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A Chlamydomonas reinhardtii mutant lacking CGL71, a thylakoid
membrane protein previously shown to be involved in photosystem I
(PSI) accumulation, exhibited photosensitivity and highly reduced
abundance of PSI under photoheterotrophic conditions. Remarkably,
the PSI content of this mutant declined to nearly undetectable levels
under dark, oxic conditions, demonstrating that reduced PSI accumu-
lation in the mutant is not strictly the result of photodamage. Further-
more, PSI returns to nearly wild-type levels when the O2 concentration
in the medium is lowered. Overall, our results suggest that the
accumulation of PSI in the mutant correlates with the redox state
of the stroma rather than photodamage and that CGL71 functions
under atmospheric O2 conditions to allow stable assembly of PSI.
These findings may reflect the history of the Earth’s atmosphere as
it transitioned from anoxic to highly oxic (1–2 billion years ago), a
change that required organisms to evolve mechanisms to assist in
the assembly and stability of proteins or complexes with O2-sensitive
cofactors.
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Although the structure and function of photosystem I (PSI) in
plants, algae, and cyanobacteria have been elucidated at

high spatial and temporal resolution (1–7), PSI assembly is
poorly understood but is a topic of growing interest (7). Unlike
PSII, there are essentially no inhibitors of PSI, and PSI assembly
intermediates are difficult to separate from mature complexes
(7–9). Furthermore, PSI abundance is not highly controlled by
environmental conditions (8), and mutants with much lower
levels of PSI than WT cells can still grow under photoautotrophic
conditions (10, 11), although they often are light sensitive (12, 13)
and the level of PSI in a mutant may not show a linear correlation
with its rate of photoautotrophic growth.
Progress in understanding PSI assembly has come largely from

studies of mutants in putative assembly factors (7, 10, 11, 14, 15),
including hypothetical chloroplast open reading frame 3 (Ycf3),
Ycf3-interacting protein 1 (Y3IP1), Ycf4, plant-specific putative
DNA-binding protein 1 (PPD1), and Ycf37/pale yellow green7-1
(Pyg7-1). Ycf3 is a plastid-encoded protein with tetratricopeptide
repeat (TPR) domains believed to interact transiently with PsaA
and PSAD (16), whereas Y3IP1 interacts with Ycf3 (10). Ycf4 has
two transmembrane domains and is necessary for PSI assembly in
Chlamydomonas, but tobacco mutants lacking Ycf4 accumulate
sufficient PSI to grow photoautotrophically (11). ALB3 (ALBINO3)
mediates the insertion of the chloroplast-encoded core PSI
proteins, PsaA and PsaB, into thylakoid membranes (17) but also
is involved in the biogenesis of other photosynthetic complexes (7,
18, 19). PPD1 is required for establishing proper structure/func-
tion relationships for the luminal portion of PSI (15).
One of the least understood of the proteins associated with PSI

assembly is the Chlamydomonas protein CGL71. This protein is
part of the GreenCut, a bioinformatically assembled set of proteins
present in all green lineage organisms examined; many of these
proteins are associated with photosynthetic function (20–25).
CGL71 is orthologous to Ycf37 of Synechocystis (26) and PYG7 of

Arabidopsis (27). In this study, we present evidence that supports a
role for CGL71 in PSI assembly and, more specifically, in protecting
the complex from oxidative disruption during assembly. The
requirement of CGL71 for proper assembly of PSI may reflect
an evolutionary adaptation that is linked to oxygenation of the
Earth’s atmosphere.

Results
The cgl71 Mutant Is Impaired in Photosynthesis. CGL71 is a TPR
protein integral to thylakoid membranes. A Chlamydomonas cgl71
mutant was identified with the insertion of the ble (bleomycin/
zeocin resistance) marker gene in the first exon of the CGL71 gene
(Fig. S1A). This mutation caused a loss of gene function: The
mutant synthesized a highly truncated protein with the C-terminal
43 amino acids differing from the sequence of the WT protein, as
shown in Fig. S1C. Unlike WT cells, the mutant exhibited no
photoautotrophic growth in the light on minimal agar high-salt
(HS) medium (Fig. S1B), indicating its inability to perform normal
photosynthesis. Growth on solid medium was similar for mutant
and WT cells in the presence of a fixed carbon source (Tris-acetate
phosphate medium, TAP) either in the dark (heterotrophically) or
in low-intensity light (mixotrophically), but the mutant grew slowly
or not at all at higher light intensities (50 μmol photons·m−2·s−1 and
higher), whereas these higher intensities supported vigorous growth
of WT cells and the rescued strain (Fig. 1A).
The rates of photosynthetic O2 evolution at various light intensities

(Fig. 1B) were somewhat lower in the cgl71 mutant than in WT cells

Significance

Our results demonstrate that Chlamydomonas reinhardtii CGL71,
a tetratricopeptide repeat protein, is involved in protecting
photosystem I from oxidative disruption during assembly; this
process may reflect oxygen sensitivity of the iron sulfur clusters
that are integral to the complex. During the early evolution of
photosynthesis, the atmosphere of the Earth was anoxic, making
protection of complexes and assembly processes from the highly
reactive oxygen molecule unnecessary. However, as atmospheric
oxygen accumulated, mechanisms and factors evolved to stabilize
the complexes during assembly. This need for oxidative protection
is not exclusive to the photosynthetic machinery but would apply
to any complex with cofactors and features susceptible to
oxidizing conditions.
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after growth in TAP medium at 30 μmol photons·m−2·s−1 with
moderate shaking (150 rpm), the conditions designated as low-
light oxic (LO) conditions. At saturating light intensities, the rate
of O2 evolution in the cgl71mutant was about 77% of that in WT
cells on a per-cell basis but was only ∼5% lower when the
samples contained the same chlorophyll (chl) amount (Fig. 1B).
At the lowest light intensities used, O2 evolution was reduced by
roughly 50% in the cgl71 mutant.

Photosynthetic Electron Transport Is Altered in cgl71. ΦPSII, a chl
fluorescence parameter that indicates the proportion of light be-
ing absorbed by PSII-associated antenna complexes and used by
PSII for photochemistry (28, 29), was measured for WT cells, the
cgl71 mutant, and the complemented strain at different light in-
tensities (Fig. 2A). Cells were grown in liquid TAP medium under
LO conditions before ΦPSII measurements. Despite the small
reduction of O2 evolution per chl (μg) at saturating light in-
tensities (Fig. 1B), cgl71 exhibited a striking reduction of ΦPSII
relative to WT cells at all but the lowest light intensities used. This
result implies that the plastoquinone pool was much more re-
duced in the mutant than in the WT cells.

Rescue of Mutant Phenotype with CGL71. Based on results with 16
tetrads (Fig. S2), it was determined that the acetate-requiring
and light-sensitive cgl71 phenotypes cosegregated with the ble
insertion. These results suggested that the cgl71 phenotype was a
consequence of this insertion, and this notion was confirmed by
introducing a WT copy of CGL71 into the cgl71 mutant. Ectopic
expression of the CGL71 gene in mutant cells rescued both the

growth phenotypes (Fig. 1A and Fig. S1B) and the defect in
photosynthetic electron transport (PET) (Fig. 2A).

PSI Abundance Is Reduced in cgl71 Cells. To identify the cause(s) of
restricted PET and O2 evolution in cgl71, we characterized photo-
synthetic activities of cgl71, WT, and the cgl71(CGL71) rescued
strain. Table 1 shows functional measurements of various photosyn-
thetic parameters from cells grown in liquid TAP medium under LO
conditions. The results were consistent with an ∼70% decrease in PSI
abundance (Table 1); there was little change in the level of PSII
function as assayed by the maximum quantum yield (Fv/Fm) values
(Fig. 2A and Table 1, ΦPSII after incubation at 0 light) or in the
quantity of active cytochrome b6f complex (cyt b6f) (Table 1 and Fig.
S3). Immunoblot analysis of polypeptides of the photosynthetic
apparatus, shown in Fig. 2B, confirmed that the mutant is deficient
for PSI polypeptides (PsaA, PsaC, PSAD, and PSAH) relative to
both WT cells and the complemented strain (normalized to tubulin
abundance) after growth under LO conditions. Levels of polypeptide
subunits of other photosynthetic complexes, including the ATP
synthase (AtpB), cyt b6f (PetA), PSII (PsbB), Rubisco (RbcL), light-
harvesting complexes (LHCA1, LHCB2), and PSI assembly factors
(Ycf3 and Ycf4) were very similar in mutant and WT cells.

Electron Flow per PSI Is More Rapid in cgl71 Cells than in WT Cells.
Although the decrease in PSI content of cgl71 cells was ∼70%,
the decrease in light-saturated O2 evolution was only 5% on a
per-chl basis. One explanation for this result is that linear elec-
tron flow (LEF) per PSI is more rapid in cgl71 than in WT cells;
PSI is not the rate-limiting step of LEF, and the ratios of plas-
tocyanin [PC; electron donor to photosystem I primary donor
(P700)] and cyt f (the rate-limiting factor for LEF) to P700 are
high in cgl71 cells (see Fig. 2B for PC and Table 1 and Fig. S3 for
cyt f). To examine the kinetics of delivery of electrons to PSI
based on examination of cyclic electron flow (CEF), WT and cgl71
cells were incubated with the PSII inhibitors 3-(3,4-dichlorophenyl)-
1-1-dimethylurea (DCMU) and hydroxylamine (HA) (these chem-
icals allow quantification of total P700+ and the rate of its
rereduction by CEF). As shown in Fig. 3A, irradiation with 156
μmol photons·m−2·s−1 in the presence of DCMU and HA caused
significant oxidation of P700 in WT cells as judged by bleaching
at 705 nm, with full oxidation achieved by a saturating pulse
(arrow in Fig. 3A). Under similar conditions, the cgl71 mutant
exhibited some P700 oxidation when the cells were exposed to
156 μmol photons·m−2·s−1, and the oxidation increased to the
maximum with a saturating pulse. The total amount of oxidized
P700+ was ∼36% of that observed for WT cells (normalized to chl;
Fig. 3A). After the saturating pulse, cgl71 cells exhibited more rapid
rereduction of P700+ than WT cells (Fig. 3B), indicating that the
CEF through PSI was more rapid in cgl71 than in the WT cells. In
the absence of DCMU, rereduction of cyt f was similar in the WT
and mutant strains following the oxidizing flash (Fig. S3), in-
dicating that all electron flow (both CEF and LEF) occurs at the
same rate in WT and the cgl71 mutant, even though the mutant
has a reduced level of PSI.
To determine if total electron flow through PSI was more rapid

in cgl71 than in WT cells, we examined methyl viologen (MV)-
catalyzed O2 consumption by thylakoid membranes in a broken cell
preparation. As shown in Fig. S4, oxygen consumption (normalized
to chl) was similar for WT cells and the cgl71 mutant at both
moderate and very high light intensities, suggesting that electron
flow through PSI is much more rapid in cgl71 cells than inWT cells
(because there are many fewer PSI reaction centers in cgl71 cells
than in WT cells on a per-chl basis). Furthermore, to confirm
that the rapid rereduction of P700+ in cgl71 was not caused by
recombination in damaged complexes, charge recombination was
measured in purified thylakoid membranes in WT cells and in
the cgl71 mutant. As shown in Fig. S5, the kinetics of P700+

charge recombination display a monoexponential decay with a t1/2

Fig. 1. Growth and O2 evolution of the cgl71mutant. (A) WT, cgl71, and cgl71
(CGL71) rescued cells were grown at 30 μmol photons·m−2·s−1 (μE) in liquid TAP
medium and then were washed and spotted onto solid TAP medium and
allowed to grow for 5 d at various light intensities, as indicated at the top of the
image. (B) Rate of O2 evolution of WT and cgl71 mutant cells after growth at
30 μE. Cells were pelleted by centrifugation (3,200 × g) for 10 min, resuspended
in 50 mM Hepes (pH 7.5) containing 5 mM NaHCO3, and shaken in the dark for
30 min. During the assay, samples were illuminated at increasing light intensities,
as indicated on the x axis, for 2 min each, followed by a 2-min dark incubation.
The rate of O2 evolution at each light intensity was corrected for the rate of dark
respiration. Each point represents the mean of three biological replicates.
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of ∼36 ms. This result indicates that the terminal PSI electron
acceptor is FA/FB in both WT cells and the cgl71 mutant (30).
Despite this higher overall rate of electron flow per PSI, O2
evolution is slightly lower per cell (because there are many fewer
PSI complexes per cell), implying that the relationship between
PSI levels and the rate of light-saturated, whole-chain electron
transport is not linear.

Reduced PSI Accumulation in cgl71 Cells Is a Consequence of the
Oxidative Environment. To determine if the lower level of PSI in
cgl71 was a consequence of photodamage, the mutant was grown
heterotrophically in the dark. Surprisingly, maintaining the cells
in complete darkness in TAP medium with shaking at 150 rpm in
air [designated dark oxic (DO) conditions] had exactly the opposite
effect on PSI activity/accumulation than would be expected if light
were sensitizing PSI to photodamage. As shown in Fig. 4A, the
P700+/chl ratio decreased by ∼94% in cgl71 following 3 d of growth
in the dark. This finding was reflected in the immunoblot analysis
shown in Fig. 4B, which demonstrated that the PsaC and PSAD
subunits declined to undetectable levels and the PsaA subunit
decreased by ∼95%.
Based on studies of ATP synthase activity, the redox state of the

chloroplast stroma is likely to be more oxidizing in darkness than
under illumination (31, 32). To determine if this presumed, more
positive redox state impacts PSI biogenesis, the cgl71 mutant was
grown in the dark in TAP medium and exposed to an atmosphere
of 10% air balanced with 90%N2 at a flow rate of 400 mL/min with

stirring at 600 rpm [designated the dark hypoxic (DH) condition]
to generate a more reducing cellular environment. As shown
in Fig. 4A, hypoxia caused the PSI level in cgl71 to increase
to ∼70% of the level of WT cells grown under the same conditions.
This increase in active PSI under DH conditions also was reflected
by increased accumulation of PSI polypeptide subunits, as observed
by immunoblot analyses (Fig. 4B). To determine if the PSI that
accumulated in the mutant under hypoxic conditions was active,
DH-grown cells were analyzed for P700+ rereduction kinetics. As
shown in Fig. 3B, P700+ rereduction by CEF in DH-grown cgl71
cells became slower, approaching the kinetics observed in DH-
grownWT cells. These results indicated that the mutant phenotype
is strongly impacted by internal redox/oxic conditions: Under LO
conditions, the assembly or stability of the PSI reaction centers is
compromised, whereas the centers appear to accumulate to nearly
WT levels under DH conditions.

Discussion
Studies of the function of CGL71 orthologs have been limited.
The ycf37 mutant of Synechocystis was shown to be deficient in
PSI stability or biosynthesis (26), although the lesion only caused
an ∼25% reduction in PSI accumulation with no observable change
in growth or PET. The pyg7mutant of Arabidopsis exhibited a severe
phenotype, with a complete loss of PSI and no photoautotrophic
growth (27). The cgl71 mutant in Chlamydomonas displays a
phenotype intermediate between that of Δycf37 of Synechocystis
and pyg7 of Arabidopsis. Similar to Δycf37, cgl71 accumulated

Fig. 2. Decreased PSII quantum yield and reduced levels of PSI polypeptides in the cgl71 mutant. (A) Quantum yield of PSII based on the fluorescence
parameter ΦPSII, which is (Fm′ − Fs)/Fm′, in WT, cgl71, and the cgl71(CGL71) rescued strains. Cells used for the analyses were in exponential growth phase under
LO conditions. For measurements, samples were exposed to 1 min of actinic light at the intensities indicated on the x axis. All values on the y axis are averages of three
separate measurements (biological replicates). (B) Chlamydomonas proteins fromWT, cgl71, and the cgl71(CGL71) rescued strain were resolved by SDS/PAGE on a 15%
polyacrylamide gel and detected immunologically. Antibodies used for the analysis were to the polypeptides indicated at the right side of the figure. One microgram of
chl was loaded for each sample analyzed. The boxed area highlights the subunit polypeptides of PSI. SeeMaterials andMethods for more details. AtpB, β subunit of ATP
synthase; LHCA1, light-harvesting polypeptides of PSI; LHCB2, light-harvesting polypeptide of PSII; PetA, cytochrome f; PsaA, PsaC, PSAD, and PSAH, polypeptide subunits
of PSI; PsbB, chlorophyll protein of PSII; RbcL, large subunit of ribulose 1,5 bisphosphate carboxylase; Ycf3 and Ycf4, assembly factors associated with PSI.

Table 1. Summary of photosynthetic parameters: Maximum efficiency of PSII (Fv/Fm), chl a:b
ratios, cyt b6f/chl, P700/chl, and the ratio of PSI to PSII

Strain Fv/Fm chl a:b cyt f/chl* P700/chl* PSI/PSII

WT 0.68 ± 0.01 1.94 ± 0.02 1.07 ± 0.34 3.32 ± 0.29 1.03 ± 0.04
cgl71 0.65 ± 0.01 1.84 ± 0.02 1.38 ± 0.10 1.02 ± 0.41 0.43 ± 0.02
cgl71(CGL71) 0.62 ± 0.01 1.96 ± 0.05 1.19 ± 0.33 3.19 ± 0.12 0.92 ± 0.04

Samples were collected during exponential growth in TAPmedium under LO conditions. Values are means ± SD.
*Expressed in nanomoles per milligram total chl; values are an average of 10 replicates.
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PSI, but the level was ∼70% less than that of WT cells under LO
conditions in the presence of acetate. Similar to the pyg7 mutant,
the cgl71mutant was unable to grow photoautotrophically, but it did
grow photoheterotrophically (mixotrophically) under LO conditions.
The LO-grown cgl71 mutant had lower photosynthetic efficiency
than WT cells and had a marked reduction in PSI abundance, with
much less of a decline in maximum O2 evolution per cell. In vivo
P700+ rereduction was significantly faster in the LO-grown mutant
than in WT cells, indicating more rapid electron flow into PSI in the
mutant than in WT cells. Indeed, Fig. S4 shows that the rate of
whole-chain electron flow through PSI is faster in the mutant cells
than in WT cells; this finding explains why a large reduction in
PSI content does not have a correspondingly large impact on
whole-chain oxygen evolution.
Previously, Chlamydomonas strains with point mutations in PSI

assembly factors (e.g., Ycf3) were shown to grow better under anoxic
than oxic conditions (16). The authors of that work reasoned that
anoxic conditions reduced the production of reactive oxygen species
(ROS) and photodamage. Although this reasoning may be valid, in
part, the growth defects of cgl71 mutants under photoautotrophic
and high-light/mixotrophic conditions are also caused by impaired
PSI assembly, a process markedly disrupted under more positive
stromal redox conditions, even in the dark. The link between the
stromal redox state and the level of PSI is clearly demonstrated
under DH conditions (in acetate-containing medium), which allow
the accumulation of nearly WT levels (∼70% under the conditions
used) of PSI. Under air levels of O2 the mutant cultures lose nearly
all PSI in the dark, and the turnover of the polypeptides in the as-
sembled complex also is more rapid in the mutant cells than in WT
cells under DO conditions (Fig. S6).
The difference in PSI accumulation in LO and DO conditions

probably reflects the difference in stromal redox conditions. Pre-
vious studies have shown that the cysteines on the γ-subunit of
ATP synthase are oxidized more in the dark than in the light in
both vascular plants and Chlamydomonas; this finding could reflect
a more general oxidation of thiols associated with chloroplast
proteins in the dark (31, 32). Therefore, it is possible that the
cysteines associated with other chloroplast components, such as
PsaC, also may be more oxidized in the dark, disrupting or

destabilizing the assembly of PSI subunits (e.g., PsaC) into PSI in
the mutant. As shown by our results, the level of O2 in the cul-
ture severely affects PSI accumulation in the cgl71 mutant. The
O2 content of the atmosphere increased over evolutionary time,
and all organisms on Earth had to adapt to oxic conditions to
survive. Therefore, the impact of changing O2 levels in the atmo-
sphere had to be integrated into cellular regulatory processes
and into the assembly and stability of key metabolic complexes.
The redox state of the stroma also would affect the activity of
thioredoxin-dependent chloroplast enzymes (33). Hence, redox
conditions have developed as biological signals that control the
cell’s energetics (e.g., prevent ATP hydrolysis by the ATP synthase
in the dark). Redox conditions also have been shown to have a
marked impact on the assembly of viral particles (34), and specific
proteins have evolved to protect the biogenesis of the NiFe hy-
drogenase from disruption by a high O2 partial pressure (35).
Based on our results, we suggest that proteins have evolved that

protect photosynthetic assembly processes from redox/oxidative
disruption. CGL71 appears to be most critical for PSI biogenesis/
stability under DO conditions and also under high-light oxic conditions,
although we could not establish a direct interaction between CGL71
and various PSI subunits (Fig. S7). Under DO conditions, the stroma
would tend to be more oxidizing because of the lack of a stromal
reductant; the reductant would not be generated by photosynthesis
and would be consumed by respiratory processes (mitochondrial
electron transport would consume the reductant and generate
ATP). Under oxic conditions, photosynthetic electron carriers
would become more reduced at lower light levels in the mutant
than in WT cells, making the mutant much more prone to photo-
damage resulting from the increased generation of photosynthetically
derived ROS (36). The oxidation–reduction kinetics of PSI centers
that assembled in cgl71 under LO (or DH) conditions exhibited
functional characteristics similar to those of WT PSI centers (Fig. 3)
and maintained levels of both active cyt b6f (Fig. S3) and PC (Fig.
2B). Furthermore, the charge recombination kinetics of PSI in
thylakoid membranes prepared from cgl71 cells are similar to those
of WT cells (Fig. S5). Finally, we observed no functional defect in
PSI in the mutant based on our in vitro PSI electron transport assay
performed with membranes from lysed cells using MV as an electron
acceptor (Fig. S4). Together, these results indicate that PSI that
accumulates in cgl71 cells under LO conditions seems to have normal
catalytic function, although, as shown in Fig. S6, the assembled
complex may be less stable in the mutant than in WT cells.
The most likely redox-sensitive step in PSI biogenesis is the assembly

of the FX/FA/FB Fe-S centers, which previously were found to be highly
sensitive to O2 when exposed to the atmosphere by the removal
of the C terminus of PsaC that forms a pocket for tight binding of
PSI core subunits (PsaA and PsaB) (37). In addition, the cysteines
that bind these Fe-S centers need to be reduced during cofactor in-
sertion. Therefore, it is reasonable to hypothesize that CGL71 is not
simply an assembly factor, because the mutant cells assemble active
PSI (at high levels) under hypoxic conditions with rates of activity
comparable to those of WT cells, but rather that it is critical for
protecting the assembling complex from O2/redox disruption and for
the construction of a complex that remains stable in the presence of
O2. This requirement may reflect a direct role in shielding the Fe-S
clusters from O2 exposure or affording protection by facilitating
efficient, rapid folding that stabilizes assembled PsaC, PSAD,
and PSAE, the proteins that comprise the stromal ridge of the
PSI complex and form the ferredoxin-binding pocket.
The above hypothesis also helps explain the difference in pheno-

types of the Synechocystis ycf37 and the Arabidopsis pyg7 mutants.
In cyanobacteria, respiration is performed on the same membranes
as photosynthesis. Furthermore, the rate of PSI-driven CEF is much
faster in cyanobacteria than in photosynthetic eukaryotes (38).
Elevated CEF through the NDH1 pathway and respiratory processes
in the cytosol, such as the citric acid cycle and O2 consumption by
cytochrome c oxidase, would create a less oxic, more reducing

Fig. 3. The cgl71 mutant is defective for active P700. (A) Oxidation and re-
duction characteristics of the cgl71 mutant. Cells used for analyses were grown
under LO conditions. Absorbance differences were monitored at 705 nm during
continuous illumination of cells with 156 μmol photons·m−2·s−1 for 5 s (white
box), followed by a saturating light pulse (arrow) and a 2-s dark incubation
(black box). WT and cgl71 samples were concentrated to 30 μg chl/mL. Values on
the y axis decrease as a greater amount of P700 is oxidized. The PSII inhibitors
DCMU and HA were included at concentrations of 10 μM and 1 mM, re-
spectively, to block all electron flow from PSII. (B) Kinetics of P700+ rereduction
following a saturating pulse as in A and normalized to total oxidizable P700. For
all experiments, values on the y axis are the average of six measurements
(technical replicates), which were essentially identical for all biological replicates.
Error bars are not shown, but each data point shown in the figure does not
deviate from any of the individual replicates (at least three for each data point)
by more than 5% of the indicated value.
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environment in the region of assembling photosynthetic complexes
in cyanobacteria. Therefore, the loss of Ycf37 in Synechocystis would
not affect the biogenesis or stability of PSI as severely as the loss of
PYG7 does in Arabidopsis, where photosynthesis and respiration
occur in separate organelles. The photoheterotrophic lifestyle of
Chlamydomonas also would serve to lower the stromal redox state as
a consequence of acetate oxidation and the movement of reducing
equivalents between the mitochondrial and chloroplast compartments.
However, in high-light or photoautotrophic conditions, increased
O2 and ROS produced from PET may serve to oxidize components
in the stroma and damage membranes and proteins to a point where
little PSI can assemble stably in the absence of CGL71 (similar to
oxidizing conditions in the stroma under DO conditions).
Cyanobacteria evolved to perform oxygenic photosynthesis ∼3

billion years ago, at a time when the Earth’s atmosphere was anoxic
(39). Although many of the electron carriers of the photosynthetic
apparatus may have been sensitive to O2, there was little degradation
of the machinery because of the lack of O2 in the atmosphere. As the
planet gradually became oxygenated as a consequence of H2O
splitting by photosynthesis, the cytosol must have become more
oxic, and PET also would have resulted in the generation of ROS.
These environmental pressures may have elicited the evolution
of biosynthetic processes that protected O2-labile components
of the photosynthetic apparatus. This study suggests that CGL71
is one of the factors critical for the assembly of PSI under oxic
conditions. The concept of protecting the assembly process from
oxidative disruption is not exclusive to PSI but is an important
consideration when examining the assembly of other multiprotein
complexes containing cofactors sensitive to the redox environment.

Materials and Methods
Mutant Generation. The Chlamydomonas cgl71 mutant was generated by in-
sertion of the blemarker gene into the genome of the 4A+ (CC4051)WT strain of
Chlamydomonas (40). A complemented strain of the cgl71mutant, cgl71(CGL71),
was generated by transformation of cgl71with aWT copy of CGL71 in the pSL18
plasmid, which carries the AphVIIImarker gene for paromomycin resistance (41);
both marker and rescue genes were expressed from the PSAD promoter (42).

Culture Conditions. The cgl71 mutant was backcrossed to WT 4A+ at least three
times before analysis. Chlamydomonas WT, cgl71, and cgl71(CGL71) strains were
grown in TAP or high-salt HS liquid and solid (1.0% agar) medium. Cultures of
100 mL were shaken in 250-mL Erlenmeyer flasks at 150 rpm under continuous
white light of 30 μmol photons·m−2·s−1 for LO experiments or were covered with
aluminum foil for DO and DH experiments. WT and mutant cells also were
grown at other light conditions, as noted in the figures. For experiments
performed under DH conditions (Fig. 4A), each liquid culture of 400 mL was

grown in a 1-L bottle and stirred with a magnetic stir bar at 600 rpm while
the medium was continuously purged with 90% N2:10% air (final 2% O2) at
a flow rate of 400 mL per min.

SDS/PAGE and Immunoblot Analysis. For immunoblot analysis, Chlamydo-
monas cells were collected by centrifugation (3,500 × g, 5 min) after growth
under various conditions (described in the main text), resuspended in pro-
tein extraction buffer (100 mM Na2CO3, 100 mM DTT, and the protease in-
hibitors 1 mM phenylmethylsulfonyl fluoride, 1 mM e-amino-n-caproic acid,
and 1 mM benzamidine HCl), flash-frozen, and stored at −80 °C. Before
electrophoresis, samples were thawed at room temperature, treated im-
mediately with loading buffer containing SDS and sucrose [2% (wt/vol) and
12% (wt/vol) final concentrations, respectively], and then were boiled for
1 min. Cellular debris was removed by centrifugation at 21,000 × g for 2 min,
and solubilized polypeptides were resolved on a 12% or 4–15% (wt/vol)
gradient polyacrylamide gel (Bio-Rad) by SDS/PAGE (30 min, 125-V constant
voltage) using the Laemmli buffer system (43). Resolved proteins were
transferred from the gel to PVDF membranes which were blocked with a
5% (wt/vol) suspension of powdered milk in Tris-buffered saline with
0.1% Tween-20 before a 1-h incubation in the presence of primary an-
tibodies (23). All primary antibodies were from Agrisera except for
α-tubulin, which was from Sigma (T5168), and were used at the dilutions
recommended by the manufacturer. HRP-conjugated anti-rabbit IgG (Promega)
or IRDye-800CW anti-rabbit IgG (LI-COR), both at a 1:10,000 dilution, were used
as the secondary antibodies, and peroxidase activity was detected by
chemiluminescence (Advansta).

Chl Measurements. Chl concentrations were determined following extraction of
pigments in 1 mL methanol (44) according to the equation: Total chl (μg/mL) =
22.12*A652 + 2.71*A665. The ratio of chl a to chl b in the sample was determined
using the equations of Porra, et al. (44).

PSI/PSII Stoichiometry. Samples were collected during exponential growth,
pelleted by centrifugation, and resuspended in Hepes-KOH, (pH 7.2) and 10%
Ficoll to a chl concentration of 30 μg/mL. After a 20-min dark-adaptation
period, absorbance changes at 520 nm were monitored using a JTS10
spectrophotometer following a saturation pulse by a xenon flash (General
Radio Stroboslave) on the high-intensity setting (45). The amplitude of the fast
“phase a” in the absence and presence of 20 μM DCMU and 1 mM HA was
used to calculate the ratio of PSI/PSII according to Joliot and Delosme (45).

Quantification of Cytochrome f Activity. The quantity of cytochrome f was
determined as described previously (23). The differences between the optical
absorption change at 554 nm and the baseline drawn from optical absorption
changes at 546 and 573 nm were measured using a JTS-10 spectrophotometer
(Bio-Logic) (45). The molar extinction coefficient used to calculate cytochrome
f quantity was 18,000 M/cm (46).

Fig. 4. Changes in PSI during hypoxic growth. Strains were grown under LO conditions for 5 d before being moved to DO or DH conditions for 4 d beginning
at day 0. (A) Level of oxidizable P700 relative to chl for WT and cgl71 cells maintained in DO and DH conditions. Points are average values from three
saturating flashes. All traces were corrected for potentially interfering absorbance at 740 nm. The results shown represent the average of three biological
replicates. (B) Immunological detection of specific thylakoid proteins from WT and cgl71 cells. Proteins extracted from cells containing 1 μg of chl were
resolved by SDS/PAGE (15% polyacrylamide gel) and were detected immunologically using monospecific antibodies raised to the polypeptides indicated at
the right of the figure. Growth conditions are given at the top of the immunoblot. All protein designations are as in Fig. 2.
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In Vivo PSII Activity. Chl fluorescence was analyzed using a Walz Dual-PAM-
100 fluorometer on the “light curve” setting. Various activities were
assayed during a stepped illumination regime; samples (in triplicate)
were illuminated for 30 s at each step followed by a saturating light pulse.
The yield of PSII at different light intensities was derived from the equation
ΦPSII = (Fm′ − Fs)/Fm′ (28, 47).

In Vivo PSI Activity. The activity of photo-oxidizable P700wasmeasured using a
JTS-10 spectrophotometer (Bio-Logic) (45). Before the measurements, cells
were incubated with 25 μM DCMU and 1 mMHA to block electron flow out of
PSII. To assess PSI redox activity, optical changes at 705 nm were monitored
during 5 s of illumination at 156 μmol photons·m−2·s−1, followed by a saturating
pulse of 2,265 μmol photons·m−2·s−1 and then maintenance of cells in the dark
(23). The quantity of P700+ was determined by optical changes at 705 nm

subtracted by the kinetic at 740 nm. Upon administration of a saturating
pulse, the extinction coefficient used for quantification was 50,000 M/cm (48).

Cloning for Mating-Based Split-Ubiquitin Assay. CGL71, PsaC, PSAD, and PSAE
genes were amplified from cDNAs using primers listed in Table S1.
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