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Abstract
Photosynthesis and the biosynthesis of many important metabolites occur in chloroplasts. In these semi-autonomous
organelles, the chloroplast genome encodes approximately 100 proteins. The remaining chloroplast proteins, close to 3,000,
are encoded by nuclear genes whose products are translated in the cytosol and imported into chloroplasts. However, there
is still no consensus on the composition of the protein import machinery including its motor proteins and on how newly
imported chloroplast proteins are refolded. In this study, we have examined the function of orf2971, the largest chloroplast
gene of Chlamydomonas reinhardtii. The depletion of Orf2971 causes the accumulation of protein precursors, partial prote-
olysis and aggregation of proteins, increased expression of chaperones and proteases, and autophagy. Orf2971 interacts
with the TIC (translocon at the inner chloroplast envelope) complex, catalyzes ATP (adenosine triphosphate) hydrolysis,
and associates with chaperones and chaperonins. We propose that Orf2971 is intimately connected to the protein import
machinery and plays an important role in chloroplast protein quality control.

Introduction
Chloroplast function is dependent on a large set of proteins
encoded by the nuclear and chloroplast genomes. While the
chloroplast genome encodes about 100 proteins, the
remaining 3,000 chloroplast-localized proteins are encoded
by the nucleus, translated in the cytosol on 80S ribosomes
and imported into the organelle (Soll and Schleiff, 2004; Li

and Chiu, 2010; Nakai, 2018). Chloroplast nucleus-encoded
precursor proteins are specifically recognized, bound, and
translocated across the outer envelope membrane of the
chloroplast and into the intermembrane space by the TOC
translocon machinery (Andres et al., 2010). The protein is
then transported across the chloroplast inner envelope
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membrane by the TIC translocon machinery, entering the
stroma where it can be directed to a specific subcompart-
ment within the organelle.

There is still some uncertainty about the specific compo-
nents of the TIC complex (Li et al., 2020; Nakai, 2020). It
was previously assumed that TIC40 directly interacts with
TIC110 and stromal chaperones to assist transmembrane
transport (Kovacs-Bogdan et al., 2010; Flores-Perez and
Jarvis, 2013). Recently, a 1-MD TIC complex consisting
of TIC20, TIC56, TIC100, and TIC214 was identified in
Arabidopsis thaliana (Kikuchi et al., 2013). Moreover, a Ycf2
(hypothetical chloroplast open reading frames 2) – FTSHi
(filamentation temperature sensitive protein H like) ATPase
complex was found to be associated with the TIC machinery
and proposed to act as a motor that pulls preproteins
across the inner envelope membrane (Kikuchi et al., 2018;
Schreier et al., 2018). Furthermore, the 1-MDa TIC complex
was also identified in Chlamydomonas, indicating conserva-
tion of this translocation system during evolution
(Ramundo et al., 2020).

Most nucleus-encoded preproteins that enter the plastid
are unfolded as they traverse the TOC–TIC import machin-
ery and emerge in the chloroplast stroma (Ruprecht et al.,
2010). A quality control system consisting of chaperones
and proteases ensures that all polypeptides entering the
chloroplast are properly folded or, if not, that they are de-
graded to prevent accumulation of unfolded or misfolded
proteins that can impair normal plastid functions (Kuroda
and Maliga, 2003; Ramundo et al., 2014; Perlaza et al., 2019).
Additionally, chloroplast stromal proteins that do not meet

quality control standards can be packaged in RuBisCO-
containing bodies (RCBs) and moved to the central vacuole
for proteolysis (Ishida et al., 2008). Quality control also
occurs at the chloroplast outer membrane where the degra-
dation of chloroplast envelope proteins by the ubiquitin-
proteasome system (UPS) regulates chloroplast development
(Ling et al., 2012, 2019; Woodson et al., 2015). Finally, in ad-
dition to the initial involvement of chaperones and pro-
teases in ensuring the maintenance of proteins and
functional chloroplast processes under a range of environ-
mental conditions, more severe conditions may elicit the
“self-consuming” process of autophagy, which facilitates ex-
tensive clearing of damaged proteins and other constituents
of cells/organelles, setting the stage for the synthesis of new
proteins and the assembly of functioning complexes (Ishida
et al., 2014).

In this work we show that Orf2971, which is proposed to
be the ortholog of Ycf2 and is encoded by the largest gene
of the chloroplast genome of Chlamydomonas reinhardtii
(Chlamydomonas throughout), is directly connected to the
protein import machinery and plays an important role in
maintaining the quality of proteins targeted to the chloro-
plast. In particular, Orf2971 interacts with CrTic214 (also
called Orf1995 or Ycf1), a protein involved in chloroplast
protein translocation (Kikuchi et al., 2013; Ramundo et al.,
2020), and with chaperones such as HSP70 and CPN60,
which are involved in protein folding or assembly (Dickson
et al., 2000; Schroda and Muhlhaus, 2009; Veyel et al., 2014;
Mao et al., 2015; Aigner et al., 2017). The depletion of
Orf2971 causes abnormal chloroplast development,

IN A NUTSHELL
Background: The chloroplast is an important bioreactor as well as a photosynthetic site. Approximately 3,000
plastid proteins encoded in the nucleus are translocated into the chloroplast envelope via the TOC (translocon
at the outer chloroplast envelope) and TIC machineries. Most nucleus-encoded preproteins that enter the plastid
are unfolded as they traverse the TOC–TIC import complexes. To prevent these unfolded or misfolded proteins
from causing chloroplast damage, a quality control mechanism comprising molecular chaperones and proteases
ensures that all polypeptides entering chloroplasts are either correctly folded or degraded. However, there is still
no consensus on the TIC complex’s components, motor proteins, or mechanism for refolding proteins entering
the chloroplast.

Question: What is the precise function of each of the proteins in the TIC complex? What is the composition of
the chloroplast protein import machinery motor? How are the newly imported chloroplast proteins refolded and
assembled into functional complexes?

Findings: We found that Orf2971, encoded by the largest gene in the Chlamydomonas reinhardtii chloroplast ge-
nome and proposed to be an ortholog of Ycf2, is directly associated with the protein import machinery and
plays a crucial role in ensuring the quality of proteins targeted to the chloroplast. Orf2971 deficiency induces
protein precursor accumulation, partial proteolysis and protein aggregation, increased expression of chaperones
and proteases, and autophagy. We hypothesize that Orf2971 is intimately linked to the protein import machinery
and plays a critical role in chloroplast protein quality control.

Next steps: The next challenge is to identify the sorting components associated with this complex on the stro-
mal side. Furthermore, additional experimental evidence is required to investigate the relationship between differ-
ent import machineries, including the analysis of the accumulation of precursor proteins in the various import
mutants.
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increased accumulation of aggregated proteins, induction of
chaperones and proteases, and triggers the chloroplast un-
folded protein response, which can be followed by autoph-
agy and ultimately cell death.

Results

Chlamydomonas strains conditionally repressed in
orf2971 expression
Orf2971 of Chlamydomonas was proposed to be the ortho-
log of Ycf2 in Arabidopsis (Kikuchi et al., 2018). However,
sequence alignments have revealed that the primary struc-
tures of these two proteins have diverged greatly, except for
the AAA + ATPase domain (Supplemental Figure S1). The
plastid gene ycf2 in Nicotiana tabacum appears to be
essential for cell survival based on the persistence of the
heteroplasmic state of the gene when attempts were made
to generate a knockout of all copies of this gene in
N. tabacum chloroplasts (Drescher et al., 2000).

A vitamin-repressible riboswitch system was used to inves-
tigate the role of orf2971 in Chlamydomonas (Supplemental
Figure S2A; Croft et al., 2005, 2007; Ramundo et al., 2013).
The promoter/50–UTR (untranslated region) of orf2971 was
replaced with that of psbD to make expression of orf2971
dependent on NAC2 (Supplemental Figure S2B), while the
NAC2 gene was placed under the control of a vitamin-
repressible promoter. However, the construct containing the
psbD promoter/
50-UTR driving expression of full-length orf2971 in the chlo-
roplast was unable to be fully repressed when the nuclear
NAC2 gene was repressed by the addition of vitamin to the
medium (Supplemental Figure S2, C–E). To test whether
Chlamydomonas survives when the cells are disrupted for
orf2971, the aadA cassette was inserted into the middle of
orf2971 to generate a null mutant. Failure to obtain homo-
plasmic transformants for the gene disruption indicated that
this gene, like in N. tabacum, is essential for the survival of
Chlamydomonas cells (Supplemental Figure S2F).

Based on our inability to fully suppress orf2971 expression
through repression of NAC2 expression, we considered that
orf2971 might be shorter than predicted or contain multiple
promoters, allowing for some expression even in the NAC2-
repressed strain. Indeed, transformants with repressible trun-
cated orf2971 were obtained when it was fused to the psbD
5’-UTR at the third in phase initiation codon; the homoplas-
mic state was verified by PCR (polymerase chain reaction)
(Supplemental Figure S2, D and E). The open reading frames
in orf2971 that started further downstream of the initial
psbD promoter/50-UTR orf2971 fusion transcript were also
analyzed by fusing them to the psbD promoter/50-UTR with
homoplasmic strains (S1–S6), generating six truncated ORFs
that initiate downstream of the original construct (initiation
codon furthest downstream is localized 1,116 bp from the
original 50-end; Supplemental Figure S2E) that could support
viability of the cells and be repressed upon addition of vita-
mins to the medium (suppression of NAC2). These results
demonstrate that the 50 1,116-bp region within orf2971 is

not essential for viability of Chlamydomonas and probably
not essential for the function of orf2971.

Phenotype of orf2971 depletion in the Y28 strain
Two homoplasmic transformants (Y26 and Y28) carrying
the psbD-orf2971 transgene had a pale green phenotype fol-
lowing the transfer of the cells from vitamin-depleted to
vitamin-supplemented growth medium, suggesting that this
gene is essential for cell survival (Figure 1A). After exposure
to vitamins for 48 h, cell growth ceased, chlorophyll content
per cell declined, and photosystem II activity (Fv/Fm) was
completely lost (Figure 1, B–D). After 72, 96, and 120 h of
vitamin treatment the cells became progressively paler and
started to die (Figure 1, E and F). These results indicate that

Figure 1 Phenotype of strains with vitamin-repressible orf2971. A,
Light- and dark-grown cell cultures of A31 (WT), Y26, and Y28 in the
absence or presence of vitamins B12 (20 mg L–1) and thiamine (20
lM) with an irradiance of 60 lmol photons m–2 s–1. Cells were spot-
ted on TAP and HSM plates as indicated for 3 and 7 days, respectively.
Vit, vitamin; Spec, spectinomycin. B–D, Growth curves (B), chlorophyll
content per cell (C), and Fv/FM (D) measurements in the absence or
presence of vitamins. Cell concentration, chlorophyll, and Fv/Fm of
A31 and Y28 were measured at different times after the addition of
vitamins. Cells were diluted to 0.5 � 106 cells mL–1 when they
reached a concentration between 2 and 4 � 106 cells mL–1. The ex-
periment was repeated three times with similar results. E, Light mi-
croscopy of cells of A31 and Y28 in the presence ( + ) or absence (–)
of vitamins. Cells were stained with Trypan blue after 4 days in the
light (60 lmol photons m–2 s–1) or 8 days in the dark. F, Number of
dead cells identified by Trypan blue staining in the presence or ab-
sence of vitamin. Averages from three biological replicates and their
standard errors are shown. Data are represented as mean ± SD.
Statistical analysis was performed by unpaired Student’s t test. **P 5
0.005.
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the lack of Orf2971 lowers the threshold level of light per-
ceived as excess light due to dramatically reduced photosyn-
thetic activities. To rule out the effect of light stress and
photooxidative damage on the phenotype, we counted cell
death not only in the light but also in the dark. Although
there was no statistically significant difference in the number
of dead cells in the dark versus in the light, the lethal phe-
notype could not be rescued by growing the Y28 strain in
the dark, indicating that the primary cause of this pheno-
type is not photooxidative damage or impairment of photo-
synthesis (Figure 1, A–F).

Immunoblot analysis showed that the level of Orf2971 di-
minished gradually after 24 h of vitamin treatment of the
Y28 strain. The levels of most plastid-encoded proteins asso-
ciated with photosynthetic reaction centers (PsbD, PsbC,
and PsaB), RuBisCo (RbcL), transcription (RpoA), and trans-
lation (Rps12) decreased upon repression of Orf2971. The
levels of CrTic214 (plastid-encoded) and TIC20 (nucleus-
encoded), two subunits of the TIC complex also declined. It
is therefore not surprising that there was a decrease in the
levels of the nucleus-encoded chloroplast proteins associated
with photosynthetic functions, LHCII, LHCA1, RBCS, and
PRK1 (Figure 2, A and B). The accumulation of putative pre-
cursor forms of LHCA1 and RBCS (Figure 2, marked with an
asterisk) is consistent with impaired chloroplast protein
translocation upon Orf2971 depletion.

Protein aggregation and partial proteolysis triggers
protein quality control upon Orf2971 depletion
Immunoblot analysis of PsbC, PsaB, and PSBO revealed a
smear in the large molecular weight region after prolonged
vitamin treatment when extraction with 6-M urea was omit-
ted. These smears most likely represent protein aggregates
(Figure 2C). The reduced size of PsbC and PsaB, after ex-
tended times in medium supplemented with vitamins indi-
cates partial degradation of these proteins (Figure 2, C and
D). In contrast, VIPP2 (vesicle-inducing protein in plastids 2)
and HSP22E/F (heat shock protein 22E/F) were dramatically
induced following the time-dependent decrease of Orf2971.
The accumulation of chloroplast chaperonins and chaper-
ones (CPN60b1, CPN60b2, HSP70B), chloroplast Clp prote-
ase subunits (CLPR6, CLPP4) and the cytosolic HSP70D
increased upon Orf2971 depletion (Figure 2, E and F).
Moreover, putative precursors of PSBO and HSP22E/F could
be detected.

Cellular characterization of the Y28 repressible
strain
To examine the cell and chloroplast morphology upon sup-
pressed expression of orf2971, samples of Y28 were analyzed
by light and transmission electron microscopy (TEM). Upon
the depletion of Orf2971, cells were swollen with enlarged
vacuolar structures in the cytosol (Figure 3A). Under these
conditions, the Y28 strain could be stained with dansylcada-
verine (monodansylcadaverine, MDC), an indicator of autoph-
agy (Figure 3B). Interestingly, unusual circularized membranes

were observed. These structures seemed to bud from the
chloroplast envelope and circularize as a double membrane,
resembling the RCBs associated with chloroplast autophagy
(Figure 3C). The number of vesicle-like structures dramatically
increased (Figure 3D). At this stage, disorganized thylakoid
stacks filled the cell and appeared to be engulfed by vesicle-
like structures resembling autophagosomes (Figure 3C, left). In
the dark, enlargement and vacuolization of the cells still oc-
curred, although more slowly following the depletion of
Orf2971 (Figure 3C, middle; Supplemental Figure S3). In con-
trast, cell morphology was regular when Orf2971 was not re-
pressed (Figure 3C, right), indicating that this process resulted
from the depletion of Orf2971 and that that it might be ac-
celerated by photodamage.

The progressive vacuolization and budding membrane
structures are hallmarks of autophagy. Immunoblot analysis
of autophagy-related proteins ATG8 and ATG3 (Mizushima
et al., 2011) revealed a strong increase of these proteins fol-
lowing the depletion of Orf2971. The decreased level of
TOR1 (target of rapamycin) as ATG8 begins to increase sug-
gests a link between ATG8 and TOR1 during the onset of
autophagy (Figure 3E) and is fully compatible with the fact
that TOR1 is associated with cell growth and division (gen-
erally stimulates anabolic processes) and is inhibitory to algal
autophagy (Diaz-Troya et al., 2008; Perez-Perez et al., 2010).

To determine whether the phenotype associated with the
protein encoded by orf2971 was caused by photo-oxidative
damage, ROS levels in the wild-type (WT) and Y28 were
evaluated by flow cytometry following the addition of vita-
mins to the growth medium. While ROS accumulation
upon Orf2971 depletion showed a marked increase in the
light, there was little difference of ROS accumulation in the
dark (Figure 4A). The expression of the ROS marker genes
APX1, CAT2, and GSTS1 increased in the light but not in the
dark (Figure 4B). Comparison of the levels of several proteins
under light and dark conditions revealed similar changes,
but the time of their appearance was delayed by about 24 h
in the dark (Figure 4C). Most likely, two factors caused this
delay: the absence of photooxidative stress and the slower
rate of Orf2971 depletion in the dark. These findings con-
firm that the phenotype of Y28 is caused by the depletion
of Orf2971 and that ROS accelerate this process in the light.
In addition, the results also revealed variations in protein ac-
cumulation (Figure 4C); for example, unlike the continuous
increase of VIPP1 (vesicle-inducing protein in plastids 1) un-
til 96 h, accumulation of some proteins such as CPN60b1
and CLPR6 increased until 60 h in the light or 72 h in the
dark, but gradually decreased after that time point, which
could be due to the blocking of protein import and shorter
half-life of these proteins.

Orf2971 is part of a large complex associated with
TIC
To determine the localization of Orf2971, a total cell extract
was separated into soluble and insoluble fractions and
examined by immunoblotting of FLAG-tagged Orf2971
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(Supplemental Figure S4A). A band with an apparent molec-
ular mass above 200 kDa most likely representing full length
Orf2971 was detected in the total extract, and mostly in the
pellet fraction; small amounts of Orf2971 protein could also
be detected in the soluble fraction (Supplemental Figure
S4B). However, Orf2971 is not associated with the thylakoid
membrane (Supplemental Figure S4C). To test the strength
of the association of Orf2971 with the membranes, they
were subjected to different treatments known to detach

nonintrinsic membrane proteins. Orf2971 was completely re-
leased from the membranes after treatment with 2-M NaCl,
2-M NaBr, 0.1-M Na2CO3, or 2-M KI, while CrTic214 which
contains six transmembrane domains remained associated
with the membranes (Supplemental Figure S4D). In addition,
prediction of transmembrane segments revealed that
Orf2971 has two very weak peaks (https://services.health
tech.dtu.dk/service.php?TMHMM-2.0). The expected number
of amino acids in transmembrane helices in these two

Figure 2 Protein abundance during Orf2971 depletion. A, Immunoblot analysis of Orf2971 and chloroplast proteins during Orf2971 depletion.
The asterisks indicate putative preproteins. B, Relative abundance of proteins is shown according to the results of (A). The color map shows a
color-coded visual representation of relative protein abundance. The color map scale is shown on the right. C, D, Immunoblot analysis of chloro-
plast proteins separated by SDS–PAGE without (C) or with (D) urea; protein aggregation and partial proteolysis are detected. The asterisks indi-
cate putative preproteins and the boxes depict aggregated and partially degraded proteins. E, Time course of protein accumulation in Y28 upon
repression of Orf2971 with vitamins for 60 h. A31 serves as control for vitamin treatment and all of the proteins tested were chloroplast proteins
except for HSP70D and RPL37 (ribosomal protein L37) which served as cytosolic control. F, Relative levels of proteins are shown according to the
results of (E). The color map shows a color-coded visual representation of relative protein levels. The color map scale is shown on the right.
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regions, however, does not meet the minimal transmem-
brane requirement (more than 18 amino acids) as indicated
by TMHMM2.0 (Supplemental Figure S4E). The results
showed that the first region can be deleted indicating it is
not essential for the function of Orf2971 (Supplemental
Figure S2). These findings indicate that Orf2971 is not an in-
trinsic membrane protein and can be readily removed from
the membranes by salt treatment.

To examine whether Orf2971 is associated with other pro-
teins in a larger complex, membrane and soluble extracts of
the WT and Y28 were separated by sucrose density gradient
centrifugation. Analysis of the gradient fractions of the
membrane extract by immunoblotting revealed that

Orf2971 co-fractionates with CrTic214 and TIC20
(Figure 5A). Analysis of the gradient fractions of the stromal
extract showed that Orf2971, chaperonins CPN60, and chap-
erones HSP70B partially overlap (Figure 5A). A similar co-
fractionation was observed from the 2D BN/sodium dodecyl
sulphate–polyacrylamide gel electrophoresis (SDS–PAGE;
Figure 5B).

To further validate the interaction between Orf2971 and
other plastid proteins, membrane and soluble extracts of
the strain transformed with Orf2971-FLAG were used for im-
munoprecipitation with beads that specifically bind FLAG.
The immunoprecipitates of the membrane fraction were ex-
amined by immunoblotting. This analysis indicated that

Figure 3 Autophagy-like phenotype after the depletion of Orf2971. A, Light microscopy of Y28 cells in the presence (Orf2971 OFF) or absence of
vitamins (Orf2971 ON). B, Y28 cells treated or untreated with vitamins were stained with autophagy indicator MDC (Dansylcadaverine) to visual-
ize autophagosomes. Cells were imaged by confocal microscopy. The merged channels of chlorophyll fluorescence and MDC stain fluorescence
are shown. Cells were grown in the light for 96 h. C, Analysis by transmission electron microscopy of epoxy-embedded thin sections of Y28
(Orf2971 OFF) and A31 (Orf2971 ON) cells following treatment by vitamins for 72 and 96 h. The images in the second row represent the enlarged
area in the rectangle of the first row. V, vacuoles; RCB, double membrane Rubisco-containing bodies; TM indicates thylakoid membranes engulfed
in the autophagy-like vesicles and Py indicates the pyrenoid. D, Number of vacuoles and vesicle-like structures in A31 and Y28 in the presence or
absence of vitamins. Data are represented as mean ± SD. E, Autophagy-related proteins were examined at different time points after addition of
vitamins by immunoblotting using antibodies against the indicated proteins.

3388 | THE PLANT CELL 2022: 34; 3383–3399 Xing et al.

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac180#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac180#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac180#supplementary-data


Orf2971, CrTic214, and TIC20 co-immunoprecipitate. In a
similar way, analysis of the soluble fraction showed that
CPN60, HSP70B, and Orf2971 interact with each other
(Figure 5C).

The aggregated antenna and the abnormal degradation of
CrTic214 after the depletion of Orf2971 also suggest an im-
portant role for this protein in chloroplast protein quality
control (Supplemental Figure S5, A and B). Upon the deple-
tion of Orf2971, a portion of CrTic214 was detached from
the high MW (molecular weight) complexes as revealed by
sucrose density gradient centrifugation, indicating that
Orf2971 is essential for maintaining the stability of the trans-
location machinery (Supplemental Figure S5, B and C). It
should be noted that in the soluble extracts some

chlorophylls and antennas dissociated from the membrane
during the fractionation process (Supplemental Figure S5C).
It was reported that LHCII trimers bind to PSII–LHCII super-
complexes are more easily dissociated from the PSII core,
particularly in Chlamydomonas (Watanabe et al., 2019). In
addition, no bands of PSII–LHCII or PSI–LHCII complexes
were found in the soluble fraction, and immunoblot analysis
of PsbD (membrane protein) and RbcL (soluble protein)
also revealed that the soluble and membrane fractions had
little contamination with each other (Supplemental Figure
S4, B and C).

To further analyze the components of these complexes,
proteins of the immunoprecipitates were digested with tryp-
sin, and the resulting peptides analyzed using liquid

Figure 4 Accumulation of ROS upon repression of Orf2971. A, Scatter plot of ROS-induced DCF-DA fluorescence from samples with 400,000 cells
of A31 and Y28 in the light and 100,000 cells in the dark in the absence or presence of vitamins showing coincidence of elevated ROS. FSC-Height
(Y-axis) indicates cell size and cell surface area, FL1-Log-Height (X-axis) indicates ROS fluorescence intensity. B, Levels of expression of ROS-related
marker genes in the light or dark upon Orf2971 repression determined by qPCR. Data are represented as mean ± SD. C, Analysis of proteins from
Y28 grown in the light or dark upon Orf2971 repression. Proteins were extracted at different time points and immunoblotted with the antisera as
indicated on the left.
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chromatography tandem mass spectrometry (LC–MS/MS).
Based on LC–MS/MS analysis of the proteins that co-IP with
Orf2971, the largest number of peptides, apart from Orf2971
itself, matched CrTic214 (Figure 5D; Supplemental Data Set
S1). Peptides of TIC20 were also detected. Some peptides of
the immunoprecipitates matched the FTSHi proteases, and
the uncharacterized FTSH-like protein, encoded by
Cre17.g739752, previously named Chloroplast translocon as-
sociated protein 1 (Ctap1) (Ramundo et al., 2020). They

belong to a family of membrane-bound proteases containing
an AAA + ATPase domain and appear to be involved in
“pulling” translocated proteins into the chloroplast stroma
(Kikuchi et al., 2018). Additionally, the transmembrane seg-
ments of FTSHi (FHL in Chlamydomonas) proteins that
interacted with CrTic214 (Ramundo et al., 2020) and
Orf2971 were also analyzed (Supplemental Figure S4E).
FHL1, like Orf2971, has no obvious transmembrane seg-
ments, whereas FHL3 and Ctap1 have one and two obvious

Figure 5 Orf2971 is associated with the TIC complex and protein folding components in the chloroplast. A, Membrane fractions (left) and soluble
fractions (right) of the gradients were collected from WT and analyzed by SDS–PAGE and immunoblotting. B, Fractions of the gradients of the
membrane (left) and soluble phase (right) were collected from WT and analyzed by 2D BN/SDS–PAGE. C, Immunoprecipitation of FLAG-tagged
Orf2971 and associated proteins. Insoluble (left) and soluble (right) extracts of FLAG-tagged Orf2971 and WT strains were co-immunoprecipitated
with anti-Flag antibody. The immunoprecipitated proteins were separated by SDS–PAGE and detected by immunoblotting with anti-Orf2971
antibody and the indicated antibodies. YC-FLAG, FLAG-tagged Orf2971 strain. D, Classification of proteins interacting with Orf2971 based on
co-immunoprecipitation and mass-spectrometry reveals two categories involved in protein translocation across the chloroplast envelope and in
the folding of chloroplast proteins. E, Schematic illustration of Orf2971 interactions with chloroplast proteins.
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transmembrane segments, respectively. This finding suggests
that not all subunits of the complex are intrinsic membrane
proteins.

Additional co-immunoprecipitated proteins of the stromal
extract were the chaperones HSP70B and chaperonins
CPN60. According to co-IP and IP-Mass results, the binding
of Orf2971 to chaperones and chaperonins appears to be
relatively stable (Figure 5, C and D). The depletion of
Orf2971 caused aggregation of some nucleus-encoded pro-
teins (Figure 2C), indicating that these proteins could not be
targeted to the appropriate chaperones or chaperonins in-
volved in folding. Therefore, the interactions between stro-
mal Orf2971 and chaperones or chaperonins are essential
and critical for the correct folding of the imported proteins
rather than representing an assembly intermediate. In addi-
tion, peptides of SECA2 were present. This protein plays a
role in the sorting of chloroplast inner membrane proteins
(Skalitzky et al., 2011).

Taken together, we suggest that Orf2971 is either directly
or indirectly involved in chloroplast protein translocation
and its close interaction with HPS70B and CPN60 further
indicates a possible role in targeting the unfolded proteins
to chaperones and chaperonins (Figure 5E), consistent with
the observed accumulation of unfolded proteins such as
PSBO upon Orf2971 depletion (Figure 2).

Altered localization of RBCS2 and accumulation of
chloroplast precursor proteins during Orf2971
depletion
Immunoblot analysis revealed small amounts of precursors
of RBCS2, LHCA1, PSBO, and HSP22E/F (Figures 2 and 3).
One prediction of the model proposing that Orf2971 plays
an important role in chloroplast protein import is that chlo-
roplast precursor proteins would accumulate in the cytosol
upon Orf2971 depletion. To test this prediction, we intro-
duced Venus-tagged RBCS2 in Y28. After treatment with
vitamins to repress the expression of orf2971 for 48 h,
RBCS2 was imported but no longer targeted to the pyrenoid
and was found instead in aggregates in the chloroplast.
After the repression of Orf2971 for 72 h, RBCS2-Venus accu-
mulated in the cytoplasm. After 96 h, the chloroplast was
severely damaged and no RBCS2 signal was detected, which
could be a consequence of generalized protein degradation
(Figure 6A).

However, the accumulation of RBCS2 in the cytosol could
also be caused by autophagy which is known to give rise to
RCBs. In order to directly prove that protein transport is im-
paired, MS/MS was used to examine whether chloroplast
preproteins accumulate upon Orf2971 depletion, more spe-
cifically to identify transit peptides of chloroplast-localized
proteins. Because the UPS could rapidly degrade the accu-
mulated chloroplast precursor proteins in the cytosol (Lee
et al., 2009, 2016), MG132 was added to inhibit the activity
of UPS. In order to make the data more reliable, proteins
identified with less than five peptides were discarded. Upon
Orf2971 depletion, a total of 16 proteins were detected with

sequences derived from their predicted chloroplast protein
transit peptides (cTPs) (Supplemental Table S1 and
Supplemental Data Set S2). Amongst these proteins seven
are involved in metabolic pathways, three are involved in
protein folding (HSP22E, HSP22F, and HSP70B). In addition,
one isomerase, one low-CO2-inducible protein C, one
copper-binding protein, one DNA-binding protein and two
proteins with unknown function were identified (Figure 6, B
and C). Furthermore, immunoblot analysis supported these
proteomic data as the precursors of HSP22E/F and HSP70B
accumulated when MG132 was added upon Orf2971 deple-
tion (Figure 6D). Taken together, the presence of peptides
containing chloroplast transit peptide sequences, the accu-
mulation of uncleaved preproteins, together with accumula-
tion of protein aggregates in the chloroplast confirm that
the depletion of Orf2971 causes both impaired chloroplast
protein import and quality.

Recombinant Orf2971 protein exhibits ATPase
activity
It has been proposed that orf2971 or ycf2 originated from
the ftsh gene of cyanobacteria. The ATP-dependent zinc
metalloprotease domain (Peptidase family M41) in the
C-terminal part was lost in the green lineage and a fairly
long N-terminal sequence with unknown function emerged
in most of the green lineage except for the Poaceae.
Interestingly, we found that some green algae contain two
AAA + ATPase domains. In Poaceae both large N-terminal
domains of Ycf2 (Figure 7A) and Ycf1 were lost. An evolu-
tionary relationship (phylogenetic tree) was plotted based
on the gene model of ftsh (Cyanobacteria Synechocystis sp
PCC6803), orf2971 (C. reinhardtii), and ycf2 (A. thaliana;
Figure 7B; Supplemental Data Set S3). Cyanobacterial Ftsh
possesses an ATP-dependent zinc metalloprotease domain
in its C-terminal part and an AAA + ATPase domain in the
central section. This ftsh gene is conserved in cyanobacteria
and in the chloroplast genome of Rhodophyta,
Bacillariophyceae, and Phaeophyta which still retain these
two domains.

Orf2971 possesses two AAA + ATPase domains, amino
acids 2,012–2,107 (AAA + ATPase1) and amino acids 2,279–
2,392 (AAA + ATPase2), in its C-terminal region as predicted
by NCBI (national center for biotechnology information).
Failure to create knockout mutants missing either of these
two domains suggests that they have an essential function
(Supplemental Figure S2F). To further characterize the func-
tions of these two AAA + ATPase domains, we conducted
experiments to assess the ATP hydrolysis activity of various
recombinant proteins through the malachite green phos-
phate assay. We first expressed the entire C-terminal region
of Orf2971 (AAA + ATPase1 + 2) containing both the first
AAA + ATPase1 and the second AAA + ATPase2 domain
(Figure 7C). The rate of hydrolysis increased almost linearly
with increasing concentration of the three AAA + ATPase
constructs at 2.5-mM ATP (Figure 7D). At 0.24-lM protein
concentration the hydrolysis rate increased with ATP
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concentration until it reached saturation near 1.5-mM ATP
(Figure 7E). The ATP hydrolysis activity of the first AAA +

ATPase1 domain was significantly lower than for AAA +

ATPase2 suggesting that the second AAA + ATPase domain
is the major functional unit (Figure 7, D and E).

Proteomic analysis of Y28 upon vitamin-mediated
depletion of Orf2971
To determine the changes in protein levels caused by the
depletion of Orf2971, quantitative proteomics was per-
formed on Y28 with or without vitamin treatment. The
results revealed that upon Orf2971 depletion many proteins
involved in metabolic pathways are upregulated, including
those related to proteolysis (DEGO, DEG7), the ubiquitin-
dependent 26S proteasome catabolic process (POA3, POA6,
PBA1, PBG1, CSN6), as well as chaperones involved in pro-
tein folding (HSP70B, HSP70D, HSP22E/F, CLPB3) and disul-
fide oxidoreductase (Supplemental Figures S6 and S7 and
Supplemental Data Set S4). Furthermore, the levels of pro-
teins involved in thylakoid biogenesis (VIPP1, VIPP2), vesicle

organization and endocytosis (VPS45, VSR1), and autophagy
(APG3, APG7) were increased. The accumulation level of
VIPP2, HSP22E/F, DEGO, and HSP70D are not shown be-
cause these proteins could not be detected when Orf2971
was expressed (Supplemental Data Set S4). It is noteworthy
that the abundance of the signal peptide peptidase SPP1A
and SPP1B in the chloroplast stroma increased, pointing to
a possible feedback regulation in response to the accumula-
tion of chloroplast preproteins. In contrast, the majority of
proteins involved in photosynthesis, pigment binding, car-
bon metabolism, as well as chloroplast envelope proteins
were downregulated upon Orf2971 depletion (Supplemental
Figures S6 and S7 and Supplemental Data Set S4).

Discussion
There is currently still no unanimous consensus on the com-
position of the chloroplast protein translocation machinery,
especially on the TIC complex and its associated motor. It
was previously assumed that TIC40, TIC110, and the stromal

Figure 6 Detection of localization of nucleus-encoded RBCS2 and chloroplast precursor proteins upon Orf2971 depletion. A, Confocal microscopy
of Y28-RBCS2-Venus in the presence (Orf2971 OFF) or absence (Orf2971 ON) of vitamins for different times. B, Schematic representation of the
putative chloroplast protein transit peptides (cTP). The scale at the top indicates the number of amino acids. C, Chart summarizing the classifica-
tions based on the proteins shown in (A). D, Immunoblot analysis of the HSP22E/F and HPS70B precursor with or without MG132 treatment dur-
ing Orf2971 depletion. The asterisks indicate putative accumulated preproteins.
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chaperones assist transmembrane protein transport
(Kovacs-Bogdan et al., 2010; Flores-Perez and Jarvis, 2013).
However, a complex consisting of TIC20, TIC56, TIC100, and
Tic214 was recently identified both in Arabidopsis and
Chlamydomonas (Kikuchi et al., 2013; Ramundo et al., 2020).
In addition, a proposed nonphotosynthetic-type TIC system
including TIC20-IV (the TIC20 paralog) but not TIC56,
TIC100, and TIC214 was also hypothesized (Nakai, 2015).

In this study, we investigated the role of chloroplast
Orf2971 in cellular metabolism and growth in
Chlamydomonas. The riboswitch system allowed us to study
the state of the cells during the progressive depletion of
Orf2971 so as to infer its biological function. Our results re-
veal that Orf2971 is part of a large supercomplex that
includes TIC20 and CrTic214 (Ramundo et al., 2020). It is of
particular interest that the chloroplast genes crtic214 and

Figure 7 Protein domain analysis of Orf2971. A, Schematic representation of the conserved AAA + ATPase domains of representative species. The
regions that represent the conserved AAA + ATPase and M41 peptidase domain are shown, respectively. The box indicates the nonconserved
N-terminal parts. B, Phylogenetic analysis of chloroplast encoded FtsH, Orf2971, and Ycf2 of cyanobacterial origin. The sequence data are available
in NCBI (https://www.ncbi.nlm.nih.gov/). The inner circle depicts the names of the organisms, the outer circle refers to the category, and the mid-
dle circle shows the subfamily of Poaceae. The nine classes of proteins are marked by different colors. C, Heterologous expression of the recombi-
nant AAA + ATPase domains (ATPase1 + 2), the first AAA + ATPase domain (AAA + ATPase1) and the second AAA + ATPase domain (AAA +

ATPase2). Proteins extracted from Escherichia coli cells were separated by SDS–PAGE and stained with Coomassie Blue. CPN60b2 and a fragment
of CrTic214 were used as positive and negative control, respectively. D, Rate of ATP hydrolysis of the ATPase domain versus the concentration of
the ATPase domain analyzed by the malachite green phosphate assay. E, Relationship between ATP hydrolysis and the concentration of ATP ana-
lyzed by the malachite green phosphate assay. Data are represented as mean ± SD.
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orf2971 in Chlamydomonas are coordinately expressed with
the nuclear genes of the components of the TOC and TIC
translocons during the cell cycle (Ramundo et al., 2020).
Accumulation of chloroplast precursors in the cytosol after
the depletion of Orf2971 suggests that Orf2971 participates
in chloroplast protein translocation or at least that it inter-
acts closely with the protein import machinery. Although
the amino acid sequences have diverged greatly during evo-
lution, both Chlamydomonas Orf2971 and Arabidopsis Ycf2
contain one or two conserved AAA + ATPase domains for
ATP hydrolysis to provide energy and proposed to be in-
volved in pulling proteins into the chloroplast stroma
(Figure 7A). Orf2971 is associated with some chaperones
such as CPN60 and HSP70B in the stroma, indicating that
these chaperones could be recruited at a later stage for fold-
ing or assembly in Chlamydomonas.

The depletion of Orf2971 affects protein import into chlor-
oplasts. However, it is difficult to detect the precursor pro-
teins, as they are rapidly degraded by the 26S proteasome in
the cytoplasm (Lee et al., 2009, 2016). RuBisCO and antenna
proteins have a longer half-life than other nucleus-encoded
proteins in chloroplasts (Webber et al., 1994; Dinc et al.,
2014), indicating that they are resilient to degradation by
chloroplast proteases. Immunoblot analysis of RBCS, LHCAI
and HSP22E/F revealed precursor forms in the absence of
MG132 to inhibit 26S proteasome activity, while HSP70B
showed precursor forms only when 26S proteasome activity
was inhibited (Figures 2, A and 6, D). These results indicate
that some protein precursors are more resistant to break-
down by the 26S proteasome whereas others are not. Taken
together, we presume that the amount of protein precursors
accumulated may be closely related to their half-life.

It is worth noting that repression Orf2971 in
Chlamydomonas leads to an accumulation of stress-induced
proteins like VIPP2. However, immunoblot and tandem mass
spectrometry analysis failed to detect the precursor form of
VIPP2 (Figure 2E; Supplemental Table S1), suggesting that
VIPP2 accumulated in the chloroplast, not in the cytosol.
When the Orf2971-containing complex is repressed, an alter-
native complex may be responsible for the import of VIPP2.
Alternatively, the remaining low amount of the Orf2971 com-
plex may still allow for some import of the over-expressed
VIPP2. Furthermore, our proteomic data showed a slight in-
crease of TIC110 (1.41-fold for 48 h and 1.46-fold for 60 h), a
subunit of the classic import machinery upon Orf2971 repres-
sion (Supplemental Data Set S4). It is too early to conclude
that VIPP2 and other stress response proteins could be
imported via an alternative import system. Additional experi-
mental evidence is required, including the analysis of the ac-
cumulation of the precursor proteins in various import
mutants using more advanced methods such as genetic, bio-
chemical, and proteomic techniques.

Protein aggregation and partial proteolysis occur upon the
depletion of Orf2971. This may be related to the fact that
the newly imported proteins are no longer targeted to the
components involved in the folding or degradation of these

proteins. Nucleus-encoded chloroplast proteins are trans-
lated in the cytosol and must be unfolded to pass through
the TOC and TIC translocons. Failure to be rapidly proc-
essed and folded once they emerge into the chloroplast
stroma may lead to misfolding and protein aggregation as
observed in this study. While the cpUPR (chloroplast un-
folded protein response) appears to be a relatively early re-
sponse to the depletion of Orf2971, the unfolded proteins
could elicit chloroplast degradation and programmed cell
death (Li et al., 2021). Orf2971 depletion is accompanied by
a progressive vacuolization and swelling. Circular double-
layer membrane structures appear that resemble autophago-
somes (van Doorn and Papini, 2013). Moreover, proteins like
VPS45 and VSR1 involved in membrane biogenesis and ve-
sicular trafficking are upregulated (Bryant and James, 2003;
Zouhar et al., 2010). The concomitant strong upregulation
of chloroplast VIPP1, VIPP2, and HSP22E/F raises the possi-
bility that these proteins also participate in membrane
remodeling during chloroplast autophagy (Nordhues et al.,
2012). The dramatic increased abundance of proteins in-
volved in the ubiquitin-dependent protein catabolic process
and 26S proteasome suggests that ubiquitination partici-
pates in chloroplast protein quality control and degradation
upon Orf2971 depletion in Chlamydomonas. At present it is
unclear how the autophagy and ubiquitin pathways work in
concert in chloroplast degradation in response to defects in
the chloroplast protein import system.

In summary, we conditionally repressed the essential
plastid-encoded protein Orf2971 using a vitamin-repressible
riboswitch and explored its function through genetics, com-
parative cell biology, proteomics, biochemistry and molecular
biology in Chlamydomonas. The results show that Orf2971 is
involved, directly or indirectly, in a variety of molecular events
that underlie chloroplast protein translocation. The depletion
of Orf2971 induces a plastid to nuclear retrograde signaling
pathway for maintaining chloroplast homeostasis. Thus, this
work provides new avenues for an in-depth study of the
mechanisms of chloroplast protein translocation and for iden-
tifying new molecular components involved in chloroplast de-
velopment (Supplemental Figure S8).

Materials and methods

Strains, culture conditions, and stress treatments
The C. reinhardtii WT strain A31 (mt + ) was described pre-
viously (Ramundo et al., 2013). The algal cells were cultured
in TAP medium at 25�C under continuous cool-white fluo-
rescent light (60 mmol photons m–2 s–1) or in the dark. In
the Orf2971 depletion experiments, cells were grown to a
density of 1 � 107 cells mL–1, and then diluted to 0.5 �
106 cells mL–1 in vitamin-containing medium (20-mM
thiamine–HCl and 20-lg L–1 vitamin B12).

Construction of the Orf2971 repressible,
FLAG-tagged, and Y28-RBCS-Venus strains
The upstream region of the chloroplast orf2971 gene was am-
plified from genomic DNA with the primer pairs of Up-F/R,

3394 | THE PLANT CELL 2022: 34; 3383–3399 Xing et al.

https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac180#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac180#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac180#supplementary-data


and cloned in the pUC-atpX-aadA vector containing the
aadA chloroplast selectable marker (Goldschmidt-Clermont,
1991) digested with EcoRV and ClaI by the Gibson cloning kit
(Vazyme, C112-01). The downstream region of the orf2971
CDS was amplified with the primer pairs of S3 (Y28)-F/R; the
psbD 50-UTR was amplified from genomic DNA with the
primer pairs of the psbD-promoter/50-UTR-F/R. In order to
fuse the psbD 50-UTR with the orf2971 CDS, the PCR prod-
ucts were gel purified, mixed together and cloned into the
pUC-atpX-aadA vector digested with NotI and BamHI by
Gibson cloning. To generate the Orf2971-FLAG tagged strain,
the upstream region was amplified with the primer pairs of
YC-FLAG-Up-F/R and the downstream region containing the
FLAG sequence was amplified with the primer pairs of
YC-FLAG-Down-F/R, and cloned into the pUC-atpX-aadA
vector. A31 was transformed with the vector as host strain.
RBCS2 was amplified with the primer pairs of RBCS-F/R and
fused with pMO449 vector (Onishi and Pringle, 2016)
digested with HpaI. The Y28-RBCS2-VENUS strain was gener-
ated by transformation with the pMO449-RBCS2-VENUS plas-
mid. All primers are listed in Supplemental Table S2.

Nuclear and chloroplast transformation
Nuclear transformation of the Y28 strain with pMO449-
RBCS2-VENUS was performed by electroporation as previ-
ously described (Shimogawara et al., 1998). The resulting
transformants were recovered in 1-mL fresh TAP plus
40-mM sucrose for 10 min, followed by plating on TAP
medium containing 10-mg mL–1 paromomycin at 25�C in
constant light (40 mmol photons m–2 s–1). After 1 week,
single colonies were picked.

Chloroplast transformation was performed with a Bio-Rad
gene particle gun (PDS-1000 He–1). 3–5 � 107 cells were
collected and plated on solid TAP medium with 100-mg
mL–1 spectinomycin. The gold particles (Seashell Technology
S550d) coated with 300–500 ng of plasmid DNA were bom-
barded into A31. Seven to 10 rounds of subcloning with the
same concentration of spectinomycin (750-mg mL–1 spec-
tinomycin) were performed to obtain homoplasmic strains.

Fluorescence measurements and cell counting
Transformants growing on liquid TAP with or without
10-mM Thiamine–HCl and 20-mg L–1 B12 were examined
with a Maxi-Imaging PAM chlorophyll fluorometer (Walz,
Effeltrich, Germany). Prior to each measurement, cells were
adapted for 5 min in the dark. Cell numbers were analyzed
by the automated Cell Counter (LIFE Technologies Countess
3, Invitrogen, Carlsbad).

Laser scanning confocal microscopy and
transmission electron microscopy
Laser scanning confocal microscopy was performed with
Leica TCS SP5. Cells were grown in the light (60 lmol pho-
tons m–2 s–1). For Venus, fluorescence excitation and emis-
sion were at 514 and 529 nm, respectively. For chlorophyll,
fluorescence excitation and emission were at 561 and 685
nm, respectively. The representative images are randomly

chosen from 10 cells that showed the same localization. For
TEM, 10-mL algae in exponential growth phase were har-
vested and resuspended in 10-mL HEPES (pH 7.0). About
2.5% glutaraldehyde and 1% OsO4 were added to fix the
cells for 60 min on ice. Cells were resuspended in BSA (bo-
vine serum albumin) buffer and further fixed for 30 min.
Furthermore, the sample was sliced in 1% aqueous glutaral-
dehyde. The pellet was washed with water and dehydrated
with a gradient concentration of ethanol, then embedded
with LR white resin. The sample was cut in slices with an ul-
tra Diatome knife, then stained with methylene blue.
Samples were observed by transmission electron
microscope.

Protein extraction and immunoblot analysis
Cell breakage and isolation of total protein and protein
content measurements were performed as described
(Ossenbuhl et al., 2004). The Chlamydomonas antibodies
against PsbD (1:10,000), PsbC (1:5,000), PsaB (1:5,000) were
from Agrisera (AS06146, AS111787, and AS10695) and di-
luted according to the supplier’s instructions. The antibodies
against RbcL (1:5,000), Orf1995 (1:1,000), LHCII (1:5,000),
HSP70D (1:10,000), HSP70B (1:5,000), ATG3 (1:5,000), VIPP1
(1:5,000), and RPL37 (1:10,000) were used as previously
reported (Ramundo et al., 2013, 2020). Antibodies against
CPN60a (1:5,000), CPN60b1 (1:5,000), CPN60b2 (1:5,000),
CLPT (1:1,000), and CLPR6 (1:1,000) were from Professor
Cuimin Liu. The antibody against ATG8 (1:1,000) was from
Professor Faqiang Li. The antibody against TOR1 (1:5,000)
was from Professor Wenfei Wang. The antibody against
HSP22E/F (1:1,000) and VIPP2 (1:5,000) was from Silvia
Ramundo. Protein separation by SDS–PAGE and immuno-
blot analysis were performed as described previously
(Ramundo et al., 2013).

Isolation of soluble proteins, membranes, and
thylakoid membranes
Soluble proteins, membranes and thylakoid membranes
were separated according to the method previously
described (Wittkopp et al., 2018). Cells were broken by a
high-pressure homogenizer. The soluble fraction was treated
with saturated ammonium sulfate at 4�C for 30 min and
the protein were collected by centrifugation at 2,000g for 20
min at 4�C. Total membranes were pelleted by centrifuga-
tion at 100,000g for 40–60 min at 4�C. Total membranes
were resuspended in HEPES buffer (5-mm HEPES-KOH, pH
7.5, 10-mm EDTA, 1.8-M sucrose), and overlaid on the sur-
face of 0.5 M–1.3 M–1.8 M sucrose density gradient.
Thylakoid membranes were isolated by centrifugation at
256,800g, for 15 min at 4�C and collected at the interface of
the 1.3-M and 1.8-M sucrose gradient layers.

Treatment of membranes with chaotropic agents
Analysis of association of Orf2971 and CrTic214 with the
membranes was performed according to the method previ-
ously described (Boudreau et al., 1997). Total membranes
were separated as described above and diluted to a
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concentration of 0.4-lg Chl ll–1. Each of 250-lL membrane
samples was treated with 2-M NaCl, 2-M NaBr, 0.1-M
Na2CO3, or 2-M KI for 10 min at room, then diluted five-
fold with double-distilled H2O. Soluble and membrane
phases were separated by centrifugation 20,000g for 30 min
at 4�C. The membrane proteins were analyzed by
immunoblotting.

Vitality, autophagy, and ROS test
Cell vitality was tested with Trypan Blue (Sigma-Aldrich,
T8154) staining with a final concentration of 0.02%. For MDC
staining, cells were stained for 2 h with 0.5-mM MDC
dissolved in water (Sigma-Aldrich, 30432). Cells were then
washed with HS medium three times to remove excess
fluorescent dyes. Cells were observed using a confocal
microscope with excitation at 405 nm and fluorescence de-
tection at 451–539 nm. ROS was measured with a fluorogenic
dye 20—70 dichlorofluorescin diacetate (DCFH-DA). Briefly,
1–3 � 106 cells were harvested and DCFH-DA was added
with a final concentration of 10 lmolL–1. After incubation at
room temperature for 20 min, DCFH-DA diffused into the
cell. It was then deacetylated by cellular esterase to a non-
fluorescent compound, which was later oxidized by ROS into
20,70–dichlorofluorescein (DCF). DCF is highly fluorescent and
was detected by fluorescence spectroscopy with excitation/
emission at 488 nm/525 nm.

RNA extraction and real-time PCR analysis
Isolation of total RNA from the algae was performed by us-
ing the RNA easy fast plant kit (Tiangen, DP432). cDNA syn-
thesis was completed with a reverse transcription kit
(Takara, RR047A). Real-time PCR was performed using TB
Green Premix Ex Taq (Takara, RR420A) and the primers are
listed in Supplemental Table S1. The real-time PCR results
were analyzed by the DDCt comparative quantification
method and normalized by the level of CBLP expression.
N = 3 biological replicates, error bars = SD, *P5 0.05,
***P5 0.001.

Production of antiserum against Orf2971 protein
Anti-Orf2971 antibody was generated against a synthetic
peptide containing amino acids located at the N terminus
of Orf2971 (CYFKTNNIQPTKSKSTS, CSDFLSSPKIRKTWFRN,
CMVLSNTEMPSKSFGTP). Rabbits were injected with these
three peptides for the production of anti-Orf2971 polyclonal
antibody (Beijing Protein Innovation, Beijing). To detect
Orf2971 expression, total protein was extracted from WT
and Y28 strains and analyzed by immunoblotting.

Immunoprecipitation and MS
Immunoprecipitations and MS were performed as previously
described (Mackinder et al., 2017). Cells were broken with a
high-pressure homogenizer. The soluble and insoluble frac-
tions of WT and Y28 were separated by ultracentrifugation
at 100,000g for 30 min at 4�C. The insoluble extract was sol-
ubilized with 1% [w/v] digitonin. Insoluble material was re-
moved by centrifugation at 20,000g for 10 min at 4�C. The

supernatant was incubated for 1 h at 4�C with magnetic
beads conjugated to FLAG antibody (Sigma-Aldrich, F1804).
After incubation, the beads were washed five times with im-
munoprecipitation medium before eluting the bound pro-
teins with elution buffer (50-mM Tris–HCl, pH 7.5, 2% [w/v]
SDS). The eluted bound proteins were separated by
SDS–PAGE. The gel slices were digested and the peptides
were analyzed by MS.

Proteomics and data analysis
For the time-course proteomic analysis of Orf2971 depletion,
samples treated for different times (48 h and 60 h) with or
without vitamins were harvested. To detect preproteins
through LC–MS/MS analysis, all cultures were incubated for
3 h in the presence of 30-mM MG132 (Sigma Aldrich,
M7449) before collection of cells. The pellets were resus-
pended in cell lysis buffer (100-mM Tris–HCl, pH 6.8, 4%
SDS, and 20-mM EDTA), protease inhibitor cocktail and
PMSF were added to prevent protein degradation. The mix-
ture was transferred to a high-speed centrifuge tube and
centrifuged at 15,000g at 4�C for 45 min to remove cell de-
bris. The supernatant was collected and four volumes of
pre-cooled 10% trichloroacetic acid (TCA)/acetone solution
was added, then precipitated overnight at –20�C. The pro-
tein precipitate was washed with pre-cooled acetone three
times, then dried in a vacuum rotary concentrator and
stored at –80�C. The lysates (100-lg protein for each sam-
ple) were digested with sequencing grade trypsin (Promega,
Madison, WI; 1:50 (w: w)) at 37�C overnight, reduced with
100-mM DTT at 37�C for 1 h and the resulting tryptic pep-
tides were desalted by StageTips and completely dried and
analyzed by an Orbitrap Fusion Lumos Tribrid mass spec-
trometer (Thermo Scientific, Rockford, IL Waltham, MA,
USA) coupled online to an Easy-nLC 1200 in the data-
dependent mode. The database search was performed for all
raw MS files using the software MaxQuant (v.1.6). The
C. reinhardtii sequence database downloaded from Uniprot
or Phytozome 13.0 was used to search the data. The param-
eters used for the database search were set up as follows:
Type: standard; protease used for protein digestion: rypsin;
Label-free quantification: LFQ; minimum score for unmodi-
fied peptides. Default values were used for all other parame-
ters. Statistical testing was based on a two-sided t test.

Sucrose density gradient fractionation of protein
complexes and 2D BN/SDS–PAGE analysis
Purified membranes (0.8-mg mL–1 chlorophyll) were solubi-
lized with 0.75% (w/v) n-dodecyl-b-d-maltoside (b-DM) on
ice in the dark for 40 min. Solubilized membranes or soluble
proteins were loaded onto a continuous sucrose density gra-
dient (0.1–1.3 M sucrose, 5-mM Tricine-NaOH, pH 8, 0.05%
b-DM) and the various protein complexes resolved by ultra-
centrifugation for 16 h at 288,000g, 4�C. 2D BN/SDS–PAGE
analysis was performed as previously described (Kikuchi
et al., 2011).
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Phylogenetic analysis
The amino acid sequences were aligned, and the phyloge-
netic trees of these proteins were constructed using the sta-
tistical method maximum likelihood with the software
MEGA-X. The maximum likelihood tree was searched with
default values. The units of branch length are nucleotide
substitutions per site. The reliability of the maximum likeli-
hood tree nodes was assessed by the bootstrap method
with 100 replicates. The resulting phylogenetic trees were
edited and depicted with iTOL as midpoint rooted (https://
itol.embl.de/). The resulting pairwise distances of phyloge-
netic trees and the associated multiple sequence alignment
are shown in Supplemental data set S3.

ATPase activity assay
Briefly, the C-terminus of Orf2971 containing one or two
AAA + ATPase domains (AAA + ATPase1 and AAA +

ATPase2) was amplified by PCR using specific primers
(Supplemental Table S2). The amplified fragment was cloned
directly into the Pet28a vector with a 6 � HIS tag. Proteins
were expressed in BL21 (DE3). All proteins were expressed
at 17�C to increase the fraction of soluble protein. All purifi-
cation steps were carried out at 4�C using the Ni-NTA
RESIN. The assay procedure was as previously described
(Chang et al., 2008). The protein was diluted with the assay
buffer (100-mM Tris–HCl, 20-mM KCl, 6-mM MgCl2, pH
7.4.). The malachite green (0.0812%, w/v), polyvinyl alcohol
(2.32%, w/v), ammonium molybdate (5.72%, w/v, in 6 M
HCl), and ddH2O were mixed in the ratio 2:1:1:2. The diluted
protein and ATP were mixed with the assay buffer and incu-
bated at 37�C for 3 h. The Malachite green reagent of 80 lL
was added into each well. Immediately following this step,
10 lL 34% sodium citrate was used to halt the nonenzy-
matic hydrolysis of ATP. The samples were mixed thor-
oughly and incubated at 37�C for 15 min before measuring
the OD620.

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

Supplemental Figure S1. Sequence comparison of
Orf2971 and Ycf2 of C. reinhardtii and A. thaliana.

Supplemental Figure S2. Characterization of the
C. reinhardtii homoplasmic strains and Y28.

Supplemental Figure S3. Analysis by transmission elec-
tron microscopy of epoxy-embedded thin sections of Y28
(Orf2971 OFF) and A31(Orf2971 ON) cells following treat-
ment with vitamins for 72, 96 and 120 h in the dark and
light.

Supplemental Figure S4. Subcellular localization of
Orf2971.

Supplemental Figure S5. Sucrose density gradient ultra-
centrifugation and SDS–PAGE.

Supplemental Figure S6. Quantitative analysis of the pro-
teome of Y28 in the presence (Orf2971 OFF) or absence
(Orf2971 ON) of vitamins after 48 h.

Supplemental Figure S7. Quantitative analysis of the pro-
teome of Y28 in the presence (Orf2971 OFF) or absence
(Orf2971 ON) of vitamins after 60 h.

Supplemental Figure S8. Proposed role of Orf2971.
Supplemental Table S1. Tandem mass spectrometric

analysis of chloroplast transit peptides (cTP) of preproteins.
Supplemental Table S2. List of oligonucleotide primers
Supplemental Data Set S1. LC–MS/MS identification of

proteins coimmunoprecipitated with Orf2971-FLAG.
Supplemental Data Set S2. Proteomic analysis of pepti-

des of chloroplast precursor proteins upon Orf2971
depletion.

Supplemental Data Set S3. Sequence alignments and
phylogenetic analysis of chloroplast encoded FtsH, Orf2971,
and Ycf2 of cyanobacterial origin.

Supplemental Data Set S4. Proteomic analysis of Y28
upon vitamin-mediated depletion of Orf2971.
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