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SUMMARY
Although progress has been made in determining the structure and understanding the function of photosystem I (PSI), the PSI assembly process remains poorly understood. PsaC is an essential subunit of PSI and
participates in the transfer of electrons to ferredoxin. However, how PsaC is assembled during accumulation
of the PSI complex is unknown. In the present study, we showed that Pyg7 localized to the stromal thylakoid and associated with the PSI complex. We also showed that Pyg7 interacted with PsaC. Furthermore,
we found that the PSI assembly process was blocked following formation of the PsaAB heterodimer in the
pyg7 mutant. In addition, the analyses of PSI stability in Pyg7 RNAi plants showed that Pyg7 is involved in
maintaining the assembled PSI complex under excess-light conditions. Moreover, we demonstrated that
decreased Pyg7 content resulted in decreased efficiency of PSI assembly in Pyg7 RNAi plants. These findings
suggest that the role of Pyg7 in PSI biogenesis has evolved as an essential assembly factor by interacting
with PsaC in Arabidopsis, in addition to being a stability factor for PSI as seen in Synechocystis.
Keywords: photosystem I assembly, photosynthesis, PsaC subunit, tetratricopeptide repeat protein,
Arabidopsis.

INTRODUCTION
Photosystem I (PSI), an essential constituent of the thylakoid membrane and one of the largest and most complex macromolecular assemblies known in nature,
catalyzes the final step in photosynthetic electron transport: the oxidation of plastocyanin in the lumen and the
reduction of ferredoxin in the stroma of cyanobacteria,
algae, and plants (Amunts and Nelson, 2009). More
importantly, PSI is an extremely efficient solar energy
converter and produces one electron for nearly every
photon absorbed (Nelson, 2009). Although progress has
been made in determining the structure of PSI and
understanding its function, PSI assembly remains poorly
understood (Shikanai, 2007; Amunts and Nelson, 2008;
Busch and Hippler, 2011; Scho€ ttler et al., 2011; Kargul
et al., 2012; Mazor et al., 2015; Qin et al., 2015a; Yang
et al., 2015; Suga et al., 2016). In contrast to photosystem II (PSII), the rapidity of PSI assembly and the lack
of efficient separation techniques have created difficulty
in separating possible intermediates from mature PSI
950

€ ttler et al., 2011;
complexes (Ozawa et al., 2010; Scho
€ ttler and To
 th, 2014).
Scho
Current understanding of PSI assembly derives largely
from studies of several putative assembly factors in
mutants. The two major subunits of PSI, PsaA and PsaB,
bind the primary electron donor P700, the primary acceptor
A0, the secondary acceptor A1, and the [4Fe-4S] cluster Fx.
PSI assembly in Chlamydomonas reinhardtii begins with
the co-translational integration of PsaB into the thylakoid
membrane, followed by the integration of PsaA. The newly
formed PsaAB heterodimer then serves as a platform for
assembly of the remaining subunits (Wostrikoff et al.,
2004; Onishi and Takahashi, 2009). Several factors may be
involved in the formation of the PsaAB heterodimer. Hypothetical chloroplast reading frame 3 (Ycf3) is necessary for
PSI assembly in cyanobacteria, algae, and plants as a
chaperone to assist the assembly of at least PsaA and PsaD
on the stromal side (Boudreau et al., 1997; Ruf et al., 1997;
Naver et al., 2001; Schwabe et al., 2003). PPD1 may assist
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the proper assembly of PsaA and PsaB on the lumen side
(Liu et al., 2012; Roose et al., 2014). In addition, Ycf3-interacting protein 1 (Y3IP1) cooperates with Ycf3 during PSI
assembly, but only in plants (Albus et al., 2010).
Pyg7, a TPR protein, is orthologous to Ycf37 of Synechocystis and CGL71 of Chlamydomonas (Wilde et al.,
2001; Sto€ ckel et al., 2006; Heinnickel et al., 2016). In Synechocystis, deletion of Ycf37 results in an approximately
30% decrease in PSI content, with no observable change in
growth or photosynthetic electron transport and Ycf37 is
suggested to stabilize the PSI intermediates under high
€ hring et al., 2006,
light conditions (Wilde et al., 2001; Du
2007). In Chlamydomonas, CGL71 protects photosystem I
from oxidative disruption during assembly (Heinnickel
et al., 2016). In Arabidopsis, mutation of Pyg7 leads to the
abolition of photoautotrophic growth and an almost com€ ckel et al., 2006). Very
plete loss of the PSI complex (Sto
recently, PSA3 has been shown to promote PSI accumulation in cooperation with Pyg7 (Shen et al., 2017). However,
the role of Pyg7 in the PSI complex accumulation remains
elusive.
The PsaC subunit of PSI binds two terminal electron
acceptors, FA and FB, and participates in the transfer of
electrons to ferredoxin. PsaC on the stromal side associates with PsaD and PsaE to form the ‘stromal ridge’ for
ferredoxin binding. Moreover, the assembly of PsaC is
essential for accumulation of the functional and stable PSI
complex (Takahashi et al., 1991; Yu et al., 1995). However,
the way in which PsaC is assembled during accumulation
of the PSI complex is unknown. To date, no factors specific
to PsaC assembly have been reported.
Here, we report that Pyg7 plays an essential role in PSI
assembly by interacting with PsaC in Arabidopsis. We confirm that Pyg7 is involved in stabilizing the PSI complex
under excess-light conditions. These findings suggest that
Pyg7 has evolved into an essential assembly factor by
interacting with PsaC in plants, as well as conserved as a
stability factor as seen in Synechocystis.
RESULTS
PSI function and abundance are highly reduced in the
pyg7 mutant
To investigate the role of Pyg7 in the accumulation of the
PSI complex, we first thoroughly characterized the function
and abundance of PSI in the Pyg7 knockout mutant pyg7-2.
The mutant did not survive when grown in soil, but was
able to grow heterotrophically on Suc-containing Murashige and Skoog (MS) medium, although seedlings were
pale yellowish (Figure S1). The absorbance of P700 at
820 nm was almost undetectable, and electron transport
downstream of PSII was blocked (Figures S2a and S2b).
The maximum fluorescence emission band peaking at
732 nm in the wild-type (WT) was blue-shifted to 726 nm

€ ckel et al., 2006). The blue
in the mutant (Figure S2c, Sto
shift in pyg7 could be attributable to the uncoupled LHCI
proteins. Moreover, only trace amounts of PSI core subunits (PsaA and PsaC-G) and the PSI complex were
detected in the mutant while the levels of Lhca1 and Lhca2
in the mutant still maintained about 1/4 of those in WT
€ ckel
(Figure S3), which was similar to previous results (Sto
et al., 2006). This is probably due to the fact that the PSI
antenna proteins accumulate independently of the PSI core
subunits (Krech et al., 2012). In addition, the pyg7 mutant
showed a decrease in PSII protein subunits and chlorophyll
binding complexes including PSII-RC (D1/D2), core antenna
(CP43 and CP47), and peripheral antenna (LHCIIs) (Figure S3). The decrease in PSII protein subunits and chlorophyll binding complexes in pyg7 may be a secondary
effect due to a deficiency in the PSI complex as similar
results have been reported in other PSI deficiency mutants
(Watkins et al., 2011; Liu et al., 2012). These results indicate that the function and abundance of PSI are highly
reduced in the pyg7 mutant.
The PSI assembly process is blocked in the pyg7 mutant
Pyg7 is essential for PSI accumulation and acts at the posttranslational level by participating in the assembly and/or
€ ckel et al., 2006). Thus, we investigated
stability of PSI (Sto
PSI assembly using in vivo [35S]Met pulse-chase experiments followed by blue native (BN)/sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE). In these
experiments, newly synthesized PsaA and PsaB subunits
are [35S]Met-labeled and autoradiographically detected;
hence, the assembly steps of PSI can be deduced by monitoring the putative assembly-intermediate complexes containing the newly synthesized PsaA and PsaB proteins.
Two-dimensional BN/SDS-PAGE gels stained with Coomassie brilliant blue of isolated thylakoids and PSI core
complexes were shown as references to indicate identity
of labeled proteins (Figures S4 (left) and S5). To select the
appropriate pulse labeling time to allow the chase of
assembled complexes, we first [35S]Met-labeled in 5, 10,
20, or 30 min pulses in intact wild-type leaves, then separated the thylakoid proteins using BN/SDS-PAGE (Figure S4
(right)). After a 5-min pulse, no signal for newly synthesized PsaA/B was detected, and only the intensively synthesized D1 protein was detected; mainly as free protein,
the PSII reaction center (PSII-RC) complex, and CP43-less
monomer. After a 10-min pulse, newly synthesized PsaA/B
proteins appeared mainly as free protein (apoprotein and/
or monomeric holoprotein) (spot a), while the D1 protein
was assembled into larger complexes, such as PSII monomer and dimer. After a 20-min pulse, the newly synthesized PsaA/B was present in several distinct complexes
(spots b, c, and d). After a 30-min pulse, some supercomplexes (spot e) were detected. According to the results
indicated in Figures S4 (left) and S5, spot d is designed as
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the PSI-LHCI supercomplex; spot e represents the supercomplexes that are formed by PSI associated with NDH
complexes or/and LHCII complexes (Peng and Shikanai,
2011; Roose et al., 2014; Suorsa et al., 2015); spots b and c
stand for the PSI intermediate complexes. The newly synthesized D1 protein existed in several distinct forms including free protein, RC, CP47-RC, CP43-less monomer, PSII
monomer, PSII dimer and PSII-LHCII supercomplexes.
Next, using pulse-chase experiments, we compared the
PSI assembly process in the WT and pyg7 mutant. Because
the pyg7 mutant was pale yellowish and grew slowly, we
[35S]Met-labeled these with a 30-min pulse to incorporate
more radiolabeling in the mutant; we then chased of the
PSI assembly process for 0, 15, or 30 min, respectively
(Figure 1). In WT, after a 0-min chase, the newly synthesized PsaA/B proteins were assembled into the mature PSI
complex (spot d), several intermediate complexes (spots b
and c), and the supercomplexes (spot e). However, in
pyg7, after a 0-min chase, the newly synthesized PsaA/B
proteins were assembled into the intermediate complex
(spot b) and the trace amount of the mature PSI complex
(spot d) while the intermediate complexes (spot c) and the
supercomplexes (spot e) were not detected. With increasing chase time, accumulation of the mature PSI complex

(spot d) increased in WT while only a faint spot d could be
detected in pyg7. In addition, the overall labeling of spots
a and b in pyg7 decreased over chase time, indicating an
increased turnover of newly synthesized PsaA/B proteins.
During the pulse and chase process, the overall pattern of
PSII assembly in pyg7 was similar to that in WT, with the
D1, CP43 and CP47 proteins gradually assembled into bigger-sized complexes. These results suggest that the PSI
assembly process is blocked in the pyg7 mutant.
AS several PSI assembly factors, such as Ycf4 and PPD1,
accumulate most highly in young leaves (Krech et al.,
2012; Liu et al., 2012), we examined the expression pattern
of Pyg7 during leaf ontogenesis (Figure S6). Pyg7 content
decreased significantly with increasing leaf age, whereas
PsaA content remained constant, suggesting that more
Pyg7 accumulates in young leaves.
Pyg7 is localized to the stromal thylakoid and associated
with the PSI complex
The fluorescence of
specifically matched
Pyg7 was localized
ure S7). To explore
assembly process,

Pyg7-green fluorescent protein (GFP)
that of RbcS 1A-GFP, suggesting that
exclusively to the chloroplast (Figthe involvement of Pyg7 in the PSI
we further investigated the sub-

Figure 1. The PSI assembly process is blocked in
the pyg7 mutant.
Leaves detached from 10-day-old seedlings were
pre-incubated in the presence of 20 mg ml1 cycloheximide for 30 min, then labeled with 1 lCi ll1
[35S]Met for 30 min. Pulse-labeled leaves were
chased for 0, 15, or 30 min, respectively. Thylakoid
membrane proteins were separated using blue
native (BN) PAGE and subsequent two-dimensional
(2D) SDS-PAGE, and visualized by autoradiography.
Letters a, d, and e correspond to free PsaA/B proteins, the mature PSI complex, and the supercomplexes, respectively. Letters b and c are designated
as the PSI intermediate complexes.
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Figure 2. Pyg7 is localized to the stromal thylakoid and associated with the
PSI complex.
(a) Pyg7 is a thylakoid membrane protein. Intact chloroplasts were isolated
from wild-type (WT) leaves, then separated into thylakoid membrane and
stroma fractions.
(b) Pyg7 is mainly localized in the lamellar thylakoid membrane. Intact thylakoid membranes were sub-fractionated into grana thylakoids (GT) and
stroma lamellae thylakoids (ST), then subjected to immunoblot analysis.
(c) Pyg7 is tightly associated with the thylakoid membrane. Thylakoids were
incubated with various chaotropic agents and used for immunoblot analysis. PsbO, CP47, and CF1b were controls for extrinsic membrane protein in
the lumen, integral membrane protein, and peripherally associated protein
on the stromal side, respectively. CK, thylakoid membranes not subjected to
chaotropic washing.
(d) Pyg7 is a thylakoid protein protruding into the stromal side. Thylakoids
were incubated with trypsin. PsbO, CF1b, and CP43 served as controls for
thylakoid lumenal proteins, thylakoid stroma proteins, and intrinsic thylakoid membrane proteins, respectively.
(e) Schematic representation of the topology of Pyg7 with two transmembrane regions (TMs), TMD1 and TMD2. Trypsin cleavage sites are indicated
by ‘9’.
(f) Pyg7 co-purifies with the PSI complex. Suc gradient fractions of thylakoids isolated from the wild-type were subjected to immunoblot analysis
using the indicated antibodies.
(g) Distribution of Pyg7, the PSI antenna protein Lhca1 and the PSII antenna
protein Lhcb1 in the Suc gradient fractions of thylakoids isolated from the
ppd1 mutant with a complete loss of the PSI complex.

localization of Pyg7 within the chloroplast. Chloroplasts
from WT leaves were isolated, and separated into soluble
and thylakoid membrane fractions. Immunoblot analyses
of soluble and thylakoid membrane fractions using marker
antibodies revealed that Pyg7 was associated with the thylakoid membrane (Figure 2a), suggesting that Pyg7 is a
thylakoid membrane protein. Further sub-fractionation of
the thylakoid membrane showed that Pyg7 was mainly
localized to the stromal thylakoid membrane (Figure 2b).
Analyses of thylakoid membrane incubated with chaotropic salts showed that Pyg7 was associated more tightly
with the thylakoid membrane than was CF1b, but not so
tightly as CP47, the intrinsic antenna protein of PSII
(Figure 2c).

We predicted that Pyg7 would have two transmembrane
domains and three tetratricopeptide (TPR) motifs at Cterminal domain (Figure S8; Bohne et al., 2016). To investigate the topology of Pyg7 in the thylakoid membrane, we
digested the thylakoid membrane with trypsin, which cannot cross the membrane of intact thylakoids. Immunoblot
analyses showed that Pyg7 was sensitive to trypsin digestion, as was the stromal protein CF1b of ATP synthase (Figure 2d). Since the anti-Pyg7 antibody used in this study
was raised against a polypeptide at the C-terminal, this
result suggests that the C-terminal domain of Pyg7 protrudes out of the stromal side. Considering that there are
only 12 amino acids between the two predicted transmembrane domains (Figure S8), it is suggested that the N-terminal domain of Pyg7 also protrudes out of the stromal side
(Figure 2e).
We further analysed the localization of Pyg7 using a Suc
gradient, in which PSI and PSII were separated after solubilization with dodecyl maltoside (DM). In wild-type plants,
Pyg7 was detected in the fractions containing the PSI reaction center protein PsaA and Lhca1 (Figure 2f), which was
€ ckel
in agreement with previously reported results (Sto
et al., 2006). In ppd1 mutants, with a complete loss of the
PSI complex, Pyg7 was detected in the fractions containing
Lhca1 (Figure 2g). These results suggest that Pyg7 is associated with the PSI complex.
Pyg7 interacts with PsaC
The above results demonstrate that Pyg7, a stromal thylakoid protein, is essential for PSI assembly and is associated with the PSI complex. Pyg7 contains three TPR motifs
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Figure 3. Pyg7 interacts with PsaC.
(a) Interactions between Pyg7 and PsaC in vivo, as examined by bimolecular fluorescence complementation (BiFC). No signal was detected from non-fused yellow fluorescent protein (YFP)C and Pyg7-YFPN co-expressed in protoplasts as a negative control. Pyg7-YFPN co-expressed with PsaD-YFPC and PsaE-YFPC
showed no signal. Co-expression of Pyg7-YFPN and PsaC-YFPC showed a YFP signal. Merged panel is the merged view of chloroplast fluorescence and YFP signals. Bars = 5 lm.
(b) Pyg7 tetratricopeptide repeat (TPR)-containing domains are responsible for the interaction with PsaC. (i) Schematic illustration of the topology of Pyg7. CSP,
chloroplast signal peptide. TMD, transmembrane domain. TPR, tetratricopeptide repeat domain. Numbers indicate amino acid positions. (ii) Pyg7 TPR domains
interact with PsaC, as revealed by yeast two-hybrid assay. The N-terminal region (amino acids 62–85) and the C-terminal region containing TPR domains (amino
acids 142–301) were fused as bait constructs. PsaC was fused as the prey construct. AD, Gal4 DNA activation domain; BD, Gal4 DNA-binding domain.
(c) The Pyg7 TPR-containing domain (amino acids 142–301) interacts with PsaC, as revealed by overlay assays. Thylakoid membrane proteins were resolved by
2D BN/SDS-PAGE and transferred to the nitrocellulose membranes. (i) The nitrocellulose membrane was incubated with Pyg7-His fusion protein and subsequently probed with an anti-His tag according to a chromogenic western blot immunodetection kit protocol. (ii) After blotting, the same nitrocellulose membrane was subjected to immunodetection with PsaC antibody as indicated by the arrow by the enhanced chemiluminescence method. (iii) Superposition of (i)
and (ii) as indicated by the arrow. (iv) Negative control. After blotting, the nitrocellulose membrane not incubated with Pyg7-His fusion protein was subjected to
immunodetection with an anti-His tag using the chromogenic western blot immunodetection kit. Positions of thylakoid complexes are shown at the top of the
BN-PAGE gel.

that likely mediate protein–protein interactions (Figure S8;
Blatch and La€ssle, 1999; Scheufler et al., 2000). Therefore,
we expected Pyg7 to interact with some of the PSI subunits
on the stromal side. To test this prediction, we investigated
the potential of Pyg7 to interact with the three stroma subunits, PsaC, PsaD, and PsaE in vivo by bimolecular fluorescence complementation (BiFC), which can directly visualize

protein interactions in Arabidopsis protoplasts. Yellow fluorescent protein (YFP) signals were observed only in the
protoplasts co-transformed by plasmids pUC-SPYNE-Pyg7
and pUC-SPYCE-PsaC, but not in other co-transformed protoplasts; this finding suggests that Pyg7 interacts with the
PsaC subunit (Figure 3a). We further determined the Pyg7
domains interacting with PsaC using a yeast two-hybrid
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assay. The Pyg7 C-terminal domain, containing three TPR
motifs (amino acids 142–301), but not the N-terminal
domain (amino acids 62–85), interacted with PsaC (Figure 3b). Overlay assays further confirmed that the Pyg7 Cterminal domain interacts with PsaC (Figure 3c). Taken
together, these results suggest that Pyg7 interacts with
PsaC with its C-terminal domain.
Pyg7 is involved in maintaining the assembled PSI
complex under excess-light conditions
In Synechocystis, Ycf37 is suggested to stabilize the PSI
intermediate complex under high light conditions (Wilde
€ hring et al., 2006, 2007). Thus, we further
et al., 2001; Du
examined whether Pyg7 plays a role in protecting the PSI
complex from oxidative stress. Since the PSI complex in
the pyg7 mutant was nearly undetectable (Figure S3), we
used RNAi to obtain three transgenic lines (i1, i6, and i8)
with decreased Pyg7 (Figure S9). Pyg7 content was
reduced by about 70, 50, and 30% in i1, i6, and i8, respectively, compared to WT (Figure S9a). Moreover, the
decreased Pyg7 content in i1, i6, and i8 lines resulted in a
corresponding decrease in the levels of PSI subunits (PsaA,
PsaC, PsaD, PsaE, and PsaF) and the PSI complex, while
PSII subunit (D1, CP43, and Lhcb1) levels were unchanged
(Figure S9a, b). There was a corresponding decrease in
light-induced P700 absorbance upon illumination at
820 nm (DAmax) in the RNAi lines (Figure S9c). To characterize PSI electron transport in the RNAi lines, we investigated the PSI quantum yield, which can be limited either
€ ndel
from the donor side or from the acceptor side (Pfu
et al., 2008; Suzuki et al., 2011) (Figure S9d). The effective
photochemical quantum yield of PSI, Y(I), was lower in the
RNAi lines than in WT. The quantum yield of non-photochemical energy dissipation in PSI caused by limitation on
the acceptor side, Y(NA), which is a measure of the level of
P700 that cannot be oxidized, was higher in the steady
state in RNAi lines than in WT, suggesting that P700 cannot be oxidized efficiently in the RNAi lines. The quantum
yield of non-photochemical energy dissipation in PSI
caused by limitation on the donor side, Y(ND), which represents the fraction of overall P700 that is oxidized, was
very low and largely unchanged in the RNAi lines, indicating that there is no difference in limitation on the donor
side between WT and the RNAi lines. Furthermore, the
decreased Pyg7 content in i1, i6, and i8 lines led to a corresponding decrease in growth (Figure S9e).
We investigated whether Pyg7 is involved in the maintenance of PSI stability under oxidative stress conditions
using the RNAi i1 line. Leaves detached from WT and i1
plants were exposed to 80 lmol photons m2 sec1 (moderate light, i.e., growth light) and 250 lmol photons m2 sec1 (excess light) for various periods of time
up to 30 h in the presence of lincomycin and cycloheximide to inhibit translation in the chloroplast and

cytoplasm, respectively. We assessed PSI activity by measuring the maximum photo-oxidizable P700 (DAmax).
Immunoblotting was used to analyse levels of the PSI subunits PsaA and PsaC (plastid-encoded) and PsaD (nucleusencoded), and the PetD subunit of the cytochrome b6f
complex (nucleus-encoded). After exposure to moderate
light for 30 h, there were no significant changes in DAmax,
or in the levels of PsaA, PsaC, PsaD, and PetD in either WT
or the i1 line (Figure 4a, c). Under excess light, there was a
much greater decrease in DAmax with increasing exposure
time in the i1 line relative to WT. After 30 h, there were
approximately 20 and 80% decreases in DAmax in WT and
the i1 line, respectively (Figure 4b). Levels of PsaA and
PsaD were largely unchanged with increasing exposure
time in WT, but decreased significantly in the i1 line. The
level of PetD remained unchanged in both WT and the i1
line (Figure 4d). These results suggest that Pyg7 is
required for the stability of the assembled PSI complex
under excess-light conditions.
We also determined PSII activity (Fv/Fm) and the content
of the PSII core protein D2 in the presence of lincomycin
and cycloheximide in WT and the i1 line under moderate
and excess-light conditions (Figure S10). Fv/Fm and the D2
level decreased significantly in WT and the i1 plant after
exposure to moderate and excess light for 30 h. However,
there were no significant differences in the decreased
extents of Fv/Fm and the D2 level between WT and the i1
line either under moderate light conditions or under
excess-light conditions.
We further investigated the PSI assembly process using
in vivo pulse-chase experiments in the RNAi lines as
described above (Figure S11). After a 20-min pulse, newly
synthesized PsaA/B proteins were assembled into several
intermediate complexes (spots b and c), the mature PSI
complex (d), and the supercomplexes (spot e) in WT and
the i1 line. After a 15-min chase, almost all of the free
PsaA/B proteins (spot a) were assembled into the mature
PSI complex (d) and possible intermediate complexes
(spots b and c) in WT, whereas some PsaA/B free proteins
remained in the i1 line. These results demonstrate that
decreased Pyg7 content results in decreased efficiency of
PSI assembly, further supporting the conclusion that Pyg7
is required for the PSI assembly process.
DISCUSSION
PSI assembly is a highly ordered process monitored by
networks of auxiliary proteins, but the individual assembly
steps and the role of transiently acting assembly factors
are poorly understood. The use of PSI deficient mutants
will provide insights into the mechanism of the PSI assembly. In this study, we found that the absence of Pyg7
resulted in an almost complete loss of PSI core subunits
(PsaA–G) and of the PSI complex in Arabidopsis (Figure S3;
€ ckel et al., 2006). In order to understand how Pyg7 is
Sto
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Figure 4. PSI stability analysis in the wild-type and
Pyg7 RNAi i1 line.
(a, b) Maximum level of photo-oxidizable P700
(DAmax; normalized to initial values at time zero,
t0). Leaves detached from wild-type (WT) and the i1
line in the presence of lincomycin and cycloheximide were exposed to moderate light
(80 lmol photons m2 sec1) (a) and excess light
(250 lmol photons m2 sec1) (b) for up to 30 h.
Data represent means  standard deviation (SD)
(n = 3). Significant difference from the wild-type
was calculated using Student’s t-test (*, P < 0.05;
**, P < 0.01).
(c, d) Immunodetection of specific thylakoid membrane proteins. Leaves detached from WT and the
i1 line in the presence of lincomycin and cycloheximide were exposed to moderate light
(80 lmol photons m2 sec1) (c) and excess light
(250 lmol photons m2 sec1) (d) for up to 30 h.

involved in PSI assembly, we investigated whether Pyg7
interacts with some subunits of the PSI complex. Our
results showed that Pyg7 interacts with PsaC but not with
PsaD and PsaE (Figure 3a). The C-terminal domain of Pyg7
has three TPR motifs (Figure S8). We thus further examined if the C-terminal domain of Pyg7 interacts with PsaC.
Indeed, we found that the Pyg7 C-terminal domain interacted with PsaC (Figure 3b, c). As the classical function of
TPR proteins is to hold different proteins together (Das
et al., 1998; Blatch and La€ssle, 1999; Scheufler et al., 2000),
an interaction of Pyg7 with PsaC indicates that Pyg7 is
involved in PSI assembly.
We further investigated how Pyg7 is involved in PSI
assembly using in vivo [35S]Met pulse-chase experiments.
Our results revealed that the newly synthesized PsaA/B
protein was assembled into an early intermediate complex
(spot b) which could be efficiently assembled further into
the PSI-LHCI supercomplex (spot d) and the bigger-sized
PSI intermediate complexes (spots c and e) in WT but not
in the pyg7 mutant (Figure 1). Since the molecular mass of
this early intermediate complex (spot b) was approximately 160 kDa and we observed that Pyg7 interacts with
PsaC (Figure 3), it is suggested that spot b should stand
for the PsaAB heterodimer. Therefore, our results suggest
that the PSI assembly process is mostly blocked following
formation of the PsaAB heterodimer in the pyg7 mutant.
Although the PsaAB heterodimer could be formed in the
pyg7 mutant, other subunits could not be assembled into
the mature PSI complex possibly due to the blocking of the

PsaC assembly. In Chlamydomonas, it is proposed that
PsaB is synthesized first acting as an acceptor for the
assembly of other PSI subunits, and PsaA integrates with
PsaB to form the PsaAB heterodimer and then PsaC is subsequently assembled on the stromal side of the PsaAB heterodimer (Wollman et al., 1999; Wostrikoff et al., 2004).
Deletion of PsaC allows the formation of the PsaAB heterodimer in Synechocystis sp. PCC6803 (Yu et al., 1995), suggesting that the assembly of PsaC is critical to the
accumulation of the stable PSI complex. Thus, the results
in this study suggest that Pyg7 is essential for PSI assembly by interacting with PsaC during the assembly process
of the PSI-LHCI supercomplex.
In this study, we could not provide direct evidence to
support the involvement of Pyg7 in PsaC assembly
because it is still unclear which PSI assembly intermediates contain PsaC and whether or not PsaC is present in
spot b as shown in Figure 1. The difficult to detect the
PsaC signal by autoradiograph may be due to the resolution of SDS-PAGE system used in this study. To confirm
the role of Pyg7 in PsaC assembly, it is necessary to investigate the presence of or absence of PsaC in spot b as well
as spots d and e in WT and pyg7. Thus, the SDS-PAGE system adapted for separation of small proteins or
immunoblotting using anti-PsaC antibody instead of
autoradiograph could be employed to detect which PSI
assembly intermediates contain PsaC.
As discussed above, Pyg7 is involved in PSI assembly
by interacting with PsaC during the assembly process of
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the PSI complex. Thus, Pyg7 should interact transiently
with PsaC and not be associated with the PSI complex.
However, the results in this study as well as in a previous
study showed that Pyg7 remained associated with the PSI
€ ckel et al., 2006). It seems that Pyg7
complex (Figure 2f; Sto
is not associated with the LHCI antenna as Pyg7 is involved
in the early step of PSI assembly, although Pyg7 was
detected in the fractions containing the PSI antenna protein Lhca1 (Figure 2f, g). It has been reported previously
that Ycf3 and Ycf4, two PSI assembly factors, are not associated with the PSI complex (Boudreau et al., 1997) and
PPD1, a PSI assembly factor by interacting with PsaA and
PsaB, is partially associated with the PSI complex (Liu
et al., 2012). In addition, PAM68, a PSII assembly factor
that interacts with several of the PSII core subunits, is not
associated with the PSII complex (Armbruster et al., 2010).
Alb3.2, an assembly factor for photosystems, interacts with
the reaction center polypeptides of PSII and is associated
€ hre et al., 2006). It is unclear
with the PSII complex (Go
how Pyg7 functioned as an assembly factor but remained
associated with the mature PSI complex. However, our
results showed that Pyg7 is required for the stability of the
assembled PSI complex under excess-light conditions (Figure 4). Since PsaC contains two terminal electron acceptors, FA and FB, which are sensitive to excess light stress
(Tiwari et al., 2016), one possible explanation for Pyg7
remained to be associated with the PSI complex is that
Pyg7 may be involved in maintaining the assembled PSI
complex by protecting PsaC under excess-light conditions.
Our results showed that a decrease in Pyg7 content led
to a proportional decrease in the function and abundance
of PSI in Pyg7 RNAi lines (Figure S9). It would be expected
that the lower the assembly of PSI, the lower the acceptor
side limitation of PSI, since the ratio of PSI to its pool of
electron acceptors would decrease, thereby alleviating limitation in electron transfer out of PSI. However, we
observed that there was a higher acceptor side limitation
of PSI in these RNAi lines than in wild-type plants (Figure S9d). Similar results were observed in the mutants
with deficient phylloquinone, the secondary electron
acceptor of PSI (Wang et al., 2017). Therefore, something
must be happening on the acceptor side of PSI in these
RNAi lines. It was previously reported that the FA/FB Fe-S
clusters are highly sensitive to O2 when exposed to the
atmosphere by the removal of the C terminus of PsaC
(Jagannathan and Golbeck, 2009). There is a requirement
for shielding the FA/FB Fe-S clusters from O2 exposure by
stabilizing PsaC. Since Pyg7 remains associated with the
€ ckel et al., 2006), it
mature PSI complex (Figure 2f; Sto
seems that Pyg7 is not simply a PSI assembly factor, but it
is also important for protecting the assembled PSI complex
from O2 disruption by stabilizing PsaC. Thus, the Pyg7
level in the RNAi lines may be not efficient to protect the
FA/FB Fe-S clusters from O2 exposure, thereby resulting in

an inhibition of electron transfer at the acceptor side of PSI
in the RNAi lines.
It should be noted that a faint spot d was observed in
the pyg7 mutant after pulse-labeled leaves were chased for
0, 15, and 30 min (Figure 1), suggesting that trace amount
of the mature PSI complex could be assembled. In fact,
trace amounts of PSI subunits and the PSI complex were
detected in the pyg7 mutant (Figure S3). These results indicate that other factors involved in PSI assembly may exist
during PSI assembly.
Our results showed that Pyg7 content decreased significantly with increasing leaf age, whereas the accumulation
of PSI remained largely unchanged (Figure S4), suggesting
that Pyg7 accumulated most highly in young leaves. Understandably, the assembly of the PSI complex in young
leaves is more required than in mature leaves. Thus, the
Pyg7 abundance is higher in young leaves than in mature
leaves. It remains unclear why PSI is stable in mature
leaves that accumulate much less Pyg7 (Figures 4 and S6).
Normally, the PSI assembly process takes place actively in
young leaves where more PSI assembly factors are
required. The less Pyg7 accumulation in mature leaves (Figure S6) suggests that Pyg7 is required for PSI assembly but
not for PSI stability under normal light conditions. Our
results indeed show that Pyg7 is involved in PSI assembly
(Figure 1). However, Pyg7 is required to stabilize PSI complex under strong light conditions (Figure 4). Therefore, PSI
is stable in mature leaves though they accumulate much
less Pyg7 under normal light conditions (Figures 4 and S6).
Pyg7 in Arabidopsis and CGL71 in Chlamydomonas are
of common phylogenetic origin; their homolog in Synechocystis is Ycf37 (Figure S8). Although these three proteins are all involved in PSI complex accumulation, it
seems that their functions differed during evolution. In
Synechocystis, Ycf37 is suggested to stabilize the PSI intermediates under high light conditions (Wilde et al., 2001;
€ hring et al., 2006, 2007). In Chlamydomonas, CGL71 also
Du
acts as a stabilizing factor to protect the assembled PSI
complex against oxidative damage (Heinnickel et al., 2016).
In addition, cgl71 mutants show nearly no accumulation of
the PSI complex under dark, oxic conditions, suggesting
that CGL71 is essential for PSI assembly although it
remains unknown how CGL71 is involved in PSI assembly
(Heinnickel et al., 2016). In this study, our results showed
that Pyg7 is required to stabilize the PSI complex under
excess-light conditions (Figure 4). More importantly, we
demonstrated that Pyg7 is an assembly factor that is
essential for PSI assembly in Arabidopsis. This indicates
that similar to CGL71 in Chlamydomonas, Pyg7 has
evolved from being a stabilizing factor for PSI complex in
Synechocystis into a crucial assembly factor for the PSI
complex in Arabidopsis, probably because other, more
specific assembly factors were required to assist PSI core
subunit assembly during evolution.
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EXPERIMENTAL PROCEDURES
Plant materials and growth conditions
The Arabidopsis thaliana (ecotype Columbia-0) T-DNA insertion
line pyg7-2 (CS807379) was obtained from the Arabidopsis Biological Resource Center (ABRC; http://abrc.osu.edu/). The T-DNA
insertion site was confirmed using the polymerase chain reaction
(PCR; for primers used, see Table S1). Homozygous mutant lines
were obtained via segregation of the heterozygous plants. WT and
heterozygous seeds were sown on MS medium containing 2%
sucrose and 0.4% phytagel. After vernalization at 4°C for 2 days,
seeds were transferred to a culture chamber under a light intensity
of 5 lmol m2 sec1 at 22°C, with a 10-h light/14-h dark period.

Creation of Pyg7 RNAi lines
For the Pyg7 RNAi vector construct, a fragment of Pyg7 (346 bp in
size) was subcloned into the cloning sites of pHANNIBAL (Wesley
et al., 2001) using forward and reverse primers (see Table S1) to
create an inverted repeat transgene separated by the pdk intron.
After building the construct and verifying it by sequencing, the
transformation cassette was spliced out of the pHANNIBAL vector
with NotI, then ligated into the NotI site of the binary plasmid
pART27 (Gleave, 1992). The resulting construct was mobilized into
Agrobacterium tumefaciens strain GV3101, as described previously (Liu et al., 2012). The floral-dip method was used to produce
transgenic plants (Clough and Bent, 1998). Individual transgenic
plants were selected on the basis of resistance to 50 mg/L kanamycin on MS medium agar plates. Transgenic kanamycin-resistant seedlings were transferred to soil and grown in a growth
chamber at 22°C under a light density of 80 lmol m2 sec1with a
10-h light/14-h dark period. Three transgenic lines, named i1, i6
and i8, were selected for further experiments.

Measurement of chlorophyll fluorescence and 77K
fluorescence emission spectra
Chlorophyll fluorescence and 77K fluorescence emission spectra
were determined using the method described previously (Liu
et al., 2012).

P700 redox kinetics
As described by Meurer et al. (1996), a PAM 101 fluorometer
(Heinz-Walz, Effeltrich, Germany) equipped with an emitter-detector unit (ED 800T) was used to assess P700 redox kinetics by monitoring its absorbance at 820 nm. P700 absorbance changes at
820 nm, induced by far-red (FR) light, represent the relative
amounts of photo-oxidizable P700. Intact leaves were darkadapted for 20 min prior to measurement. P700 oxidation took
place on illumination with FR light (720 nm, 24 lmol m2 sec1).
Maximum photo-oxidizable P700 content (DAmax) was induced
using a 800 msec saturating pulse (625 nm, 2300 lmol m2 sec1)
in continuous FR light.

Determination of PSI complementary quantum yields
The measurements of PSI complementary quantum yields were
performed using Dual-PAM-100 (Heinz-Walz, Effeltrich, Germany)
€ ndel et al., 2008). Three types of PSI complementary quantum
(Pfu
yields of energy conversion were measured simultaneously with a
P700 induction curve. The P700 signal represents the difference of
the 875 nm and 830 nm transmittance signals. The leaves of the
3-week-old WT and pyg7 mutant were dark-adapted for 20 min
prior to measurement. The maximal change of P700 signal (Pm)

was measured through application of a 200 ms saturation pulse
(625 nm, 10 000 lmol m2 sec1) after a 10 sec FR light (720 nm,
20 lmol m2 sec1) preillumination. Po was determined at the end
of the 1 sec dark interval following saturation pulse. At 40 sec
after FR-off, then actinic light (AL, 625 nm, 80 lmol m2 sec1)
was turned on. In the presence of actinic light, Pm0 was induced by
a 200 msec saturating pulse (625 nm, 10 000 lmol m2 sec1)
applied every 20 sec. The P700 signal (P) was recorded just before
a saturation pulse. The P700 induction curve was recorded for
350 sec to achieve a steady state of the photosynthetic apparatus,
and the actinic light was then turned off. Parameters were calculated automatically (Klughammer and Schreiber, 2008):
Y ðIÞ ¼ ðPm0  P Þ=Pm ; Y ðNDÞ ¼ ðP  Po Þ=Pm ; Y ðNAÞ ¼ ðPm  Pm0 Þ=Pm

Isolation of intact chloroplasts, soluble proteins, and total
thylakoid membranes
Intact chloroplasts, soluble proteins, and total thylakoid membranes were isolated from 3-week-old plants using the method
described in our previous study (Zhong et al., 2013).

Isolation of intact thylakoid membranes, grana-enriched
and stroma lamellae-enriched thylakoid membranes
Intact thylakoid membranes were isolated using the method
described in Peng and Shikanai (2011). Grana-enriched and
stroma lamellae-enriched thylakoid membranes were prepared
according to the method described by Lu et al. (2011).

Protease protection assays and chaotropic agent washing
of intact thylakoid membranes
The assay to determine the extent of protection of the intact thylakoid membrane from protease was conducted as previously
reported (Meurer et al., 1998). For experiments involving washing
with a chaotropic agent, intact thylakoid membranes with a final
concentration of 50 mg chlorophyll/mL were incubated with various chaotropic agents (1 M NaCl, 1 M CaCl2, 0.2 M Na2CO3, and 6 M
urea) for 30 min. Then, the thylakoid membranes were pelleted at
100 000 g for 2 h at 4°C, washed with isolation buffer, and used
for immunoblot analysis.

Immunoblot, SDS-PAGE, and BN-PAGE analyses
For immunoblot analysis, total leaf proteins or thylakoid membrane proteins were separated using 15% SDS-PAGE containing
6 M urea. After electrophoresis, proteins were transferred onto
polyvinylidene fluoride (PVDF) membranes (GE Healthcare, USA).
The membranes were then probed with specific antibodies and
visualized using the enhanced chemiluminescence method. Antibodies for PsaC (AS10939, LOT 1502), PsaE (AS08324A, LOT 1602),
Lhca1 (AS01005, LOT 1310), and Lhca2 (AS01006, LOT 1403) were
purchased from Agrisera (Sweden).The Pyg7 antibody was raised
against the N-NKVARPRRDALKDRVK-C peptide. All other antibodies were produced in our laboratory (Liu et al., 2012). BN-PAGE
was performed according to the method described in Peng et al.
(2008).

Suc gradient fractionation of thylakoid membranes
Leaves from WT and ppd1 plants were homogenized with extraction buffer (10 mM HEPES-KOH, pH 7.6, 5 mM MgCl2.6H2O, 0.4 M
sucrose, 10 mM NaCl). The homogenate was filtered through miracloth (Calbiochem, Germany) before being centrifuged at
5000 rpm for 10 min at 4°C. Pellets were washed and solubilized
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with 1% (w/v) n-dodecyl-b-DM for 10 min on ice, then centrifuged
at 20 000 g at 4°C for 5 min. The supernatant was loaded on top
of a 0.1–1 M continuous sucrose gradient in 5 mM MgCl2, 10 mM
NaCl, 0.06% (w/v) DM, and 25 mM MES-NaOH, pH 5.7. After centrifugation for 22 h at 160 000 g at 4°C using an SW40 Ti rotor
(Beckman, USA), 20 fractions were collected from the bottom of
the gradient and characterized by immunoblot analysis.

In vivo pulse and chase labeling of chloroplast proteins
Proteins were labeled in vivo as described by Meurer et al. (1998).
The first true leaves from 10-day-old seedlings were pre-incubated
in the presence of 20 mg ml1 cycloheximide for 30 min, then
labeled with 1 lCi ll1 [35S]Met (specific activity >1000 Ci mmol1,
Amersham Pharmacia Biotech) for different periods of time at
25°C. The pulse-labeled leaves were chased in the presence of
10 mM unlabeled methionine for different periods of time. Thylakoid membranes isolated from labeled leaves were subjected to
BN-PAGE analysis.

Isolation of the PSI core complex
The PSI core complex was isolated according to the method
described by Qin et al. (2015b).

Subcellular localization of GFP fusion proteins
Full-length Pyg7 cDNA was cloned into the pBI221-P35S-GFP vector to express the Pyg7-GFP fusion protein (for primers used, see
Table S1). Constructs for nuclear, chloroplast, and mitochondrion
localization were described previously (Liu et al., 2012; Zhong
et al., 2013). Constructs and the empty vector were transformed
into Arabidopsis protoplasts. GFP images were examined using a
confocal laser scanning microscope (TCS SP5, Leica, Germany).

Bimolecular fluorescence complementation (BiFC)
BiFC assays were performed according to the method described
by Walter et al. (2004). Full-length Pyg7 cDNA was ligated into
pUC-SPYNE. The full-length cDNAs of PsaD and PsaE were subcloned into pUC-SPYCE. The full-length PsaC cDNA was introduced into pUC-SPYCE vector connected with the RbcS 1A signal
peptide (amino acids 1–54). Constructs were co-transformed into
protoplasts (for primers used for fusion constructs, see Table S1).
YFP fluorescence was imaged using a confocal laser scanning
microscope (TCS SP5, Leica, Germany).

Yeast two-hybrid and protein overlay assays
Yeast two-hybrid analyses were performed using the GAL4 twohybrid system (TaKaRa, Japan), as described in our previous
study (Liu et al., 2012). Sequences encoding the N-terminal region
of Pyg7 (amino acids 62–85) and the C-terminal region containing
TPR domains (amino acids 142–301) were amplified. The resulting
DNA fragments were cloned into pGBKT7 (DNA-binding domain)
and used as bait. The PsaC coding sequence was subcloned into
pGADT7 (activation domain) and used as prey. Primers used are
listed in Table S1. Direct interaction between two proteins was
investigated by cotransforming the respective plasmid constructs
into yeast reporter strain Y187. A protein overlay assay was carried out according to previously described methods (Naver et al.,
2001; Liu et al., 2012). A chromogenic western blot immunodetection kit (Catalog number WB7103, Thermo fisher, USA) was used
for detection of Pyg7-His. The same nitrocellulose membrane was
probed with PsaC antibody and visualized by the enhanced chemiluminescence method.

PSI stability analysis
Leaves detached from 4-week-old WT and i1 seedlings were preincubated with lincomycin (100 mg ml1) and cycloheximide
(20 mg ml1) to inhibit chloroplast-encoded and nuclear-encoded
protein synthesis, respectively, for 30 min in the dark. Next, the
leaves were exposed to 80 lmol m2 sec1 (moderate light, i.e.
growth light) and 250 lmol m2 sec1 (excess light) for various
periods of time up to 30 h at 25°C. Maximum photo-oxidizable
P700, maximum photochemical efficiency of PSII (Fv/Fm), and
levels of PSI subunits (PsaA, PsaC, and PsaD), the PSII subunit D2,
and the cytochrome b6f complex subunit PetD were followed during light treatments.

Complementation of the pyg7 mutant
The full-length Pyg7 coding sequence was cloned into the pCAMBIA1301 vector and mobilized into Agrobacterium tumefaciens
strain GV3101. Heterozygous pyg7 was transformed using the floral-dip method (Clough and Bent, 1998). Transgenic plants were
selected on MS medium containing 50 mg L1 hygromycin.
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