, suggesting that the nta? phenotype was suc-
cessfully copied by disrupting the AT2G27290 gene (Figure 1D
and 1F and Supplemental Figure 4E). The ntal mutant
complementation and recapitulation experiments thus
confirmed that AT2G27290 is the NTA1 gene whose mutation
causes the ntal mutant phenotype.

Characterization of the NTA1 protein

The NTA1 protein is made of 201 amino acids with a chloroplast
transit peptide (cTP) at the N terminus (amino acids 1-39) and an
uncharacterized domain, DUF1279 (amino acids 104-184)
(Figure 3A). Amino acid sequence analysis revealed that NTA1
orthologs are widespread in green algae and lower and higher
plant species (Supplemental Figure 5A). Domain analysis
revealed that all putative NTA1 orthologs contain a highly
conserved DUF1279 domain (Supplemental Figure 5B). Thus,
the NTA1-homologous gene family may have been conserved
during evolution from ancestral green algae to higher plants.

NTA1 protein accumulates in all tested tissues, with the highest
levels in leaves (Supplemental Figure 5C). The NTA1 level
decreased markedly when the seedlings entered the
senescence stage (10 weeks of age) (Supplemental Figure 5D).
In addition, the level of NTA1 increased during the process of
light-induced seedling greening, consistent with changes in the
levels of the reference proteins Cyt bgs subunit Cyt f, PSII
protein OEC33, and light-harvesting chlorophyll a/b binding
protein  complex (LHC) subunit Lhcb1 involved in
photosynthesis (Supplemental Figure 5E). In conclusion, NTA1
accumulates in all photosynthetic tissues and is induced by
light during seedling greening.

NTAT1 is crucial for chloroplast development during the
seedling greening process

We next investigated whether the chloroplasts were develop-
mentally malformed in NTA7-related mutants. Detailed micro-
scopy observations showed that the cotyledon cells of 10-day-
old nta’ and NTA7-S1 mutants exhibited chloroplast abnormal-
ities, including reduced chloroplast number, abnormal chloro-
plast structure, and lower intensity of chlorophyll autofluores-
cence, compared with the WT (Figure 2A-2C). To further clarify
whether NTAT7-related mutants had defects in chloroplast
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ultrastructure, chloroplasts from cotyledons of 4-, 7-, and 10-
day-old mutants were observed under a transmission electron
microscope (TEM). In 4-day-old ntal and NTA1-S1 cotyledons,
the chloroplasts had few and abnormal internal membranes,
and the thylakoids were considerably less pigmented; some chlo-
roplasts were broken, and some lacked stacked grana compared
with those of the WT and the complemented Com1 line
(Figure 2D, b and ¢ vs. a and d; Supplemental Figure 6A, d vs.
c). No starch granules were observed in the chloroplasts of the
mutant plants (Figure 2D, b and c vs. a and d; Supplemental
Figure 6A, d vs. c). Similarly, chloroplasts in 7-day-old mutant
plants contained very few thylakoid membrane systems but
were filled with large vesicles and many densely stained globule
structures, similar to plastoglobuli (Figure 2D, f and g vs. e and
h). Strikingly, at the 10-day-old seedling stage, chloroplasts of
nta1 and NTA71-S1 mutants were completely devoid of thylakoids
and more vacuolated (Figure 2D, j and k vs. i and l). Together,
these results demonstrate that NTA1 is essential for the
maintenance of normal chloroplast structure during seedling
development.

Because the mutant shows albinism in cotyledons, which are em-
bryonic tissues, we hypothesized that NTA7 mutations might
affect plastid development or differentiation during certain stages
of embryogenesis. To test this hypothesis, we first examined
developing ovules in immature siliques of the self-fertilizing het-
erozygous ntal and NTA7-S71 mutants. No difference in the
appearance of ovules was observed between the WT and the mu-
tants (Supplemental Figure 6B). Embryo development was further
examined by manually dissecting embryos from these plants at
different developmental stages to visually track embryo
development under a stereomicroscope. From 5 days post-
anthesis to maturity at 17 days post-anthesis, embryos of WT,
ntal, and NTA71-S1 were identical in appearance with respect
to developmental rate, morphology, and color (Supplemental
Figure 6C). Therefore, the chloroplast defects most likely
manifested after embryogenesis.

Next, we examined the chloroplast morphology at different time
points during the 24 h of seedling greening under light
(100 pmol photons m~2 s~ ). First, in the dark, the etioplasts of
homozygous mutants showed no differences from the WT and
Com1 chloroplasts in either the prolamellar bodies or the plastid
structures (Supplemental Figure 7A-7D). In WT and Com1, the
first sign of chloroplast development was detected after 4 h of
illumination, when the prolamellar bodies start to disappear
and the first batch of thylakoid membranes are formed
(Supplemental Figure 7E and 7H). A similar pattern of
chloroplast development was observed in 4-h-illuminated
mutants (Supplemental Figure 7F and 7G). After 9 and 13 h of
illumination, the chloroplasts of all plants were already fully
developed, and the basic internal thylakoid membranes and
grana stacks were formed (Supplemental Figure 71-7P).

Figure 2. Effects of NTA1 mutations on chloroplast development.

(A-C) Protoplasts isolated from the cotyledons of 10-day-old wild-type (A), nta? (B), and NTA7-S1 (C) plants observed under a confocal microscope.
Chloroplasts are shown by the chlorophyll autofluorescence. Two representative types of chloroplasts with different distributions are shown (top and

bottom images). Scale bars, 20 um.

(D) Ultrastructure of chloroplasts in cotyledons of 4-day-old (a-d), 7-day-old (e-h), and 10-day-old (i-l) wild type (Col-0), nta?, NTA71-S1, and comple-
mentation line (Com1). St, starch granule; TK, thylakoid; Vc, vesicle; PG, plastoglobule. Scale bars, 500 nm.
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However, after 24 h of illumination, chloroplasts in the mutants
displayed less evolved thylakoid membranes that lacked grana
structures and starch granules compared with those of WT and
complemented Com1 plants (Supplemental Figure 7R and 7S
vs. 7Q and 7T). Collectively, these studies confirm that NTA7
mutations affect chloroplast development during the seedling
greening process.

NTAT1 is a chloroplast thylakoid transmembrane protein
with its C terminus facing the stroma

To understand the function of NTA1 in chloroplast development,
we first determined the subcellular localization of this protein.
Analysis with the web-based program CHLOROP1.1 suggested
that the NTA1 protein localizes in the chloroplast (Supplemental
Figure 8A). By expressing yellow fluorescent protein (YFP)-
tagged NTA1 (NTA1-YFP) in Arabidopsis protoplasts and
tobacco leaves, we found that the NTA1-YFP fluorescence over-
lapped completely with the autofluorescence signal of chloro-
phylls (Figure 3B and Supplemental Figure 8D), indicating that
NTA1 is localized in chloroplasts. Furthermore, the chloroplast
localization of NTA1 was dependent on its N-terminal sequence
(1-39 aa), predicted to be the cTP. Full-length NTA1 and the
cTP alone can directly target to chloroplasts, whereas NTA1
without the cTP (AcTP) aggregated in the cytoplasm (Figure 3B).

To further determine the sublocalization of NTA1 within the chlo-
roplast, chloroplasts were fractionated into soluble (stromal) and
membrane (thylakoid) fractions. Figure 3C shows that NTA1 co-
localized with the thylakoids, consistent with a previous study
of the thylakoid proteome in which peptides corresponding to
NTA1 were detected only in the thylakoids of chloroplasts
(Peltier et al., 2004). As a comparison, the Rubisco large
subunit RBCL was exclusively located in the stromal fractions,
whereas the PSIl subunit OEC33 and the light-harvesting
chlorophyll A/B binding protein Lhcb1 were detected only in the
thylakoid fractions. However, ferredoxin NADP™* oxidoreductase
(FNR) was detected in both the stromal fractions and the thyla-
koid membranes.

To verify whether NTA1 is a thylakoid transmembrane protein,
purified thylakoids from WT plants were treated with NaCl,
CaCl,, or Na,COj3. As shown in Figure 3E, NTA1 could not be
extracted from thylakoid membranes incubated with any of
these salts, similar to the thylakoid integral protein CP47.
However, the peripherally associated luminal protein OEC33
could be extracted from the membrane. These results clearly
indicate that NTA1 is an integral thylakoid membrane protein.
Analysis with Membranome software (Lomize et al., 2017) also
suggests that NTA1 is a transmembrane bitopic protein
(Supplemental Figure 8B).

To determine the topology of NTA1 in thylakoid membranes, iso-
lated thylakoid membranes from WT and nta7-complementation
plants were treated with the protease thermolysin, followed by
immunoblotting with an NTA1-specific antibody raised against
the C-terminal portion of NTA1 (14 amino acids; Supplemental
Figure 8C). It was anticipated that if the NTA1 protein could be
detected in the thylakoid after thermolysin treatment, the
C-terminal region of NTA1 must be located on the lumenal side
of the membrane as shown in Figure 3F; otherwise, the

NTA1 is required for assembly of the cytochrome bgf complex

topology would be opposite, as indicated in Figure 3G. The
results showed that NTA1 was cleaved and undetectable in
thylakoid membranes in the presence of thermolysin (Figure 3D
and Supplemental Figure 8E). In comparison, the stromal-
exposed thylakoid protein PsaD was clearly cleaved, whereas
the luminal protein OEC33 was unaffected. Together, these
results strongly suggest that the C terminus of NTA1 faces the
chloroplast stromal side, as illustrated in Figure 3G.

NTA1 is required for accumulation of the Cyt bgs complex

To further understand the function of NTA1, we examined the
effect of NTA1 deficiency on transcription of genes encoding
key chloroplast proteins. The expression of plastidic genes is
dependent on the activity of two RNA polymerases, plastid-
encoded RNA polymerase and nucleus-encoded RNA
polymerase (Hedtke et al., 1997; Sakamoto et al., 2008).
Transcript levels of representative plastid-encoded RNA
polymerase and nucleus-encoded RNA polymerase genes
showed no noticeable differences between the WT and the
mutant, except for RNA polymerase B subunit (RPOB), whose
expression was slightly higher in 4-day-old mutants
(Supplemental Figures 9A and 9B). Moreover, there were no
differences in the accumulation of chloroplast and cytosolic
rRNAs (Supplemental Figure 9C). Hence, NTA7 mutation
appears to have no effect on the transcription of genes
encoding the major chloroplast proteins.

We next investigated the influence of NTA1 on the accumulation
of chloroplast proteins. To obtain a global and quantitative view of
proteins that were altered in NTA7-related mutants, a compara-
tive proteomic analysis was performed. Four hundred forty-eight
differentially expressed proteins were detected in nta? and 543 in
NTA1-S1, with a fold change of at least 1.5. Among the differen-
tially expressed proteins (P < 0.05), 88 were upregulated and 118
were downregulated in both mutants (Supplemental Figure 10A
and Supplemental Data 1). Most of the upregulated proteins are
localized to the membrane or extracellular region and are
stress-related or transport proteins (Supplemental Figure 10B
and 10C and Supplemental Data 1). By contrast, 89 of 118
downregulated proteins were localized to chloroplasts, and the
majority (68 of 89) were thylakoid membrane proteins involved
in photosynthesis (Supplemental Figure 10D-10L and
Supplemental Data 1). These results indicate that loss of NTA1
had a strong effect on the accumulation of photosynthetic
thylakoid membrane proteins.

The protein profiles of nta1l and NTA7-S1 showed a significant
reduction in the large subunit of Rubisco based on Coomassie
brilliant blue staining (Supplemental Figure 9D-9E). Immunoblot
analyses further confirmed that most of the tested thylakoid
membrane proteins involved in photosynthesis (e.g., PSI, PSII,
and Cyt bgr subunits) were nearly undetectable in 10-day-old
ntal and NTA7-S1 mutants (Figure 4A), in which the
chloroplasts were completely devoid of thylakoids (Figure 2D).
By contrast, proteins located in other regions of the
chloroplasts were present at comparable levels in WT and
mutant plants (Figure 4A). Because the TEM results showed
that chloroplasts of 4-day-old mutant plants contained
some thylakoids (Figure 2D), we next examined which
photosynthetic complex was most affected by the NTA7
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Figure 3. Subcellular localization and topology of the NTA1 protein.

(A) Domain organization of NTA1 protein in Arabidopsis. The chloroplast transit peptide (cTP) and DUF1279 domain are shown in light-green and orange
boxes, respectively. aa, amino acid.

(B) Subcellular localization of YFP-tagged full-length NTA1 (NTA1:YFP), NTA1 lacking the transit peptide (NTA1AcTP:YFP), transit peptide (cTP:YFP), and
YFP alone (YFP) in protoplasts made from the corresponding transgenic plants. YFP fluorescence (YFP), chlorophyll autofluorescence (chlorophyll),
bright-field, and merged images are shown. Scale bars, 20 um.

(C) NTA1 localizes to the thylakoid fraction. Immunoblots of total protein (total) and protein fractions isolated from chloroplasts, stroma, and thylakoids of
wild-type (Col-0) plants were analyzed with antibodies against NTA1, OEC33 (thylakoid marker, luminal protein of PSIl), Lhcb1 (thylakoid marker, integral
membrane protein), RbcL (stroma marker), and FNR (thylakoid and stroma markers).

(D) Thermolysin treatment of thylakoid membranes. Thylakoids of Col-0 plants were treated with thermolysin for 15, 30, and 45 min on ice and then
separated by SDS-PAGE and immunoblotted with anti-OEC33, anti-PsaD, and anti-NTA1 antibodies.

(E) The association of NTA1 with the thylakoid membrane. Wild-type thylakoid membranes were incubated with 1 M NaCl, 1 M CaCl,, and 0.1 M Na,CO3
(pH 11.5) for 30 min on ice. Then the membrane pellet and supernatant (Sup.) were separated by SDS-PAGE and immunoblotted with antibodies against
NTA1, OEC33, and CP47 (a PSII core protein). Untreated thylakoid membranes were used as a control.

(F and G) Two possible topologies of NTA1. Predicted localization of the N terminus in the stroma (F) or lumen (G). The short purple lines next to the red
line indicate the protein region for NTA1 antibody production.

mutations in 4-day-old nta? and NTA7-S1 mutants. The results
indicated that the subunits of Cyt bgr and the PSII core subunits

including the nuclear-encoded PetC, were almost undetectable
at 6 h of illumination in the mutants, whereas levels of D1 and

D1 and CP43 were barely detectable in the mutants (Figure 4B
and 4C), whereas the abundance of other thylakoid membrane
proteins was less affected (Figure 4B vs. 4A). When dark-grown
plants were transferred to the light, levels of Cyt begs subunits,

CP43 of PSIl remained comparable to those of the WT and com-
plemented Com1 plants (Figure 4D). A reduction in D1 and CP43
became evident after 12 h of illumination. Therefore, the
reduction in D1 and CP43 was most likely a secondary effect of
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Figure 4. Analysis of major subunits of multiprotein complexes related to photosynthesis.
(A and B) Immunoblot analyses of chloroplast proteins on the basis of equal total proteins (20 ng) from the cotyledons of 10-day-old (A) or 4-day-old (B)

wild-type, ntal, NTA1-S1, and complementation lines (Com1
antibodies specific for the indicated subunits.

and Comz2). Proteins were separated by SDS-PAGE and analyzed by immunoblotting using

(C) Immunoblot analysis of Cyt bgs subunits of 4-day-old Col-0, nta?, NTA1-S1, and Com1. Total proteins (20 nug per lane) were separated by SDS-PAGE
or SDS-urea—PAGE and analyzed by immunoblotting using antibodies specific for the indicated subunits. The top shows the immunoblot, and the bottom

shows the gel image stained with Coomassie brilliant blue.

(D) Light-induced accumulation of major components of PSI, PSII, and Cyt bgrin the Col-0, nta1, NTA7-S1, and Com1 plants. Seeds were germinated and
grown in the dark for 4 days and then transferred to light (100 pmol photons m~2 s~") and sampled after 6, 9, and 12 h. Total proteins were extracted and
separated by SDS-PAGE, followed by immunoblotting with specific antisera against Cyt f, Cyt bs, PetC, D1, and CP43. Twenty micrograms of protein was

loaded in each lane.

(E) Detection of heme peroxidase activity of Cyt f and Cyt bg by chemiluminescence (heme ECL) and immunodetection.
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NTA1 mutation. We therefore conclude that NTA1 particularly
perturbed the accumulation of Cyt bg;.

To determine whether the significant reduction in abundance of
Cyt ber subunits observed in NTA7-related mutants was due to
reduced gene transcription, transcript levels of Cyt bgs subunits
were measured in 4-day-old and 10-day-old mutant seedlings.
As shown in Supplemental Figure 9F and 9G, transcripts of the
eight Cyt bgr subunits were comparable among the mutants,
WT, and Com1 plants. Hence, reduced accumulation of Cyt
ber components in NTA7-related mutants is not the
consequence of a transcriptional defect. Defects in heme
binding have been reported to result in low accumulation of Cyt
ber (Lennartz et al., 2001; Lezhneva et al., 2008). We therefore
compared the heme-binding ability of Cyt f and Cyt bs in the
WT and the NTA7-S1 mutant by assaying their heme peroxidase
activity. The peroxidase activity of the mutant associated with Cyt
f was about 25%-30% that of the WT, proportional to its relative
protein level in the loaded leaf total proteins, whereas that of Cyt
be could not be detected in the mutant owing to its extremely low
level (~1% of the WT) (Figure 4E). These results suggest that the
heme-binding activity of the remaining Cyt f and Cyt bg
holoproteins was not affected in the mutant.

NTA1 directly interacts with four subunits of Cyt
bgr through its DUF1279 domain and C-terminal region

Next, we assayed whether NTA1 is a component of the Cyt bgs or
functions as an assembly factor to modulate the assembly of Cyt
besrcomponents. To determine whether NTA1 is part of the Cyt bgf
complex, thylakoid membranes were isolated from the WT chlo-
roplasts, solubilized with n-dodecyl-B-D-maltoside (DM), and
then subjected to separation by a continuous sucrose gradient.
After centrifugation, 19 fractions were collected from the gradi-
ents and subjected to immunoblot analysis (Figure 5A). Based
on the migration patterns of protein fractions, the NTA1 protein
did not show co-migration with Cyt bgs or other protein
complexes (Figure 5B). Instead, it was present in a less dense
fraction that contained free LHCs (released from PSI-LHCI or
PSII-LHCII supercomplexes as a consequence of solubilization).
These results suggest that NTA1 is not part of the fully assembled
Cyt bgr complex. However, we cannot rule out the possibility that
NTA1 interacts with certain subunits of Cyt bgsto mediate their as-
sembly. As shown by the sucrose gradient fractionation experi-
ment, the NTA1 protein fraction overlapped with the intermedi-
ates of Cyt bgs (Figure 5B). Therefore, we next tested its
interaction with the eight subunits of Cyt b In yeast two-
hybrid assays, clear interactions were detected between the
mature NTA1 protein (NTA1TM) and the two large subunits
(apocytochrome bg/PetB and PetD) and two small subunits
(PetG and PetN) of Cyt bgs (Figure 5D and Supplemental
Figure 11A and 11B). Because NTAT-related mutants also had
reduced accumulation of other photosynthetic proteins in
thylakoid membranes (Figure 4 and Supplemental Figure 10F-
10L), we next examined the possible association of NTA1 with
selected key subunits of PSI, PSIl, and LHC. The results
showed that NTA1 had no interactions with any of the selected
subunits  (Supplemental Figure 11G-11l). Therefore, we
conclude that NTA1 specifically interacts with Cyt bgs subunits
before they are fully assembled into the complex. To confirm
the interactions of NTA1 with the four subunits of Cyt bg;, a
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semi-in vivo pull-down experiment was performed. Solubilized
thylakoid membranes were incubated with recombinant
maltose-binding protein (MBP)-tagged NTA1M that was immobi-
lized on the amylose resin, and the precipitated proteins were
then eluted and analyzed by immunoblotting. Consistent with
the results of the yeast two-hybrid assays, Cyt bg, PetD, and
PetG were detected in precipitates of MBP-NTA1M but not in sol-
ubilized thylakoid membranes incubated with MBP (Figure 5E)
(here, PetN was not detected because its antibody was not
available). To further investigate these interactions in a plant
system, a co-immunoprecipitation experiment was performed
using 35S:NTA7-Myc transgenic plants. The results showed
that NTA1 indeed interacted with Cyt bg, PetD, and PetG in vivo
(Figure 5F). Taken together, these results suggest that NTA1
has an essential function in the assembly of Cyt bes by directly
interacting with its four subunits.

To determine which part of NTA1 is responsible for its interaction
with the four Cyt bgr subunits, deletion derivatives of NTATM were
generated and tested for interactions with the potential partners
(Figure 5C). As shown in Figure 5D and Supplemental
Figure 11C-11F, the N or C terminus of NTA1M alone failed to
interact with the four subunits of Cyt bg. However, the
N-terminal or C-terminal region combined with the DUF1279
domain could interact with them, indicating that the DUF1279
domain is essential for the interaction. Consistent with this
result, the DUF1279 domain alone was able to interact with all
four interaction partners. In addition, the interactions became
weaker without the C terminus. Therefore, both the DUF1279
domain and the C-terminal region are required for the
interaction of NTA1 with the four subunits of Cyt bg;.

The C terminus of NTA1 is indispensable for its
physiological function in plant development

To further understand the importance of the DUF1279 domain
and C-terminal region to NTA1 function, truncated versions of
NTAT1, including deletion of the C-terminal region (NTA7 4C) or
deletion of both the DUF1279 domain and the C-terminal
region (NTA1 ADUF A4C), were introduced into the NTA71-S1
mutant to determine whether they could rescue the mutant
phenotype (Figure 6A). The results indicated that expression of
these truncated NTA7 genes in NTA71-S1 could not rescue the
mutant phenotype, whereas the full-length NTA7 could
completely rescue the phenotype (Figure 6B). This result
suggests that the C-terminal part of NTA1 is essential for
maintaining its normal functions in chloroplast development.

To test whether the DUF1279 domain and C terminus of NTA1 are
essential for the interactions between NTA1 and Cyt bgr subunits
in vivo and thus affect Cyt bgs formation and chloroplast develop-
ment, we overexpressed the truncated NTA1s in the Col-0 WT
background and examined the phenotypes of 35S:NTA71 4C
and 35S:NTA1 A4DUF A4C transgenic plants. Overexpression of
NTA1 AC resulted in a pale-green phenotype in heterozygous
plants and an albino phenotype in homozygous plants, whereas
we did not observe any abnormal phenotypes from 35S:NTA1
ADUF AC (Figure 6C and 6D). These results suggest that the
DUF1279 domain is essential for the interaction of NTA1 with
Cyt ber subunits, whereas the C-terminal portion is crucial for
NTA1 function.
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DISCUSSION

The biogenesis and assembly of Cyt bgris a complicated process
that must be highly regulated and coordinated with additional
nucleus-encoded factors (Lennartz et al., 2001, 2006; Xiao
et al., 2012; Sandoval-lbanez et al., 2022). However, factors and
mechanisms involved in the assembly of this complex have not
yet been fully unraveled. In this study, we demonstrated the
involvement of NTA1, a thylakoid membrane-localized
protein also named DEIP1 in a recent study (Sandoval-lbanez
et al., 2022), in the biogenesis and assembly of Cyt bgr
Arabidopsis plants deficient in NTA1 are albino and seedling
lethal. Moreover, NTA1 plays a critical role in maintaining
photosynthetic activity and accumulation of major thylakoid
membrane proteins, particularly Cyt bgr. The nta? mutations not
only caused significant reduction in Cyt bgs accumulation but
also reduced the abundance of PSI and PSIl complexes.

PSIl core subunits showed comparable

abundance in NTA7-related mutants and WT
plants (Figure 4D). Therefore, Cyt bgs is the primary complex
affected in the NTA7-related mutants. Because NTA1 does not
co-migrate with PSI and PSIl and has no interaction with
their core subunits (Figure 5B and Supplemental Figure 11G and
11H), we reason that the reduction in PSI and PSII complexes is
likely to be a secondary effect of NTAT mutation caused by
the altered photosynthetic redox control associated with
modified retrograde signaling. The importance of the redox
states of photosynthetic electron transport components (e.g.,
plastoquinone, the Cyt bgs complex, and reactive oxygen
species) as a source of chloroplast signals to the nuclear
compartment has been corroborated and stressed by earlier
studies (Fey et al., 2005; Nott et al., 2006). Therefore, ntal can
be classified as a mutant deficient in Cyt bgr accumulation, and
the changes in stacked thylakoid membranes in chloroplasts of
NTAT-related mutants can be attributed to the loss of Cyt
ber and the accompanying physiological effects.

10 Plant Communications 4, 100509, January 9 2023 © 2022 The Author(s).



NTA1 is required for assembly of the cytochrome bgf complex

A B
1 18 310 o

cTP DUF1279 | |n7a1

[ c1P | [ bur1279 | wma1ac

TP - NTA1 ADUF AC
Cc

35S:NTA1 ACICol

Col-0

+/- +/+ +/+

| R — | NTA1 AC-GFP

| NTA1

The assembly of Cyt bgr subunits has been explored in previous
studies. For example, Wollman (1998) revealed that Cyt bg and
PetD can form a relatively protease-resistant subcomplex that
serves as a template for assembly of Cyt f and PetG (Wollman,
1998). Other subunits such as PetC and PetL then join to form
the functional dimer (Schwenkert et al., 2007). It has been
demonstrated that PetD will become unstable if Cyt bg is
absent, and the synthesis of Cyt f is also greatly reduced when
Cyt bg or PetD is inactivated (Kuras and Wollman, 1994). All
these studies indicate a prerequisite role of Cyt bg and PetD in
assembly of the Cyt bgr complex. Our protein—protein interaction
experiments revealed that NTA1 interacted not only with Cyt
bs and PetD but also with the two small subunits PetG and
PetN of Cyt bg (Figure 5D-5F and Supplemental Figure 11A-
11F), and Sandoval-lbafiez et al. (2022) recently reported that
DEIP1/NTA1 could also interact with PetA (Cyt f) and PetB (Cyt
be) subunits. All these results indicate the important role of
NTA1 in assembly of the Cyt bgs complex. The importance of
the physical interactions of assembly factors with specific
subunits has been demonstrated in the assembly of other photo-
synthetic complexes (Peng et al., 2006; Lu et al., 2011; Xiao et al.,
2012; Bhuiyan et al., 2015; Wittkopp et al., 2018; Zhang et al.,
2018). Our sucrose gradient experiment showed that NTA1
does not co-migrate with the Cyt bgr complex but overlaps with
its assembly intermediates (Figure 5B); thus, it ought to function
before the full assembly of Cyt bgr subunits. Based on protein—
protein interaction and sucrose gradient results, we propose
that NTA1 functions as an assembly factor that mediates the
assembly of Cyt bgs subunits by directly interacting with
multiple subunits. When NTA1 is not available, the subunits Cyt
be, PetD, PetG, and PetN become unstable, and the stability of
other subunits will also be affected. Proteolytic degradation has
been shown to modulate the abundance of Cyt bgs subunits via
degradation of those that remain unassembled. For instance,
an early study on a mutant of Lemna perpusilla observed that
when the Cyt bgss complex is not fully assembled, its subunits
are degraded by proteases (Bruce and Malkin, 1991). Through
later in vitro studies, the major thylakoid membrane protease

35S:NTA1 ADUF ACINTA1-S1
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Figure 6. Transgenic plants expressing trun-
cated versions of NTA1 show abnormal
growth phenotypes.

(A) Schematic of NTA7 gene truncations.

(B) Morphology of the NTA7-S1 mutants trans-
formed with the 35S:NTA14DUF AC, 35S:NTA14C,
or 35S:NTAT1 construct. Overexpression of these
truncated gene fragments could not rescue the
NTA1-S1 mutant phenotype. Scale bars, 0.2 cm.
(C) Western blot analysis of endogenous NTA1 level
in NTA14C-overexpressing plants. Amido black—
stained blot image is shown for the loading control.
(D) Morphology of wild-type (Col-0) plants trans-
formed with the 35S:NTA74C or 35S:NTA14
DUF AC plasmid. An abnormal pale-green pheno-
type was observed in the heterozygous
35S:NTA14C/Col*’~ plants, whereas the homozy-
gous plants (355:NTA714C/Col**) showed an al-
bino phenotype. Scale bars, 0.2 cm.

FtsH was shown to participate in degradation of unassembled
PetC (Ostersetzer and Adam, 1997). Similarly, a recent study in
Chlamydomonas reinhardtii demonstrated that FtsH-dependent
degradation is responsible for loss of the Cyt bss complex under
dark and sulfur-starvation conditions (Malnoé et al., 2014; Wei
et al.,, 2014). These studies indicate that when Cyt bgs is not
fully assembled, its subunits will be degraded by proteases.
Whether loss of NTA1 in NTA7-related mutants will lead to
activation of certain proteases such as FtsH is unknown; thus,
the instability and degradation of Cyt bgr subunits are worthy of
further study.

Very recently, a role for DEIP1/NTA1 in assembly of the Cyt bgs
complex was also reported by Sandoval-lbanez et al. (2022). They
showed that DEIP1/NTA1 mediates the assembly of Cyt bgrsubunits
by physically interacting with the PetA/Cyt f and PetB/Cyt bg
subunits. The reason for the different interaction results in our study
and that of Sandoval-Ibafiez et al. is unclear but may be due to the
different methods used for detection of protein—protein interactions.
We used three different approaches, and no interaction was
observed for NTA1 and Cyt f/PetA. In addition to DEIP1/NTAT1,
several other nuclear-encoded proteins in Arabidopsis, maize,
and a green alga (C. reinhardtii) have been claimed to play a role
in the assembly of Cyt bgr subunits, including DAC, HCF153, and
CPLD49 (Voelker and Barkan, 1995; Lennartz et al., 2006; Xiao
et al., 2012; Wittkopp et al., 2018). Whether these factors work
together to coordinate the assembly of the Cyt bgs complex
awaits clarification by future studies.

Our study revealed that the DUF1279 domain and the C-terminal
part of NTA1 mediate the interaction of NTA1 with Cyt bgr subunits
(Figure 5D and Supplemental Figure 11C-11F). The importance of
these interacting domains was further demonstrated by
transgenic studies. Transgenic plants that expressed a truncated
NTA1 lacking the DUF1279 and C-terminal domains (NTA7T ADUF
AC) or the C terminus alone (NTA71 4C) could not rescue the
NTA1-S1 mutant phenotype (Figure 6B). More interestingly,
overexpression of the NTA1 AC fragment alone in the Col-0 WT
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Figure 7. A hypothetical model of NTA1 function in the assembly of Cyt bgs subunits.

Here we provide a highly simplified outline of the proposed Cyt bgr assembly process, emphasizing the role of NTA1 in mediating the assembly of Cyt
ber by interacting with its four subunits Cyt bg, PetD, PetG, and PetN through the DUF1279 domain and C terminus (with the C terminus facing the stroma).
NTAT1 is believed to interact with these four subunits before they are assembled into a complex; once assembly is complete, NTA1 leaves the bgscomplex
by an unknown mechanism. Without NTA1, these subunits become unstable and will be degraded quickly, resulting in greatly reduced accumulation of

Cyt ber components, as seen in the NTAT-related mutants.

background could induce a pale green (heterozygous) or albino
(homozygous) phenotype (Figure 6D), indicating the essential role
of the C-terminal domain in NTA1 function.

NTA1 is encoded by the same gene (AT2G27290) as the recently
reported DEIP1 protein (Sandoval-lbafnez et al., 2022). The ntat
and deip1 mutants show similar dwarf and albino phenotypes,
and both studies implicated NTA1/DEIP1 in the assembly of the
Cyt bgrcomplex, which further suggests the importance of this pro-
tein. Although both our study and that of Sandoval-lbafez
et al. address the same protein and have reached similar conclu-
sions, there are several major differences between our study and
their work. First, our ntal mutant was identified by a different
approach (T-DNA activation-tagging mutant screen), and we
have provided additional details about the mutant phenotype,
including the defects in chloroplast development and the physio-
logical responses to sucrose and phytohormones. Second,
CRISPR-Cas9 genome-editing technology was used to recapitu-
late the nta1 mutant phenotype, and we raised an NTA1-specific
antibody to study its function. Third, to determine the steps of chlo-
roplast biogenesis in which nta? mutant defects occur, we per-
formed time-course experiments on the chloroplast ultrastructure
by TEM and demonstrated that chloroplasts of NTA7-related mu-
tants begin to display defects during the seedling greening pro-
cess. Fourth, we performed comparative proteomic analyses
among nta1, NTA71-S1, and WT plants to identify global changes
in protein expression caused by the NTAT mutation and found
that loss of NTA1 primarily affects the abundance of photosyn-
thesis-related proteins in thylakoid membranes. Fifth, we per-
formed a thorough detection of NTA1 interactions with all eight
subunits of Cyt bgr and revealed by both in vitro and in vivo studies

(Figure 5D-5F) that NTA1 interacts with the four subunits Cyt bg/
PetB, PetD, PetG, and PetN. Sandoval-lbanez et al. (2022)
tested the interaction of DEIP1/NTA1 with only the four large sub-
units and detected interactions with the PetA and PetB
subunits and a weak interaction with PetD. Finally, we demon-
strated that the DUF1279 and C-terminal domains are required
for the interaction of NTA1 with the four Cyt bgr components, and
the significance of this interaction was confirmed by transgenic
studies using truncated versions of NTA1.

In summary, our results provide more and solid evidence that
NTA1/DEIP1 is a crucial regulator of chloroplast development
and that it functions as an assembly factor for the Cyt bgr complex
in the thylakoid membrane by directly interacting with the four Cyt
ber subunits (Cyt bg, PetD, PetG, and PetN) through its DUF1279
domain and C terminus. Once assembly is complete, NTA1
leaves the Cyt bgr complex by a yet unknown mechanism. Based
on our results, we propose a model for NTA1 function in Cyt bgs
assembly (Figure 7). Future studies should be performed to
elucidate the detailed biochemical mechanisms by which
NTA1/DEIP1 mediates assembly of the Cyt bgs complex.

METHODS

Plant growth and plasmid construction

Arabidopsis thaliana plants were grown in soil or on ', Murashige and
Skoog (MS) medium plates (pH 5.6-5.8) containing 1%, 3%, or 5% su-
crose at 22°C under a 16-h light (100 umol photons m~2 s~ ")/8-h dark cy-
cle. For hormone treatment, seeds were germinated on solid 1/2 MS me-
dium with the indicated concentrations of hormones for 6 days. The ',
MS medium supplemented with corresponding solvents was used as a
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control. The construct used for complementation experiments was
created by cloning the PCR-amplified cDNA of NTAT into the pCanG vec-
tor backbone. To generate the constructs for NTA7 knockout by CRISPR-
Cas9, two 19-bp sequences from the first exon (nucleotide positions 182—
201) and the second exon (nucleotide positions 326-345) of NTA1 were
inserted into the pBGKO1 vector with an AtU6 promoter (Ma et al., 2015;
Wang et al., 2015). To analyze the subcellular localization of the NTA1
protein, full-length and truncated coding sequences of NTA7 were
amplified and cloned into the Gateway binary vector pEG101,
generating the NTA1-YFP, AcTP-YFP, and cTP-YFP fusions. For the con-
struction of 35S:NTA1 A4C and 35S:NTA1 ADUF AC, each truncated NTA1
cDNA was amplified using the full-length NTA7 cDNA as a template. To
generate the transgenic plants for these different NTA7 sequences, all
the resulting constructs were transformed into Arabidopsis Col-0 by the
Agrobacterium-mediated floral dipping method (Clough and Bent,
1998). The primers used for plasmid construction and plant genotyping
are listed in Supplemental Data 2.

NTA1 gene cloning by adapter ligation-mediated PCR

An adapter ligation-mediated PCR was used for NTA7 gene cloning
following the procedure of O’'Malley et al. (2007). The CTAB method
(Voelker and Barkan, 1995) was used to isolate genomic DNA from the
homozygous mutant nta7. Genomic DNA (100 ng) was digested with
Hindlll, EcoRl, or BamHI and then ligated with adapters to create
adapter-flanked templates. The target T-DNA/gDNA junction was exclu-
sively amplified using T-DNA primers (DSKLB1, DSKLB2, and DSKLB3)
and adapters (AP2 and AP4). After amplification, the moiety of the T-
DNA/gDNA junction was sequenced with T-DNA sequencing primers.
The nucleotide sequences of adapters and specific T-DNA primers are
available in Supplemental Data 2.

Measurement of chlorophylls, carotenoids, and chlorophyll
fluorescence

Chlorophylls and carotenoids were measured as described previously
(Lichtenthaler and Wellburn, 1983), with small modifications. Fresh
leaves obtained from 4-, 7-, and 10-day-old Arabidopsis seedlings grown
on /5 MS medium with 1% sucrose were first homogenized in 80% (v/v)
acetone. Absorbance (A) of the final solution was measured at 663, 647,
and 470 nm, and concentrations of total chlorophylls, chlorophyll a, chlo-
rophyll b, and carotenoids were calculated. Chlorophyll fluorescence pa-
rameters were measured with the MAXI version of the Imaging-PAM
M-Series chlorophyll fluorescence system (Heinz-Walz Instruments) as
described previously (Lu, 2011; Jin et al., 2014). Data were analyzed
with Imaging PAM software. Fv/Fm, the ratio of variable to maximum fluo-
rescence for the maximum quantum yield of PSIl, was measured under
dark-adapted conditions and calculated using the equation Fv/Fm =
(Fm — Fg)/Fm, in which Fq is the minimum fluorescence and Fm is the
maximum fluorescence in the dark-adapted state. The effective quantum
yield of PSIl was measured at 100 umol photons m~2 s~ light intensity
and was calculated as ®PSIl = (Fm’ — F')/Fm’, where Fm’ is the maximum
fluorescence at a given actinic light intensity and F’ is the fluorescence at a
given actinic light intensity. The non-photochemical quenching parameter
NPQ was calculated using the following equation: NPQ = (Fm — Fm/)/Fm’.
gP was calculated from the equation P = (Fm’ — Fs)/(Fm’ — Fy'), where Fs
is the steady-state fluorescence. Y(NO) was calculated from the equation
Y(NO) = F//Fm.

Transmission electron microscopy

TEM experiments were performed according to Ruppel et al. (2011) with
small modifications. Leaves of seedlings in different stages were cut
into small pieces and placed into a fixation solution containing 2%
glutaraldehyde solution and 0.1 ml picric acid in 25 mM Sodium
cacodylate buffer (pH 7.2) and fixed overnight at 4°C. The fixed samples
were washed and post-fixed in 2% OsO,4 at room temperature for 2 h.
The samples were then washed, dehydrated, and embedded in soft
Spurr’s resin (Electron Microscopy Sciences). Cotyledon pieces were
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sectioned using an automated ultramicrotome with a diamond knife.
The sections were stained with uranyl acetate solution and lead citrate.
Stained sections were observed and imaged under a Hitachi H7650
TEM (Hitachi High-Technologies) with a MacroFire monochrome CCD
camera (Optronics) operating at 80 kV.

RNA isolation and quantitative RT-PCR assays

Total RNA was isolated from plant tissues using the Total RNA Kit Il (Omega
Bio-Tek), followed by treatment with RNase-free DNase | (Thermo Scientific)
at room temperature for 15 min to remove genomic DNA. One microgram of
treated RNA was used as a template for first-strand cDNA synthesis using a
RevertAid Strand cDNA Synthesis Kit (Thermo Scientific) with oligo(dT) or
random hexamer primers. Quantitative RT-PCR was performed using
SYBR-Green Supermix (Bio-Rad) and the CFX96 Touch real-time PCR
detection system (Bio-Rad). Primer sequences of genes tested in quantita-
tive RT-PCR and RT-PCR are listed in Supplemental Data 2. For RNA gel
electrophoresis, 8 ug of total RNA was denatured by heating at 70°C for
10 min in 47.5% formamide, 0.25 mM EDTA, and 0.0125% SDS and
fractionated on a 1.2% formaldehyde gel.

Protein extraction, immunoblot analysis, and heme staining

Total proteins were isolated from Arabidopsis tissues by pulverizing the
tissues in liquid nitrogen. SDS sample buffer (2x) was added in the ratio
of 2:1 (2 pl of buffer/1 mg of tissue powder) to extract the proteins. The ex-
tracted proteins were then heated at 70°C for 10 min, followed by centri-
fugation at 12 000 g for 10 min. The resulting supernatants were trans-
ferred to a new microfuge tube. Protein concentrations were determined
by the Bradford method using bovine serum albumin (BSA) as the stan-
dard (Bradford, 1976). Extracts were fractionated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) using a minigel
system (Bio-Rad). After electrophoresis, the separated proteins were visu-
alized by Coomassie Birilliant Blue G-250 or transferred electrophoretically
onto a polyvinylidene fluoride membrane (Bio-Rad). After 2 h of blocking
with 1% BSA solution, the membranes were incubated with a primary anti-
body for 3 h and a secondary antibody (horseradish peroxidase IgG [H +
L]) for 1 h at room temperature. Immunodetection was carried out using
the Western Blotting Luminol Reagent (Thermo Scientific). Heme peroxi-
dase activity of Cyt f and Cyt bg on blots was detected using chemilumi-
nescence as previously described (Feissner et al., 2003; Kuras et al.,
2007). Total proteins from shoots of 22-day-old plants (on 1% sucrose
plates) were loaded, and immunolabeled bands were visualized by chem-
iluminescence and autoradiography on X-ray films.

Proteomics analysis

Total proteins were extracted from 14-day-old WT, nta1, and NTA1-S1
seedlings using the phenol extraction method (Yang et al., 2007).
Isobaric tags for relative and absolute quantification (iTRAQ)-based
proteomic analysis, including protein purification, digestion, iTRAQ
labeling, protein identification, and quantification, was performed as
described previously (Yang et al., 2011). Functional classification of
identified proteins was performed on the basis of the bin codes from
MapMan. In silico predictions of protein subcellular localizations were
carried out using TAIR10 software (https://www.arabidopsis.org/).

Chloroplast isolation and stroma and thylakoid fractionation

Isolation and subfractionation of chloroplasts into stroma and thylakoids
were carried out according to Bals and Schinemann (2011) with minor
modifications. Chloroplasts were isolated from leaves of 4-week-old WT
Arabidopsis (Col-0) grown in soil with a 12-h light (100 umol photons
m~2 s71) (22°C)/12-h dark (22°C) cycle. Leaves were first homogenized
in homogenization buffer (450 mM sorbitol, 20 mM Tricine-KOH [pH
8.4], 10 mM EDTA, 10 mM Na,COg, and 0.1% [w/v] BSA) and filtered
through two layers of Miracloth. Crude chloroplasts were then collected
by a 5-min spin at 1500 g and 4°C and further purified on a Percoll gradient
by mixing 15 ml of cold 100% Percoll and 15 ml of cold 2x RB buffer
(300 mM sorbitol, 20 mM Tricine-KOH [pH 7.6], 5 mM MgCl,, and
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2.5 mM EDTA) by ultracentrifuging for 20 min at 53 000 g and 4°C. Intact
chloroplasts were subsequently incubated in TE buffer (10 mM Tris—
HCI [pH 8.0] and 1 mM EDTA) on ice for 30 min. For further fractionation
of the lysed chloroplasts, sucrose gradients were generated in ultracentri-
fugation tubes in the following order: 2.5 ml of 1.2 M sucrose, 3.5 mlof 1 M
sucrose, and 3.5 ml of 0.46 M sucrose. Then, 1 ml of the lysed chloroplasts
was carefully loaded onto the sucrose gradient and ultracentrifuged for 2 h
at 41 000 g and 4°C. Stromal proteins (upper 0.8 ml) from the top of the
gradient were collected. Thylakoid pellets in the bottom were resus-
pended in cold HM buffer (10 mM HEPES-KOH [pH 8.0] and 5 mM
MgCl,) and then stored on ice for direct use or at —80°C for later use.

Thermolysin treatment and salt washing of thylakoids

The topology of the NTA1 protein was tested by a protease protection
assay (Bhuiyan et al., 2015). Isolated thylakoids were resuspended in
HM buffer, adjusted to a concentration of 0.3 mg chlorophyll/ml, and
treated with thermolysin (0.1 mg/ml final concentration) for 15, 30, or
45 min on ice. Proteolysis was stopped by adding EGTA (10 mM final
concentration), and then protection of NTA1 against degradation by
thermolysin was tested by immunoblotting using anti-NTA1, anti-
OECS33, and anti-PsaD antibodies.

For high-salt washes, the purified thylakoid fraction (30 pg of protein) was
incubated for 30 min on ice in a salt solution consisting of 1 M NaCl, 1 M
CaCl,, and 0.1 M Na,CO3 (pH 11.5). The mixtures were centrifuged, and
the pellet (integral membrane proteins) and the resulting supernatant (pe-
ripheral membrane proteins) were resuspended in 2x SDS sample buffer,
analyzed by SDS-PAGE, and immunoblotted using anti-NTA1, anti-
OECS3, and anti-CP47 antibodies.

Sucrose gradient fractionation of thylakoid membranes

Purified thylakoids were resuspended in 5 mM MgCl,, 10 mM NaCl, and
25 mM MES-NaOH (pH 6.0) and adjusted to a concentration of 0.5 mg/
ml chlorophyll. Then the thylakoids were solubilized in a final concentra-
tion of 1% (w/v) DM on ice for 5 min. After 10-min centrifugation at
14 000 g and 4°C, the supernatant (500 pl) was loaded onto a linear
0.1-1 M sucrose gradient in 5 mM MgCl,, 10 mM NaCl, 0.06% DM, and
25 mM MES-NaOH (pH 5.7) (Xiao et al., 2012). The gradient was
centrifuged (SW41-Ti rotor; Beckman) at 180 000 g for 22 h at 4°C.
Then, 19 fractions were collected and subjected to immunoblot analyses
as described previously (Peng et al., 2006).

Yeast two-hybrid assays

Yeast two-hybrid assays were carried out using the Matchmaker Gold
Yeast Two-Hybrid System (Clontech). Full-length and truncated versions
of NTA7 and coding sequences of Cyt bgs subunits and representative
subunits of PSI, PSIl, and LHC complexes were cloned into both the
bait vector pGBKT7 and the prey vector pGADT7 (see Supplemental
Data 2 for primer information). Bait and prey vector pairs were co-
transformed into the AH109 yeast strain. Co-transformants were selected
on synthetic dropout medium lacking leucine and tryptophan (—L—T). To
detect protein—protein interactions, yeast with each pair of transformants
were grown on synthetic dropout medium lacking leucine, tryptophan,
histidine, and uracil (~L—T—H-U).

Semi-in vivo pull-down and co-immunoprecipitation assays of
protein—protein interactions

MBP and MBP-tagged full-length NTA1 (MBP-NTA1M) were expressed in
Escherichia coli strain BL21(DE3) by induction with 1 or 0.4 mM isopropy!
B-D-1-thiogalactopyranoside. The MBP and MBP-NTA1M proteins were
purified using amylose resin (BioLabs) according to a reported protocol
(Riggs, 1994). A semi-in vivo pull-down assay was performed as described
by Sun et al. (2007). MBP or MBP-NTA1M (0.1 mg) was incubated with
200 ul of a 50% suspension (v/v) of amylose resin in column buffer
(20 mM Tris—HCI [pH 7.4], 0.2 M NaCl, and 1 mM EDTA) for 1 h at 4°C in
Pierce spin columns. After the thylakoid membranes (100 pg chlorophyll)
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were solubilized in 1% (w/v) DM in 20% glycerol (v/v) and 25 mM Bis—Tris—
HCI [pH 7.0] for 20 min on ice, they were centrifuged at 12 000 g for 10 min
at 4°C. The supernatant was then incubated with MBP or NTA1M-MBP for
4-6 h with constant rotation at 4°C. After being washed five times with ice-
cold 50 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 1 mM EDTA buffer,
resin-bound proteins were eluted with 2x SDS sample buffer, resolved
by SDS-PAGE, and subjected to immunoblot analyses.

Immunoprecipitation of Cyt bgs subunits was performed as described pre-
viously (Jin et al., 2014) with minor modifications. Thylakoid membrane
proteins (200 pl, 0.5 mg chlorophyll/ml) were solubilized with 2% (w/v)
DM in 20% (v/v) glycerol and 25 mM Bis-Tris-HCI (pH 7.0) for 10 min on
ice. After centrifugation, the supernatant was diluted in an equal volume
of the same buffer without DM and incubated with anti-Myc antibody at
4°C for 3-4 h in Pierce spin columns. The agarose was then washed five
times with ice-cold PBS buffer (pH 7.8), and bound proteins were eluted
with 2x SDS sample buffer, resolved by SDS-PAGE, and subjected to
immunoblot analysis.

Bioinformatic analysis

Protein sequences predicted from the Arabidopsis NTA1 gene and their
orthologs were aligned using the ClustalX program (Larkin et al., 2007).
A phylogenetic tree was constructed using MrBayes 3.2 (Ronquist and
Huelsenbeck, 2003) and drawn with FigTree 1.4.0. Protein localization
and transit peptides were predicted using ChloroP1.1 (Emanuelsson
et al, 1999). Differentially expressed proteins in the comparative
proteomic analysis were categorized into functional groups using
MapMan (Thimm et al., 2004).

Antiserum production

The NTA1 antibody was raised against synthetic peptides corresponding
to the C terminus of NTA1 (CANWIGKKVDKEKDD) in rabbit by Agrisera
(Vannas, Sweden). Other antibodies were purchased from Agrisera and
PhytoAB (San Jose, CA, USA).
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