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Thylakoid membrane-localized chloroplast ATP synthases use the proton motive force generated by photosynthetic electron
transport to produce ATP from ADP. Although it is well known that the chloroplast ATP synthase is composed of more than
20 proteins with a,B;y,,6,,ILIIL,,IV, stoichiometry, its biogenesis process is currently unclear. To unravel the molecular
mechanisms underlying the biogenesis of chloroplast ATP synthase, we performed extensive screening for isolating ATP
synthase mutants in Arabidopsis (Arabidopsis thaliana). In the recently identified bfa3 (biogenesis factors required for ATP
synthase 3) mutant, the levels of chloroplast ATP synthase subunits were reduced to approximately 25% of wild-type levels.
In vivo labeling analysis showed that assembly of the CF, component of chloroplast ATP synthase was less efficient in bfa3 than
in the wild type, indicating that BFA3 is required for CF, assembly. BFA3 encodes a chloroplast stromal protein that is conserved
in higher plants, green algae, and a few species of other eukaryotic algae, and specifically interacts with the CF,8 subunit. The
BFA3 binding site was mapped to a region in the catalytic site of CF,8. Several residues highly conserved in eukaryotic CF,8 are
crucial for the BFA3-CF, interaction, suggesting a coevolutionary relationship between BFA3 and CF,8. BFA3 appears to
function as a molecular chaperone that transiently associates with unassembled CF,3 at its catalytic site and facilitates

subsequent association with CF,«a during assembly of the CF; subcomplex of chloroplast ATP synthase.

Biosynthesis of ATP by F-type ATP synthases occurs
ubiquitously in energy-transducing membranes, pro-
viding the main ATP source that drives numerous
biochemical reactions in all living cells (Yoshida et al.,
2001). In chloroplasts, ATP synthase is located in the
thylakoid membrane and comprises two major struc-
tural subcomplexes, CF; and CF; (von Ballmoos et al,,
2009; Junge and Nelson, 2015). The CF, subcomplex is
composed of five different subunits with a stoichiom-
etry of a;B,y,6,&;, whereas the CF; subcomplex is
comprised of four different subunits with a stoichiom-
etry of LI I1I, ,JV, (Groth and Pohl, 2001; Vollmar et al.,
2009). The a- and B-subunits are arranged alternately to
form a spherical a;8; hexamer. Three catalytic sites
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(CSs) and three noncatalytic regulatory sites (NCSs) for
reversible ATP biosynthesis are located at the interfaces
of the «/B subunits. The a;83; hexamer is fixed by the
“stator” embedded in the thylakoid membrane, which
includes the CF,8 subunit and CF,, subunits I, II, and IV
(Weber, 2007). An elongated a-helical coiled-coil do-
main of the y-subunit is inserted into the o383, hexamer.
Together with the CF, & subunit, CF,y interacts with the
c-ring (III,,) of the CF, subcomplex to form the “rotor.”
When ATP synthase is activated, efflux of protons
drives the rotation of the rotor, and rotation of the
y-subunit inside the a,8; hexagon induces conforma-
tional changes in the 48, hexamer, resulting in the bio-
synthesis and release of ATP (Junge and Nelson, 2015).
Despite our advanced knowledge of the working
mechanisms and structure of chloroplast ATP synthase,
little is known about the assembly process of this in-
tricate complex, especially on the CF, module. To date,
only three assembly factors, Alb4, PAB, and CGL160,
were shown to be involved in the assembly of chloro-
plast ATP synthase (Benz et al., 2009; Riihle et al., 2014;
Fristedt et al., 2015; Mao et al., 2015). Alb4 is a YidC/
Oxal/ Alb3 family protein. It has been shown that Alb4
physically interacts with the CF,;8 and CFlI subunits
and promotes the assembly of CF, during its attach-
ment to CF; in the thylakoid membrane (Benz et al.,
2009). Arabidopsis (Arabidopsis thaliana) CGL160, a
homolog of prokaryotic Atpl/Uncl proteins, is thought
to facilitate c-ring formation via interaction with
the CF,II and CF,lII subunits (Riihle et al., 2014). By
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contrast, stromal protein PAB specifically interacts
with the y-subunit and facilitates the assembly of the
v-subunit into the a,8,; hexamer (Mao et al., 2015).

In vitro reconstitution and mutant characterization
in Chlamydomonas and Arabidopsis suggested that the
first and key step of CF, assembly is the formation of
the a/B heterodimer (Chen and Jagendorf, 1994). In
parallel, the nucleus-encoded y-subunit is imported
into the chloroplast and folded by the Cpn60 complex
(Mao et al., 2015). With the help of the molecular
chaperone PAB, the folded y-subunit may interact with
the a /B heterodimer and direct the hexamerization of
a,f3;, leading to the formation of the a8,y subcomplex
(Wollman et al., 1999; Choquet and Vallon, 2000; Hippler
et al., 2002; Mao et al., 2015). An alternate hypothesis is
that the a,8; hexamer is assembled from /B hetero-
dimers, and the folded y-subunit is then inserted into
the hexamer to form the active CF; module (Strotmann
et al., 1998; Riihle and Leister, 2015). In both assembly
models, formation of the a/B heterodimer is a key
step and a prerequisite for subsequent assembly with
other subunits. However, it remains largely unknown
how the a/B heterodimer is formed in chloroplasts.
In mitochondria, formation of the a/8 heterodimer is
thought to be facilitated by two assembly factors:
Atpllp and Atpl12p (Ackerman and Tzagoloff, 2005;
Rak et al., 2011). Whereas Atp11p specifically interacts
with unassembled B-subunit at the surface that forms
the CS with an adjacent a-subunit, Atp12p binds to the
a-subunit at the surface that forms the NCS with the
B-subunit (Wang et al., 2000; Wang and Ackerman,
2000). The regions harboring the CSs and NCSs at the
a/ B surfaces display hydrophobic properties, and for-
mation of the Atpllp-8 and Atp12p-a intermediate is
believed to prevent aggregation of monomeric sub-
units. However, an assembly factor that specifically in-
teracts with a- or B-subunits in chloroplasts (similar to
Atpllp and Atpl2p in mitochondria) has not been
identified.

To gain insight into the processes involved in chloro-
plast ATP synthase assembly, we performed extensive
screening to isolate ATP synthase mutants. We identified
several Arabidopsis mutants with low levels of chloro-
plast ATP synthase, which we designated bfa mutants (as
the mutated genes encode biogenesis factors required for
ATP synthase; see “Discussion” for more detail). Char-
acterization of the bfz3 mutants identified a novel as-
sembly factor, BFA3, which specifically interacts with
the CF,8 subunit and facilitates assembly of the CF,;
subcomplex of chloroplast ATP synthase.

RESULTS
Isolation of the bfa3 Mutant

Nonphotochemical quenching (NPQ) is an efficient
photoprotective mechanism in which absorbed excess
light energy is safely dissipated as heat. The main
component of NPQ, qE, is strictly triggered and con-
trolled by lumen acidification (Niyogi, 1999). During
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the dark-to-light (80 wmol photons s ' m™?) transition,
NPQ was transiently induced to 0.8 within 1 min in
wild-type plants (Fig. 1, A and B); this phenomenon is
closely related to acidification of the thylakoid lumen,
which is likely caused by the activation of cyclic
electron transport around PSI (Munekage et al., 2002;
DalCorso et al., 2008). Due to the activation of ATP
synthase upon illumination, proton efflux from the
thylakoid lumen occurs via chloroplast ATP synthase,
and NPQ is rapidly relaxed within 2 min postinduction
in the wild type (Fig. 1, A and B). However, if ATP
synthase activity is reduced, proton efflux via ATP
synthase would be insufficient, resulting in the accu-
mulation of high levels of protons in the lumen and,
consequently, preventing the relaxation of NPQ. Thus,
NPQ levels after exposure to actinic light for 2 min can
be used as an evaluation parameter for isolating
mutants with low ATP synthase activity. Based on this
hypothesis, we screened a large collection of pSKI015
T-DNA insertion Arabidopsis lines. Using this process,
we isolated the bfa3-3 line.

Thermal asymmetric interlaced polymerase chain
reaction (TAIL-PCR) was performed to unravel the
genetic basis of the bfa3-3 mutant. The pSKI015 T-DNA
was inserted in the tenth intron of At2¢21385 in this
mutant (Fig. 1C). To confirm that the disruption of
At2¢21385 is responsible for the observed phenotype,
bfa3-1 (SALK_019326) and bfa3-2 (SALK_006444C) were
obtained from the European Arabidopsis Stock Centre
(NASC; Fig. 1C). No transcripts were detected after 35
rounds of reverse transcription (RT)-PCR for all three
alleles (Fig. 1D), indicating that they are knockout al-
leles. All three alleles had the same phenotypes (Fig. 1).
In addition, we introduced the wild-type At2¢g21385
sequence into bfa3-1, which fully complemented the
mutant phenotypes (Fig. 1A), indicating that disruption
of At2¢21385 is responsible for the phenotypes of the
bfa3 mutants.

Phenotype of the bfa3 Mutant

When grown on soil under low light conditions
(50 umol photons m~%s "), the seedling size of bfa3 was
reduced to approximately 75% of wild type at 30 d after
germination (Fig. 1, A and E). As expected, in both
wild-type and BFA3-complemented plants, NPQ was
transiently induced to approximately 0.8 within 1 min
of exposure to light and relaxed to approximately 0.4
during subsequent illumination (Fig. 1, A and B). In the
bfa3 mutants, however, NPQ was more rapidly induced
to 1.0 within 30 s of illumination. Although slight re-
laxation was observed in bfa3 after 2 min illumination,
NPQ was maintained at a high level of approximately
1.2 (Fig. 1, A and B). To confirm that the high NPQ
observed during the dark-to-light transition is caused
by low ATP synthase activity in bfa3, we analyzed the
light intensity dependence of the conductivity of the
thylakoid to protons, g;;" (Fig. 1F). The electrochromic
shift (ECS) signal reflects changes in the electric field
across the thylakoid membrane, and the total relaxation
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of the ECS signal during a light-dark transition re-
presents the light-induced proton motive force (pmf;
Bailleul et al., 2010). Due to the absence of photosyn-
thetic electron transport in darkness, the initial ECS
decay upon switching off actinic light mainly reflects
proton efflux through ATP synthase; therefore, the H"
conductivity of ATP synthase can be estimated based
on the kinetics of the initial ECS decay (Cruz et al,,
2001). In both mutants, g;;" was consistently reduced to
approximately 50% of wild-type levels at all light in-
tensities investigated, confirming that ATP synthase
activity is reduced in bfa3 (Fig. 1F).

The pmf can be partitioned into two components,
ApH and AW, both of which are thermodynamically
equivalent when driving ATP synthase. We found that
the total pmf and its two components were significantly
higher in bfa3 than in the wild-type under both low-
light (89 umol photons m > s™'; Figure 2A) and high-
light (754 pmol photons m s~ '; Figure 2B) intensities,
indicating a higher proton accumulation level in the
thylakoid lumen of bfa3. Consistent with the observa-
tion that high levels of protons accumulated in the bfa3
lumen, the steady-state NPQ in bfa3 was higher than
that in the wild type at light intensities >100 pumol
photons m % s~ (Fig. 2C).

Light intensity dependence of the electron transport
rate through PSII (ETR) was analyzed. Compared with
the wild type, lower ETR levels were observed in bfa3
at light intensities >200 smol photons m s ™" (Fig. 2D),
indicating that the linear electron transport rates were
strongly depressed. We also determined the light inten-
sity dependence of 1-qL, which represents the reduction
state of plastoquinone at the PSII acceptor side, as well as
the light intensity-dependent oxidation of the donor side
of PSI. Higher 1-qL levels were observed in bfa3 at light
intensities of >200 umol photons m~*s~", indicating that
the PSII acceptor side is much more reduced in bfa3 than
in the wild type (Fig. 2E). Furthermore, the PSI donor side
was more oxidized than the wild type under all light
conditions (Fig. 2F). These results indicate that photo-
synthetic linear electron transport is inhibited between
PSII and PSI in bfa3. Similar photosynthetic properties
were observed in tobacco (Nicotiana tabacum) plants with
low accumulation of chloroplast ATP synthase, in which
linear electron transport is strongly inhibited at the cy-
tochrome b,f (Cyt b,f) complex via the photosynthetic
control mechanism (Foyer et al., 1990; Kanazawa and
Kramer, 2002; Rott et al., 2011).

Accumulation of Chloroplast ATP Synthase Is Drastically
Reduced in bfa3

We monitored the abundance of the major thylakoid
protein complexes by immunoblot analysis (Fig. 3). In
all three bfa3 mutants, the levels of CF, subunits («, 8, v,
g, and 8) and two subunits in the CF, segment (CF I and
CF,lI) were reduced to approximately 25% of wild-type
levels (Fig. 3A). By contrast, identical levels of PSII (D1
and LHCII), PSI (PsaA), and Cyt bsf (Cyt f) complexes
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were observed between bfa3 and wild-type plants (Fig.
3A). These results indicate that BFA3 is specifically
required for the accumulation of chloroplast ATP syn-
thase. To further investigate the role of BFA3 in ATP
synthase biogenesis, thylakoid membrane was solubi-
lized in 1% n-dodecyl-B-pD-maltoside and the protein
complexes were separated by blue native (BN)-PAGE.
As shown in Figure 3B, formation of most thylakoid
protein complexes, such as the NDH-PSI supercomplex,
PSII supercomplexes, PSI monomer, and LHCII trimer,
is unaffected in the mutants (Fig. 3B). Subsequent two-
dimensional (2D) SDS-PAGE analysis showed that the
majority of a-, 8-, and y-subunits were detected in the
intact CF,-CF; ATP synthase and CF, subcomplex in
wild-type plants (Fig. 3C). A putative complex con-
taining the B-subunit was also found in the wild-type
thylakoids (Fig. 3C). In the bfa3 mutants, the levels of a-,
B-, and y-subunits were significantly reduced but were
mainly detected in intact ATP synthase, as in wild-type
plants (Fig. 3C). These results indicate that the residual
subunits in bfa3 form functional ATP synthase, which
explains why approximately 50% ATP synthase activity
remained in bfa3 (Fig. 1).

Assembly of Chloroplast ATP Synthase in Thylakoids Is
Impaired in bfa3

In chloroplasts, ATP synthase genes are present in two
gene clusters, atpl/H/F/A and atpB/E, both of which are
processed into several different transcripts (Supplemental
Fig. S1, A and B; Malik Ghulam et al., 2012). One possible
explanation for the reduced ATP synthase level in bfa3 is
that the maturation or translation initiation of these genes
is disrupted. To test this possibility, RNA gel blot and
polysome association analyses were performed to inves-
tigate the expression of the chloroplast-encoded ATP
synthase genes. No drastic alterations in the patterns of
these genes were found in bfa3 (Supplemental Fig. S1C).
Although atpH/F transcript levels were reduced to ap-
proximately one-half of wild-type levels in bfa3, their as-
sociation with the polysome was unaffected (Supplemental
Fig. S1E), suggesting efficient translation of atpH/F. By
contrast, levels of atpB/E transcripts were significantly
higher in bfa3 than in wild-type plants (Supplemental
Fig. S1D). Furthermore, we did not observe drastic
changes in the association of polysomes with atpB/E
transcripts (Supplemental Fig. S1E), suggesting an ef-
ficient synthesis of the CF,8/e subunits. Thus, it is
likely that the drastic reduction in chloroplast ATP
synthase levels in bfa3 is due to defects in posttransla-
tional steps during its biogenesis.

We investigated the rates of de novo chloroplast
protein biosynthesis in bfa3 via in vivo pulse labeling
experiments. After incubation with cycloheximide,
which inhibits the translation of nucleus-encoded pro-
teins, seedling leaves were labeled with [*°S]-Met for
20 min. Thylakoid protein was then isolated and newly
synthesized plastid-encoded proteins were visualized
by autoradiography (Fig. 4A). In the two bfa3 mutants,
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Figure 1. Characterization of bfa3 mutants. A, Phenotype of 4-week-old bfa3 mutants. Images of NPQ were captured upon il-
lumination for 30 s to 180 s (right). Signal intensities for NPQ/4 are indicated according to the color scale (from 0 to 1.0) at the
bottom. WT, wild type; bfa3-1 com, bfa3-1 mutant complemented by introducing the genomic sequence of BFA3. B, Time course
of NPQ induction. The black line represents a typical trace of chlorophyll fluorescence in WT. Induction of NPQ was monitored
for 4 min at 80 pumol photons m™ s light intensity (colored lines). F,, minimal chlorophyll fluorescence; Fm, maximum
chlorophyll fluorescence; ML, measuring light; SP, saturating light pulse. The black and white bars indicate darkness and actinic
light (AL) illumination, respectively. Data are presented as the means * sp (n = 3). C, Schematic representation of BFA3 in
Arabidopsis. T-DNA insertion positions are indicated. Exons are shown as green rectangles and introns as yellow lines. D, RT-PCR
analysis of BFA3 transcript accumulation in bfa3. Actin8was used as a control. E, Growth rates of the bfa3 mutants compared with
wild-type plants. Values are means = sb (n = 3). (F) Light intensity dependence of H" conductivity through ATP synthase (g,;").

the rates of biosynthesis of the CF,a and CF,8 subunits
of ATP synthase, as well as the subunits of PSI (PsaA/
B) and PSII (CP47, CP43 and D1/D2), were almost
identical to those in the wild type (Fig. 4A). After 20 min
of pulse labeling, the newly synthesized proteins were
further chased for various periods of time with cold Met
(Fig. 4B). In the wild type, the levels of newly synthe-
sized ATP synthase CF,a/B subunits were unaltered
during the 2-h chase. However, the turnover rates of
ATP synthase CF,a/B subunits were significantly
higher in the bfa3 mutants than in the wild type (Fig.
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4B), indicating that the newly synthesized CF,a/p
subunits were unstable in bfa3, although they could be
synthesized at normal rates as in the wild type (Fig. 4A).

Assembly kinetics of chloroplast ATP synthase was
further investigated via protein pulse labeling and
chasing in combination with 2D BN/SDS-PAGE. After
pulse labeling for 20 min, newly synthesized CF,a/
subunits were detected in intact ATP synthase and CF,
subcomplex in the wild type (chase time: 0 min; Figure
4C). The putative complex containing CF,8 was also
detected (Fig. 4C). During subsequent chasing for 15,
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30, and 60 min, the relative abundance of intact ATP
synthase and CF,, subcomplex as well as of the putative
complex containing CF, 8 progressively increased in the
wild type (Fig. 4C). However, in the two bfa3 mutants,
the newly synthesized ATP synthase CF,a/8 subunits
were not detected in any of the three complexes via 2D
BN/SDS-PAGE after pulse labeling and subsequent
chasing (Fig. 4C), indicating that the assembly of ATP
synthase is strongly impaired in the bfa3 mutants.

Assembly of the CF, subcomplex Is Impaired in the
Chloroplast Stroma of bfa3

The catalytic CF; domain of ATP synthase protrudes
into the chloroplast stroma and is composed of five
different subunits (CF,«a to CF,¢). Interestingly, in ad-
dition to the thylakoid membrane, substantial amounts
of CF, subunits (approximately one-eighth to one-
fourth of total ATP synthase in thylakoids) were also
detected in the chloroplast stroma (Fig. 5A). Even
though ATP synthase levels in bfa3 thylakoids were
only approximately one-fourth of those in the wild type
(Fig. 3A), CF, subunit levels in the stroma were slightly
lower in bfa3 than in the wild type (Fig. 5B). Clear-
native (CN)-PAGE and immunoblot analysis showed
that all of the stroma-localized CF, subunits form an
intact CF, subcomplex (Fig. 5C).

Plant Physiol. Vol. 171, 2016

To investigate whether the stroma-localized CF, sub-
complex is synthesized and assembled in the chloroplast
stroma, total soluble protein was extracted from leaves
and separated by SDS-PAGE after pulse labeling with
[*S]-Met and chasing in the presence of cycloheximide
(Fig. 6A). The large subunit of the Rubisco complex,
RbcL, was predominantly labeled in the chloroplast
stroma in both the wild type and the bfa3 mutants (Fig.
6A). The results show that the CF,& subunit is synthe-
sized in the chloroplast stroma and its synthesis rate is
unaffected in the bfa3 mutants compared with wild-type
plants (20-min pulse labeling; lanes indicated as 0 in
Figure 6A). The CF, signal was masked by that of RbcL
due to their similar molecular masses. After chasing for
aslong as 2 h, newly synthesized CF,a was not degraded
in the chloroplast stroma of bfa3 or wild-type plants (Fig.
6A), indicating that CF,« is highly stable in the chloro-
plast stroma after synthesis.

In the stroma of wild-type plants, newly synthesized
CF,a/B subunits were efficiently assembled into the
CF, subcomplex after 20 min of pulse labeling (lanes
indicated as 0 in Figure 6B), and the level of CF, sub-
complex progressively increased during subsequent 30-
and 60-min chases (Fig. 6, B and C), indicating that the
CF, subcomplex was also actively assembled in the
chloroplast stroma. However, the level of newly as-
sembled CF, subcomplex was significantly reduced in
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Figure 3. Analysis of thylakoid protein complexes from bfa3 and wild-type plants. A, Immunodetection of thylakoid proteins from
bfa3 and WT plants. Thylakoid proteins were loaded on an equal chlorophyll basis. B, BN gel analysis of thylakoid membrane
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supercomplex. C, 2D BN/SDS-PAGE separation of thylakoid protein complexes. Complexes separated by BN-PAGE (B) were
resolved into their constituent subunits by SDS-urea-PAGE. Proteins were stained with CBB; the identities of relevant proteins are
indicated. The position of intact chloroplast ATP synthases (CF;-CF,) and the CF, subcomplex (CF,) in the first dimension are
indicated with arrows. The complex between the CF,-CF, ATP synthase and CF, subcomplex (marked with an asterisk) is a

putative complex containing the B-subunit.

bfa3 stroma compared to the wild type (Fig. 6, Band C),
implying that the assembly of the CF; subcomplex in
the chloroplast stroma is impaired in bfa3.

In conclusion, these results demonstrate that assem-
bly of the CF, subcomplex of chloroplast ATP synthase
is less efficient in bfa3 than in wild-type plants, indi-
cating that the protein encoded by the mutated gene in
bfa3 is involved in the assembly of the CF, subcomplex.

BFA3 Is a Chloroplast Stromal Protein

BFA3 encodes a 330-amino acid protein with no
known function. Orthologs of BFA3 are present in
photosynthetic Viridiplantae (land plants and green
algae) and a few species of other eukaryotic algae, but
no homolog was found in prokaryotic algae (Fig. 7A;
Supplemental Fig. S2; Supplemental Table S1). The first
47 amino acids of AtBFA3 are predicted to comprise a
plastid-targeting signal (Supplemental Fig. S2), sug-
gesting chloroplast localization of BFA3. To confirm
this hypothesis, we transiently transformed Arabi-
dopsis protoplasts with a BFA3-GFP (GFP) fusion
construct. Confocal laser scanning microscopy con-
firmed that BFA3 is specifically localized to the
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chloroplast (Fig. 7B). To determine the localization of
BFA3 more precisely, we raised polyclonal antibodies
against recombinant BFA3 protein and used them to
probe membrane and stromal fractions isolated from
intact chloroplasts from the wild type and the three bfa3
mutants. A protein with a molecular mass of slightly
less than 35 kD was detected in the stromal fraction
from wild-type plants (the calculated molecular mass of
mature BFA3 is 31.5 kD; Figure 7C) but was absent in
the three bfa3 mutants and in the membrane fraction of
wild-type plants (Fig. 7C), indicating that BFA3 is a
chloroplast stromal protein. This conclusion is consis-
tent with the observation that no transmembrane do-
main was predicted by the TMHMM program (http://
www.cbs.dtu.dk/severces/ TMHMM-2.0/).

BFA3 Specifically Interacts with the B-Subunit of
Chloroplast ATP Synthase

Since our results indicate that BFA3 is involved in the
assembly of the CF; subcomplex of chloroplast ATP
synthase, we investigated whether BFA3 interacts with
subunits of the ATP synthase complex. To investigate
whether BFA3 interacts with other protein(s) and forms

Plant Physiol. Vol. 171, 2016
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proteins were visualized by autoradiography (right). B, Pulse-chase labeling of thylakoid membrane proteins. After pulse labeling with
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a complex in the stroma, we separated chloroplast
stromal protein complexes isolated from wild-type
plants by Suc density gradient centrifugation. Immu-
noblot analysis showed that CF; subunits comigrated,

Plant Physiol. Vol. 171, 2016

forming the CF; subcomplex of ATP synthase
(Supplemental Fig. S3), which is consistent with the re-
sults obtained by CN-PAGE (Fig. 5C). However, BFA3
appeared to be present in free form (Supplemental
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Fig. S3), indicating that BFA3 does not form a stable
complex with CF, in the chloroplast stroma.

To identify the subunit(s) that interact with BFA3, its
associated proteins were affinity enriched from bfa3-1
complemented with BFA3-HA (designated bfa3-HA
plants) using an anti-hemagglutinin (HA) Affinity
Matrix. After cross-linking on the intact chloroplast
with the membrane-permeable cross-linker dithiobis
(succinimidyl propionate) (DSP), chloroplasts were
fractionated into stromal and membrane fractions,
which were both used for affinity chromatography.
Immunoblot analysis showed that only the CF,8 sub-
unit was copurified with BFA3 in both the stromal and
thylakoid fractions of the bfa3-HA affinity sample (Fig.
8A), indicating a specific interaction between BFA3 and
CF,B8. Without chemical cross-linking, however, no
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subunits of ATP synthase can be purified with BFA3
(Fig. 8A), suggesting that BFA3 transiently interacts
with CF,8 during the assembly of the CF; subcomplex.
Yeast two-hybrid and pull-down analysis further con-
firmed the specific interaction between BFA3 and CF, in
vivo and in vitro (Fig. 8, B and C; Supplemental Fig. S4).

BFA3 Interacts with CF,$ at the CS Site with an
Adjacent a-Subunit

To elucidate the function of BFA3, it is important to
identify the binding site for BFA3 on the CF,8 subunit.
Based on the crystal structure of ATP synthase from
spinach (Spinacia oleracea) chloroplasts, the CF,8 subunit
can be divided into three domains (Figs. 9A and 10A): an
N-terminal domain containing a six-stranded B-barrel
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chaperonin complex containing unfolded protein.

(CEF,BI), a central domain containing the nucleotide-
binding site (CF,BII), and a C-terminal a-helical bundle
(CF,BIIL Groth and Pohl, 2001). Yeast two-hybrid anal-
ysis showed that BFA3 specifically interacts with the
central domain of CF,8 (CF,B1I; Fig. 9B). The CF, cen-
tral domain (CF,BIl) was further divided into three
regions: CF,BII-1 (Pro-97-Gly-165), a long loop located
on the outside surface of the a,8; hexamer; CF,BII-2
(Gly-166-1le-275), containing three a-helices and four
B-strands and forming the CS site with an adjacent CF, o
subunit; and CF,BII-3 (Phe-276-Pro-377), which is mainly
located inside the 43, hexamer and close to the NCS site
with another adjacent CF,« (Figs. 9A and 10A). Only the
second region of the CF, central domain (CF,8II-2) was
found to interact with BFA3 (Fig. 9B), implying that
BFA3 associates with the CF, 8 subunit at the surface that
forms the CS site with an adjacent a-subunit during the
assembly of the chloroplast ATP synthase (Fig. 10A).

Several Residues Conserved in CF,8 Subunits in
Photosynthetic Eukaryotes Are Critical for the Interaction
between BFA3 and CF,f8

No homolog of BFA3 was found in cyanobacteria
(Fig. 7A), indicating that assembly of cyanobacterial

Plant Physiol. Vol. 171, 2016

ATP synthase is independent of BFA3. Consistent with
this idea, yeast two-hybrid analysis showed that the
interaction between SynCF, 8 and BFAS3 is significantly
weaker than that between AthCF,8 and BFAS3 (Fig. 9, D
and E). This result indicates that the CF,8 subunit un-
derwent at least a few evolutionary changes from cya-
nobacteria to photosynthetic eukaryotes and that these
changes were beneficial for its binding with BFA3,
which occurs in Chlamydomonas and land plants. In-
deed, protein alignment of the CF,8 subunits from cy-
anobacteria and land plants showed that, although the
CF,B subunits are highly conserved, a dozen residues
conserved in cyanobacterial CF,;8 have been replaced
by different amino acids that are also conserved in CF,8
subunits from land plants as well as Chlamydomonas
(Fig. 9C; Supplemental Fig. S5). Perhaps these residues,
which are highly conserved in CF,8 subunits in pho-
tosynthetic eukaryotes, are critical for the interaction
with BFA3.

To investigate which amino acids are crucial for this
interaction, we produced 12 cyanobacterial SynCF,3
subunit mutant proteins (designated mB31-mB12; Fig.
9A), in which the residues conserved only in cyano-
bacterial CF,;8 were converted into the corresponding
amino acids of AthCF, 8 (Fig. 9C; Supplemental Fig. S5).
We performed yeast two-hybrid analysis to determine

1299


http://www.plantphysiol.org/cgi/content/full/pp.16.00248/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00248/DC1

Zhang et al.

A
88 AtBFA3
100 GmBFA3
76 OsBFA3
100 ZmBFA3
SmBFA3
PpBFA3
CrBFA3
= ol ot %fbxté\é\ o 'bﬂ"b"b
0 e
\ - BFA3
| -a8Oe® -
‘---- ‘D1
membrane stroma

B GFP

Chlorophyll Overlay

Vec-GFP

Mit-GFP

BFA3-GFP

Figure 7. Characterization of BFA3. A, Phylogenetic tree of BFA3 proteins. The sequences were retrieved from GenBank, and
evolutionary analyses were conducted in MEGA5 using the neighbor-joining method. B, Transient expression of BFA3-GFP in
Arabidopsis protoplasts. Arabidopsis protoplasts were transformed with various vectors and examined by confocal microscopy.
Bars =5 um. C, Immunodetection of BFA3. Thylakoid and stromal proteins isolated from bfa3 and WT plants were separated by
SDS-urea-PAGE and immunodetected with polyclonal antisera against BFA3. D1 and RbcL were used as fractionation and

loading controls.

the relative strength of the interaction between the
SynCF,8 mutant proteins and BFA3 by investigating
yeast growth rates and alpha-galactosidase activity.
Three SynCF,8 mutant proteins (mB5, mB8, and mf39,
corresponding to residues 181Leu-182lle, 217Lys, and
224Glu-228Ala in AthCF,B, respectively) exhibited
stronger interactions with BFA3 than did native Syn-
CF,B (Fig. 9, D and E), indicating that the amino acids at
these three sites are critical for the interaction between
CF,B and BFA3. These residues are located in the sec-
ond region of the CF,8 central domain (Fig. 9C), which
is consistent with the finding that the second region of
this domain (CF,BII-2) is the only region of CF,8 that
interacts with BFA3 (Fig. 9B). To confirm that the resi-
dues at these three sites in CF, are critical for the in-
teraction with BFA3, we converted these residues in
AthCF,g into the corresponding amino acids in Syn-
CF,8 (mAthCF,8589). As expected, mAthCF,8589
interacted weakly with BFA3 compared with native
AthCF,8 (Fig. 9, F and G). Therefore, amino acids
181Leu-1821le, 217Lys, and 224Glu-228Ala in AthCF,8
are crucial for the interactions between CF, 8 and BFA3.
Based on the crystal structure of spinach CF,, these
residues in mB5 and mfB8 are predicted to be located
close to the nucleotide-binding amino acids in CF,8 at
the CS surface (Fig. 10A).

DISCUSSION

Identifying and characterizing assembly factors is a
key strategy for elucidating the assembly mechanism of
multisubunit protein complexes. Due to the highly
dynamic regulation of chloroplast ATP synthase ac-
tivity in the light, even a moderate reduction in ATP
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synthase content does not significantly reduce its ac-
tivity (Rott et al., 2011), which may explain why it is
difficult to identify nonessential assembly proteins for
chloroplast ATP synthase. In this study, we developed
a powerful strategy for isolating ATP synthase mutants.
By monitoring NPQ levels within 2 min of illumination,
we isolated several stable lines with reduced ATP
synthase levels ranging from 25% to 75% of wild-type
levels, indicating that our system is highly effective. We
identified several mutants and found that all of the
mutants had a defect in a gene that encodes the bio-
genesis factors specifically required for chloroplast ATP
synthase. We thus designated these mutants the bfa
mutants. We then isolated and characterized BFAS3, a
nucleus-encoded protein factor that is involved in the
assembly of the CF; subcomplex of the chloroplast ATP
synthase.

Loss of BFA3 in bfa3 led to an approximately 75%
reduction in chloroplast ATP synthase levels, whereas
other thylakoid protein complexes were not affected
(Fig. 3), indicating that the mutation in bfa3 specifically
affects the accumulation of chloroplast ATP synthase.
Due to the reduced ATP synthase activity in bfa3, strong
overacidification of the lumen occurs, which in turn
triggers the formation of higher levels of NPQ and
represses photosynthetic electron transport at the Cyt
bsf complex (Fig. 2). Similar photosynthetic properties
were also observed in other mutants with low accu-
mulation of chloroplast ATP synthase (Rott et al., 2011;
Zoschke et al., 2012; Riihle et al., 2014; Fristedt et al.,
2015; Mao et al., 2015). Therefore, the results of our
immunoblot and spectroscopy analyses indicate that
bfa3 is a typical mutant with a specific impairment in
ATP synthase accumulation.

Plant Physiol. Vol. 171, 2016
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the HA epitope-tag. Thylakoid proteins corresponding to 0.2 ug chlorophyll were loaded as indicators for antibodies. B, Yeast
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S4) included to rule out self-activation of the prey, pGBKT7 was cotransformed with pGADT7 harboring ATP synthase subunits.
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bound prey proteins. The bound proteins were eluted and analyzed by immunoblotting with antibodies against MBP and BFA3.

The drastically reduced chloroplast ATP synthase
levels in bfa3 are not due to defects at the transcriptional
and translational steps of ATP synthase gene expres-
sion. Inactivation of BFA3 led to reduced atpH/F tran-
script levels but had no obvious effect on polysome
loading of this transcript (Supplemental Fig. S1). Such
moderate changes in the transcript accumulation of
chloroplast ATP synthase genes are usually detected in
other typical ATP synthase mutants. The maize atp4
mutant and Arabidopsis atcgl160 mutant exhibited re-
duced levels of atpH/F transcripts, but these mutations
are not directly involved in the expression of atpH/F
(Zoschke et al., 2012; 2013; Riihle et al., 2014; Fristedt
et al., 2015). The reduced afpH/F transcript levels in
these mutants suggest that an unknown regulatory
mechanism may function at the transcriptional level,
which is stimulated by low levels of chloroplast ATP
synthase. It is also possible that the reduced atpH/F
transcript levels may be a destabilization effect medi-
ated by translational regulation. Such effects are also
observed in the petA gene expression system in Chla-
mydomonas (Boulouis et al., 2011). Unlike its effects on
atpH/F, loss of BFA3 resulted in a drastic increase in

Plant Physiol. Vol. 171, 2016

atpB transcript levels (Supplemental Fig. S1). This may
represent a compensatory mechanism activated by the
failure of CF,8 assembly. An investigation of the reg-
ulation of CF,; subcomplex biogenesis in C. reinhardtii
(Drapier et al., 2007) showed that the stoichiometric
accumulation of chloroplast-encoded ATP synthase
subunits is controlled by the Control by Epistasy of
Synthesis process at the translational level. It is cur-
rently unclear whether the Control by Epistasy of
Synthesis process also occurs in higher plants. How-
ever, the altered transcript accumulation of ATP syn-
thase genes in bfa3, as well as in other typical ATP
synthase mutants, strongly suggests that the transcript
levels of chloroplast-encoded ATP synthase genes are
dynamically regulated.

Protein labeling and chase experiments provide di-
rect evidence that BFA3 is involved in CF; subcomplex
assembly (Figs. 4 and 6). This idea is consistent with the
observation that BFA3 specifically interacts with the
B-subunit of CF, (Figs. 8 and 9). BFA3 interacts
with CF,8 at the CS site; this region shows hydropho-
bic properties and has a strong tendency to aggre-
gate (Ackerman, 2002). How does BFA3 promote the
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Figure 9. Mapping the critical residues of CF, 3 required for the interaction with BFA3. A, Diagram of CF, 8 and various deletions (I, II, IlI,
1I-1, 112, and I1-3) of CF,B. The positions of the point mutation (mB1-mB12) are indicated by yellow dots. B, Yeast two-hybrid analysis of
the interaction between BFA3 and various deletions of AthCF,8. C, Amino acid sequence alignment of the interacting region (AthCF, 81I-2)
corresponding to amino acid residues 166 to 275 in Arabidopsis CF,8. The positions of the point mutation (mB85-mf9) are indicated. The
residues for nucleotide binding in CF,B are indicated by closed triangles. Ath, Arabidopsis thaliana; Gma, Glycine max; Osa, Oryza
sativa; Zma, Zea mays; Smo, Selaginella moellendorffii; Ppa, Physcomitrella patens; Cre, Chlamydomonas reinhardtii; Syn, Syn-
echocystis sp. PCC 6803; Nos, Nostoc sp. PCC 7120; The, Thermosynechococcus elongatus BP-1; Rin, Richelia intracellularis. D, Yeast
two-hybrid analysis of the interaction between BFA3 and SynCF, 8 variants. In these variants, the residues in SynCF, 8 were point mutated
to the corresponding residues in AthCF,8 and designated as mSynCF,31- mSynCF,12. E, Quantitative a-galactosidase assay. The
strength of interaction was quantified by assaying a-galactosidase activity in yeast colonies using p-nitrophenyl a-p-galactopyranoside as
substrate. Mean and SD of a-Gal activity were obtained from three independent colonies. F, Yeast two-hybrid analysis of the interaction
between BFA3 and the AthCF, 8589 variant. In the AthCF, 8589 variant, the residues in AthCF, 3 at the positions of mB5, mB8, and m39
(A and C) were point mutated to the corresponding residues in SynCF,8. G, Quantitative a-galactosidase assay performed as in E.
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273) in CF,B are highlighted with pink spheres. B, Model of assembly of the CF,a8 complex. BFA3 directly interacts with the
B-subunit and facilitates the assembly with the CF,a subunit.

assembly of the CF, subcomplex? In mitochondria,
Atpllp is an assembly factor that specifically interacts
with the F1B subunit at the CS site and facilitates the
assembly of the F1 subcomplex (Wang et al., 2000; Wang
and Ackerman, 2000). Although Atpllp is believed to
prevent aggregation of the unassembled B-subunit, its
exact molecular role in F1 assembly is unclear (Ackerman
and Tzagoloff, 2005). No homolog of Atp11p was found
in the cyanobacterial genome, implying that assembly of
cyanobacterial ATP synthase does not require Atpllp.
Although an Atpllp-like protein (AT2G34050) was
found in Arabidopsis, BFA3 does not share sequence
similarity with this protein. Furthermore, we overex-
pressed AT2G34050 in the chloroplast with RbcS transit
peptide, and the transformation failed to complement
the phenotype of the bfa3 mutants (data no shown). Thus,
BFA3 and Atpllp likely play different roles during the
assembly of ATP synthase, although they bind to the
B-subunit at the same position. It is possible that, as a
molecular chaperone, BFA3 transiently interacts with
unassembled CF;8 and that this type of interaction may
not only prevent aggregation of 8:8 complex but also
induce some conformational change in the CF,8 subunit,
thus promoting subsequent interaction between CF,8
and CF,« to form a:8 intermediates (Fig. 10B).
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BFA3 is conserved in higher plants, green algae, and
a few species of other eukaryotic algae. No homologous
protein was found in other eukaryotic algae or in any
of the prokaryotic algae (Supplemental Fig. S2;
Supplemental Table S1), implying that BFA3 was ac-
quired by Viridiplantae (land plants and green algae)
during evolution. Cursory examination of the critical
CF,B residues for BFA3 binding (Supplemental Table
S1) showed the following: (1) For residues in CF,85,
181Leu-182Ile (LI) are strictly conserved in all of the
photosynthetic eukaryotes and two species of prokar-
yotic algae (Prochlorophyta). The corresponding resi-
dues in most species of prokaryotic algae are
Ile-Met. We examined more than 200 species of pro-
karyotic algae and found that only three species have
different residues in CF,85 (lle-Ile). (2) For residue in
CF,88, 217Lys (K) is highly conserved in photosyn-
thetic eukaryotes and six species of prokaryotic algae
(6 of more than 200 species). The corresponding residue
in CF,88 in most prokaryotic algae is Ile (I) or Met (M).
(3) The residues in CF,89 (224Glu-228Ala) are quite
variable. However, there is still an evolutionary ten-
dency for some residues to be conserved. For example,
the first residue is Glu (E) in most of the photosynthetic
eukaryotes but different in most of the prokaryotic
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algae (Supplemental Table S1). From these results, we
concluded that evolution of the critical CF,8 residues
for BFA3 binding occurred prior to the appearance of
BFAS3 in Viridiplantae.

It is currently unclear why the CF,8 subunit would
have undergone this type of evolution so that chloro-
plasts must recruit an assembly factor, BFA3, to facili-
tate the assembly of CF,8. ATP synthase activity is
regulated at several levels, including activity inhibition
by Mg-ADP at the catalytic nucleotide-binding site
(Fitin et al., 1979), activity inhibition by subunit &
(Patrie and McCarty, 1984), and activity modulation by
oxidation/reduction of two Cys residues in the y-sub-
unit (Nalin and McCarty, 1984). Redox-regulation of
ATP synthase activity via the y-subunit only occurs in
higher plants and green algae (Miki et al., 1988), sug-
gesting that the regulatory mechanism of ATP synthase
activity is quite different between cyanobacteria and
photosynthetic eukaryotes (Ort and Oxborough, 1992).
Based on the structure of CF,$, it is clear that the resi-
dues in CF,85 are very close to the ADP/ATP binding
site. Although the residue in CF, 88 is relatively far from
the CS site, it localizes to the same helix with ADP/ATP
binding residues, including E204, R205, and E208. The
residues in CF,89 are far from CS site. Given that the
critical CF,B residues for BFA3 binding, especially the
residues in CF,85 and CF,88, are located very close to
the catalytic nucleotide binding site (Fig. 10A), it is
possible that the structural alteration in the critical CF,8
residues for BFA3 binding in eukaryotic CF,8 enhances
the regulatory activity of this subunit by increasing
the efficiency of binding /release of Mg-ADP compared
to its counterparts in cyanobacteria. This type of evo-
lutionary function, together with other regulatory
strategies acquired in photosynthetic eukaryotes, may
allow ATP synthase activity to be fine-tuned in re-
sponse to changes in environmental conditions specific
to chloroplasts.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown in potting soil under
controlled greenhouse conditions (50 wmol photons m~?s ™, 16-h photoperiod,
23°C). Mutant screening was performed using the Closed FluorCam FC 800-C
(Photon Systems Instruments) from sets of pools of pSKI015 T-DNA insertion
Arabidopsis lines (stock no.: C531400) obtained from the Arabidopsis Biological
Resource Center. Digital images of chlorophyll fluorescence were recorded
immediately before and during each saturating pulse using the MAXI version
of an IMAGING PAM fluorometer (Walz, Effeltrich, Germany). Images of Chl
fluorescence parameters were extracted using the software provided by the
manufacturer (Imaging Win, Walz). The T-DNA insertion lines bfa3-1 (SALK_019326)
and bfa3-2 (SALK_006444C) were obtained from NASC. Because the ecotype of bfa3-3
is C24, we use bfa3-1 and bfa3-2 (ecotype of both mutants is Col-0) for most of the
experiments.

Chlorophyll Fluorescence and P700 Analysis

The typical trace of chlorophyll fluorescence was monitored as previously
described (Shikanai et al., 1999), except that measurements were performed in
the dark. During illumination, saturating pulses of white light (0.8 s, 6000 wmol
photons m™? s7") were applied every 30 s to determine the maximum
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chlorophyll fluorescence in the light (F,,). NPQ, ETR, and 1-qL were measured
as previously reported (Miyake et al., 2009; Yamamoto et al.,, 2011). Light
intensity-dependent oxidation of the donor side of PSI was measured using
Dual-PAM-100 (Walz) and calculated automatically with Dual-PAM-100 soft-
ware. The maximal P700 signal, P_,, was determined by applying a saturating
pulse (6000 umol photons m ™2 s™* for 0.8 ms) in the presence of far red light.
During subsequent illumination (illumination for 3 min for each light intensity),
saturating pulses were applied to determine the maximum P700* absorption
under illumination (Pm).

pmf and ATP Synthase Activity Measurements

The pmf and its two components (A¥ and ApH) were measured using a
Dual-PAM-100 equipped with a P515/535 emitter-detector module (Walz;
Schreiber and Klughammer, 2008). The measurement was carried out at 23°C
under ambient CO, conditions (380 ppm, supplied with a GFS-3000 gas ex-
change measuring system). Plants were dark-adapted overnight, and detached
leaves were illuminated for 10 min with 89 or 754 umol photons m ? s ' red
light. After illumination, inverse electrochromic band-shift kinetics was recor-
ded for 2 min. Values for pmf, AW, and ApH were calculated as described
(Schreiber and Klughammer, 2008). Light-dependent ATP synthase activity
was measured at various light intensities (95, 216, 339, 531, and 825 umol
photons m 2 s7!) as described (Rott et al., 2011).

Subcellular Localization of GFP-Fusion Proteins

Full-length cDNA of BFA3 was cloned into pBI221 to express the BEA3-GFP
fusion protein. The constructs for chloroplast and mitochondria localization
were produced as previously described (Zhong et al., 2013). Arabidopsis
protoplasts were transformed with various constructs via polyethylene glycol-
mediated transformation and examined by confocal microscopy (LSM 510
Meta; Zeiss).

Intact Chloroplast Isolation, Stromal Fraction and
Thylakoid Membrane Preparation, BN-PAGE, CN-PAGE,
and Immunoblot Analysis

Intact chloroplasts were isolated and osmotically ruptured in buffer con-
taining 20 mm HEPES-KOH, pH 7.6. The stromal fraction was separated from
the membrane fraction by two rounds of centrifugation (15,000 g for 10 min at
4°C). Stromal protein concentrations were determined with a Protein Assay Kit
(Bio-Rad), and chlorophyll contents were determined as described by Porra
et al. (1989). Subsequent BN-PAGE, CN-PAGE, and immunoblot analysis were
performed as described by Peltier et al. (2004).

Nucleic Acid Analysis

Total RNA was extracted from Arabidopsis leaves using Trizol reagent
(Invitrogen). RT-PCR analysis was performed with a Scientific RevertAid First
Strand cDNA Synthesis Kit (Thermo). RNA gel-blot analysis was performed
using the DIG Easy Hyb system (Roche). Polysome association analysis was
performed as described by Barkan (1988). The signals were visualized with a
LuminoGraph WSE-6100 (ATTO). RL 6,000 RNA markers (Takara) were used
as molecular markers.

In Vivo Labeling and Chasing of Chloroplast Proteins

Chloroplast protein labeling and chasing were performed as previously
described (Meurer et al., 1998), with the following modifications. Primary
leaves of 12-d-old young seedlings were preincubated in buffer containing
20 mg/ml cycloheximide for 30 min and radiolabeled with 1 mCi/mL [*55]-Met
in the presence of cycloheximide for 20 min at 80 wmol photons m 25! light
intensity. After labeling, the leaves were washed and further incubated in buffer
containing 1 mM unlabeled Met and 20 mg/mL cycloheximide for various pe-
riods of time. For membrane and soluble protein isolation, the labeled leaves
were washed twice with a buffer containing 20 mm HEPES-KOH, pH 7.6, and
ground with a conical plastic rod in a 1.5-mL tube with 20 uL of the same buffer.
Soluble proteins were separated from the membranes by two rounds of cen-
trifugation at 15,000 g for 10 min at 4°C.
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Generation of Antibody against BFA3

Recombinant mature BFA3 protein was expressed in Escherichia coli BL21
(DE3) LysS strain and purified under denaturing conditions on a Ni-NTA ag-
arose resin matrix. Polyclonal antibody was raised in rabbits with purified
protein.

Yeast Two-Hybrid Assays

The Matchmaker Gold Yeast Two-hybrid System (Clontech) was used for the
yeast two-hybrid assays. The sequence encoding mature BFA3 was cloned into
pGBKT7 (DNA-binding domain) and used as bait. The coding sequences of
CF,a, CF,B, CF,v, CF,§, and CF,& subunits as well as the soluble parts of CFyI
and CFII were subcloned into pGADTY? (activation domain) and used as prey.
The small-scale lithium acetate method was used to transform the Yeast strain
Y2HGold. Control experiments were performed via cotransformation of posi-
tive and negative control plasmids. Positive colonies grown on double selection
medium (SD/-Leu/-Trp) were cultured on SD/-Leu/-Trp/-His/-ade/X-a-Gal
in the presence of aureobasidin A (50 ng/mL, Clontech) to investigate protein—
protein interactions. The a-Gal quantitative assay was performed following the
manufacturer’s instructions (Clontech). Briefly, yeast cells were cultured in
SD/-Leu/-Trp/-His medium to ODy, 0.5 to 1 and pelleted by centrifugation at
14,000 rpm. Then, 8 uL of supernatant was mixed with 24 uL of assay buffer
(0.33 M sodium acetate, pH 4.5, and 33 mm p-nitrophenyl-a-D-galactopyranoside
[Sigmal]). After incubation at 30°C for 60 min, 960 uL of 0.1 M Na,CO; was
added to stop the reaction. The a-galactosidase activity was calculated as the
optical density recorded at 410 nm.

Site-Directed Mutagenesis Vector Construction

PCR was performed using KOD Plus (ToYoBo) with pEASY-SynATPB or
PEASY-AthATPB as the template. The primers are listed in Supplemental Table
S2. After 15 cycles of PCR amplification at 95°C for 30 s, 56°C for 1 min, and 68°C
for 10 min in a thermal cycler, the products were digested with Dpnl for 3 h at
37°C, and 5 uL of the reaction was used to transform E. coli DH5a competent
cells. The resulting vectors were confirmed by DNA sequence analysis, and the
mutated fragments were cloned into pGADT?.

Cross-Linking, Affinity Chromatography, and
Pull-Down Analysis

Intact chloroplasts were suspended in a buffer containing 0.33 M sorbitol and
20 mm HEPES-KOH, pH 7.6 (0.5 mg chlorophyll/mL), and cross-linked with
2.5 mm DSP. After incubation for 30 min on ice in darkness, 1 m Tris-HCI, pH7.5,
was added to a final concentration of 60 mm to stop the reaction. Chloroplasts
were osmotically ruptured with 20 mm HEPES-KOH (pH 7.6). Thylakoids were
pelleted by centrifugation, and the supernatant stromal fraction was transferred
to new tubes and mixed with Anti-HA Affinity Matrix (Roche). Thylakoid
membrane was solubilized for 30 min at 4°C in a buffer containing 20 mm
HEPES-KOH, pH 8.0, 1.2% Triton X-100, 200 mm NaCl, and 1 mm phenyl-
methylsulfonyl fluoride. After solubilization, insoluble thylakoids were re-
moved by centrifugation, and the supernatant was mixed with Anti-HA
Affinity Matrix. After incubation for 2 h at 4°C, the bound proteins were pu-
rified and detected with specific antibodies.

For pull-down assays, BFA3-GST, CF,a-MBP, CF,3-MBP, CF,y-MBP, CF,§-
MBP, CF,e-MBP, CF,I-MBP, CE(II-MBP, and MBP were induced in E. coli BL21
(DE3) LysS strain by 0.3 mm isopropyl -D-1-thiogalactopyranoside treatment
at 16°C and purified using glutathione-agarose 4B beads (GE Healthcare) and
amylose resin (New England Biolabs), respectively. Briefly, 5 ug of purified
recombinant GST-BFA3 and 5 ug of MBP fusion or MBP proteins were incu-
bated in 1 mL pull-down buffer (50 mm Tris-HCl, pH 7.5, 0.15 M NaCl, 1% Triton
X-100, 5% glycerol, 1 mm dithiothreitol, and Complete protease inhibitor
cocktail [Roche]) for 1 h at 4°C with end-over-end mixing. After incubation,
25 uL of glutathione-agarose beads was added to precipitate the bait and bound
prey proteins. The bound proteins were eluted in SDS-PAGE sample buffer and
analyzed by immunoblotting.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
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numbers: AtBFA3 (AT2G21385, Arabidopsis), GmBFA3 (XP_006592087.1,
Glycine max), OsBFA3 (XP_015611535.1, Oryza sativa), ZmBFA3 (ACG43670.1,
Zea mays), SmBFA3 (XP_002964112.1, Selaginella moellendorffii), PpBFA3
(XP_001780245.1, Physcomitrella patens) and CrBFA3 (XP_001701296.1,
Chlamydomonas reinhardtii). AthCF,8 (ATCG00480, Arabidopsis thaliana),
GmaCF,8 (YP_538748.1, Glycine max), OsaCF,B (YP_052756.1, Oryza sativa),
ZmaCF,8 (NP_043032.1, Zea mays), SmoCF,8 (YP_003097494.1, Selaginella
moellendorffii), PpaCF,8 (NP_904195.1, Physcomitrella patens), CreCF,8
(NP_958414.1, Chlamydomonas reinhardtii), Syn CF,8 (WP_010872712.1, Syn-
echocystis sp. PCC 6803), NosCF,8 (WP_010999165.1, Nostoc sp. PCC 7120),
TheCF,8 (NP_681315.1, Thermosynechococcus elongatus BP-1), RinCF,B
(CDN15135.1, Richelia intracellularis).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. RNA gel-blot and polysome analysis.
Supplemental Figure S2. Alignment of BFA3 homologs.

Supplemental Figure S3. Suc density gradient analysis of stromal proteins.
Supplemental Figure S4. Control for yeast two-hybrid analysis.
Supplemental Figure S5. Alignment of CF,3 protein sequences.
Supplemental Table S1. Phylogenetic analysis of BFA3 and CF1p.

Supplemental Table S2. Primers used in this work.
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