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Photosystem Il (PSIl) undergoes frequent photooxidative damage
that, if not repaired, impairs photosynthetic activity and growth.
How photosynthetic organisms protect vulnerable PSIl intermediate
complexes during de novo assembly and repair remains poorly
understood. Here, we report the genetic and biochemical charac-
terization of chloroplast-located rubredoxin 1 (RBD1), a PSIl assem-
bly factor containing a redox-active rubredoxin domain and a single
C-terminal transmembrane «-helix (TMH) domain. RBD1 is an inte-
gral thylakoid membrane protein that is enriched in stroma lamellae
fractions with the rubredoxin domain exposed on the stromal side.
RBD1 also interacts with PSIl intermediate complexes containing
cytochrome bsse. Complementation of the Chlamydomonas reinhardtii
(hereafter Chlamydomonas) RBD1-deficient 2pac mutant with con-
structs encoding RBD1 protein truncations and site-directed muta-
tions demonstrated that the TMH domain is essential for de novo
PSII assembly, whereas the rubredoxin domain is involved in PSII
repair. The rubredoxin domain exhibits a redox midpoint potential
of +114 mV and is proficient in 1-electron transfers to a surrogate
cytochrome c in vitro. Reduction of oxidized RBD1 is NADPH
dependent and can be mediated by ferredoxin-NADP* reductase
(FNR) in vitro. We propose that RBD1 participates, together with
the cytochrome bssg, in the protection of PSIl intermediate com-
plexes from photooxidative damage during de novo assembly and
repair. This role of RBD1 is consistent with its evolutionary conser-
vation among photosynthetic organisms and the fact that it is
essential in photosynthetic eukaryotes.
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hotosystem II (PSII) is a multisubunit pigment—protein

complex within the thylakoid membranes (TMs) of cyano-
bacteria, algae, and plants. PSII catalyzes the light-driven oxida-
tion of water and associated reduction of plastoquinone in the first
steps of linear electron flow in oxygenic photosynthesis (1, 2). The
de novo biogenesis of PSII monomers in both cyanobacteria and
chloroplasts occurs stepwise via transient formation of distinct
intermediate complexes (3, 4). A key intermediate is the minimal
reaction center (RC) complex, formed by assembly of D1 protein
into a receptor complex composed of D2, the cytochrome bssg
(Cyt bsso) subunits a (PsbE) and B (PsbF), and Psbl (4). The
D1 and D2 proteins of the RC form a heterodimer that binds the
majority of the redox-active cofactors required for PSII electron
transport, and the RC is capable of carrying out light-induced
charge separation but not water splitting (5). Peripherally at-
tached to the RC are the chlorophyll (Chl) a-binding core antenna
subunits CP47 and CP43. Surrounding these complexes is a set of
low-molecular-weight (LMW) subunits of PSII (6). Complete
maturation of PSII monomers into water-splitting complexes re-
quires the processing of D1 by the C-terminal peptidase (CtpA)
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on the luminal side of the TM, ligation of the manganese cluster,
and assembly of the oxygen-evolving complex subunits (7, 8).
Before and after acquiring water-splitting activity, PSII com-
plexes are prone to photooxidative damage even under low light
conditions (9). This damage leads to reduced photosynthetic
linear electron flow that impairs growth (10, 11). In fully as-
sembled PSII complexes, the D1 subunit is the major target of
photooxidative damage and undergoes constant degradation and
replacement (turnover) in a process known as PSII repair (10-12).
The efficiency of photosynthetic electron transfer decreases
markedly only when the rate of damage exceeds the rate of re-
pair (13). Associated with PSII intermediate complexes are PSII
auxiliary factors that optimize assembly and/or repair following
photooxidative damage and are not found in the final, mature
PSIT complex (14-16). During PSII assembly and repair, in-
termediate complexes are presumably disconnected from the
photosynthetic donor and/or acceptor electron transport chains
and are, therefore, without the usual electron sinks and are
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particularly vulnerable to photooxidative damage. This damage
can be caused by long-lived Chl P680%, a highly oxidizing molecule
formed by charge separation that has a redox potential of +1.2 V
(17). When high-energy radical pairs involving Chl recombine,
they can form Chl triplet states that react with triplet oxygen to
form singlet oxygen, an especially damaging reactive oxygen spe-
cies (18-20). PSII assembly/repair intermediate complexes require
protective mechanisms to minimize this damage and thus facilitate
maturation into active PSII complexes.

The mechanism by which PSII intermediate complexes are
protected from photooxidative damage remains poorly un-
derstood. However, the Cyt bsso has been proposed to partici-
pate in photoprotection. The Cyt bsso is present in all oxygenic
photosynthetic organisms, is essential for PSII biogenesis, and
binds the only redox-active heme b group of PSII. The Cyt bssg is
not involved in the linear electron transport chain that oxidizes
water and reduces plastoquinone (21-23). The protective role is
based on the ability of heme b to participate in 1-electron
transfer from its high-potential form (+390 mV) (24) via
pB-carotene (CarD2) to reduce the photooxidized primary donor
P680™ under donor-side photoinhibitory conditions (e.g., during
impairment or assembly of the oxygen-evolving complex) (25,
26). However, a detailed functional description of the Cyt bsso
redox forms, the cause of their interconversion, and the source of
electrons remain unclear (27, 28). In cyanobacteria, the Cyt bsso
forms part of a well-conserved gene cluster that is key to the
biogenesis of PSII (29-31). This gene cluster contains the
rubredoxin domain-encoding rubA gene, the PSII assembly fac-
tor ycf48/HCF136, and the LMW subunits of PSII formed by the
Cyt bsso (psbE and psbF), psbL, and psbJ. The presence of the
rubredoxin in the same gene cluster as the Cyt bsso suggests a
functional connection between these 2 redox-active proteins
during PSII assembly and repair.

Rubredoxins are LMW iron-containing proteins that partici-
pate in electron transfer reactions (32, 33). The RubA ortholog
in photosynthetic eukaryotes is RBD1 (34). We previously
demonstrated that the absence of RBD1 in photosynthetic eu-
karyotes impacts the functional accumulation of PSII (34).
However, the precise role of RBD1 in promoting PSII accu-
mulation remains unknown. To gain insight into the role of
RBD1 in PSII assembly and repair and investigate its possible
interactions with the Cyt bssq, we performed 1) biochemical
characterization of PSII assembly in the RBD1-deficient 2pac
mutant of the model green alga Chlamydomonas (34), 2)
complementation studies of the 2pac mutant with truncated
and site-directed RBD1 mutants, 3) analysis of the biochemical
properties of RBD1 in the TM of Arabidopsis thaliana (here-
after Arabidopsis) and Chlamydomonas chloroplasts, and 4)
determination of the redox properties of the RBD1 rubredoxin
domain. We demonstrate that RBD1 is a stroma lamellae-
enriched and redox-active assembly factor that interacts with
PSII and ensures functional assembly and repair of PSII com-
plexes in the chloroplast. On the basis of our results, we pro-
pose an alternative 1l-electron transfer pathway in PSII,
powered by NADPH and ferredoxin-NADP* reductase (FNR),
whereby RBD1 acts together with the Cyt bsso to protect PSII
from photooxidative damage.

Results

RBD1 Promotes Functional Assembly of PSIl Monomer Complexes. We
previously demonstrated that the absence of RBD1 impacts
photosynthetic growth, PSII efficiency, and accumulation of PSII
subunits in the Chlamydomonas 2pac mutant (Fig. 14) (34). To
gain further insight into the PSII assembly process, we studied
the organization of TM protein complexes by blue native poly-
acrylamide gel electrophoresis (BN-PAGE) from heterotrophi-
cally grown wild-type (WT) and 2pac cells (Fig. 1C). We found
PSII macroorganization to be severely altered in the mutant,
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with a marked reduction of PSII monomers (PSII-M), dimers
(PSII-D), and PSII-LHCII supercomplexes (PSII-SC), while the
assembly of photosystem I (PSI) protein complexes and the light-
harvesting complexes (LHCs) were normal, in comparison with
WT (Fig. 1C). To determine to what extent PSII assembly occurs
in 2pac cells, we separated protein complexes from the first di-
mension (1D) BN-PAGE in a second denaturing dimension
(sodium dodecyl sulfate [SDS]/PAGE) and performed immu-
noblot analyses against RBD1 and the PSII subunits D2 and
CP43 (Fig. 1D). In WT, the D2 and CP43 immunoblot signals
clearly comigrated with PSII-M, PSII-D, and PSII-SC, whereas
the RBD1 signals were detected in at least 3 spots. The 2 major
spots were in the low mass region of the native gel, containing
unassembled and LMW complexes, whereas the third and minor
spot comigrated with PSII-M. As expected, the 2pac mutant
exhibited very low levels of D2 and CP43 and no RBD1 (Fig. 1D).
To obtain D2 and CP43 signals from the mutant, a 1-min film
exposure was required, whereas equivalent WT signals were de-
tectable after only a few seconds. The largest PSII complex found
in 2pac membranes contained D2 and CP43 and corresponded to
PSII-M, while PSII-D and PSII-SC were undetectable (Fig. 1D).
These results show that, in the absence of RBDI1, the accumula-
tion of PSII-M complexes is severely impaired. We further visu-
alized heterotrophically grown cells by transmission electron
microscopy. The 2pac mutant, in comparison with WT cells,
exhibited aberrant chloroplast TM architecture (Fig. 1B), which
might be related to its relatively high LHCII/PSII ratio.

We next investigated whether RBD1 is present in the chlo-
roplast during light induction of PSII assembly in the Chlamy-
domonas mutant chIL (Fig. 1E) (35). This mutant is defective in
the light-independent protochlorophyllide reductase and is un-
able to synthesize Chl in the dark; when dark-grown chlL cells
are exposed to light, pigment accumulation correlates with both
TM formation and the synthesis and accumulation of photo-
synthetic complexes (36, 37). D2 was barely detectable in the
dark-grown chiL cells and only accumulated after cells were
exposed to light (Fig. 1E). In contrast, RBD1 was found in high
levels in the dark-grown cells and throughout greening (Fig. 1E),
indicating that RBD1 accumulates before PSII assembly.

RBD1 Is a Membrane-Anchored Protein with the Rubredoxin Domain
Exposed to the Stroma. To study how RBD1 associates with the
TM, we assayed polypeptide extractions from Arabidopsis and
spinach TM. Membrane-bound polypeptides were washed with
either high ionic chaotropic salts or an alkaline pH (>10) solu-
tion (38), followed by centrifugation to separate pelleted mem-
brane fractions (MB) from the extracted soluble fractions (SN)
(81 Appendix, Fig. S1B). The fractions were further subjected to
SDS/PAGE and immunoblot analysis with specific anti-RBD1
antibodies. RBD1 was mostly resistant to membrane extraction
techniques, although washes with 2 M sodium thiocyanate led to
minor extractions of RBDI.

We also studied the topology of the RBD1 rubredoxin domain
in the TM by protease protection experiments performed on
intact Arabidopsis and spinach chloroplasts (Fig. 24 and SI Ap-
pendix, Fig. S1C, respectively). As RBD1 is predicted to contain
15 trypsin digestion sites, a protease protection assay was per-
formed by adding trypsin to either hypoosmotically lysed chlo-
roplasts, yielding intact TM, or to samples treated with 0.25%
n-dodecyl-B-p-maltoside (f-DM) detergent to disrupt TM. When
detergent-disrupted membranes were treated with trypsin, both
stroma-facing and lumen-enclosed proteins were digested. Pho-
tosystem I subunit D (PsaD) was used as a topological marker
for stromal orientation (39), and as expected, it was rapidly
cleaved to a trypsin-resistant fragment. The disruption of TM by
detergent and access to luminal compartment proteins were
verified through the digestion of the lumen-localized PsbO
subunit of PSII. RBD1, like PsaD, was digested rapidly from

Garcia-Cerdan et al.
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Fig. 1. 2pacis a nonphotosynthetic mutant with impaired assembly of PSIl monomers and abnormal chloroplast architecture. (A) Growth phenotype and PSII

efficiency (F,/Fn,) of wild-type (WT) and mutant spotted cells grown mixotrophically (TAP) under low light (5 pmol photons~m’2-s’1) or photoautotrophically
(HS) under normal light (80 pmol photons-m~2:s~") conditions. (B) Transmission electron microscopy analyses of WT and mutant cells grown heterotrophically.
(C) BN-PAGE analyses of WT and 2pac solubilized thylakoid membrane (TM) protein complexes treated with 2 different detergents, «-DM and p-DM. (D) The
2D BN/SDS/PAGE and immunoblot analyses from WT and 2pac solubilized TM protein complexes against PSIl subunits D2 and CP43, and RBD1. Immuno-
detection against D2 and CP43 varies. In WT samples, films were recorded after 5-s exposure compared with 1 min in 2pac samples. Lanes are labeled as
follows: PSI, photosystem I; PSII-D, PSII dimer; PSII-M, PSIl monomer; PSII-SC, PSII-LHCII supercomplexes; uCP43, unassembled CP43. (E) Immunoblots analyses
against D2, RBD1, and acetylated tubulin proteins from greening experiment with the ch/L mutant, as well as Coomassie-stained SDS/PAGE. Whole-cell
samples were collected and subjected to denaturing SDS/PAGE and immunoblot analysis after 0, 6, and 24 h following the shift to normal growth light

conditions. One hundred percent loading corresponds to about 1 x 10° cells.

both intact and disrupted TM samples, whereas degradation of
PsbO protein occurred only in disrupted membranes (Fig. 24
and SI Appendix, Fig. S1C). These results clearly indicate that
RBD1 is a membrane-bound protein and its rubredoxin domain
is on the stromal side of TM (Fig. 24).

RBD1 Is Enriched in Stroma Lamellae Fractions of Both Arabidopsis
and Chlamydomonas Where It Comigrates with PSIl Monomers and
Subcomplexes. We next investigated the localization of RBD1
using fractionated TM from Arabidopsis. These membranes were
fractionated into grana core (GC), grana margins (GM), and
stroma lamellae (SL). Each fraction was tested by SDS/PAGE
and immunoblot analyses against known PSII assembly pro-
teins ALB3 and HCF136, PSII subunit D2, PSI subunit PsaD,
FNR, and RBD1 (Fig. 2B). RBD1, PsaD, ALB3, FNR, and
HCF136 were clearly enriched in the SL fraction, whereas
D2 was enriched in the GC fraction. We further performed
BN-PAGE and immunoblot analyses of the native solubilized
protein complexes from these fractionated membranes (S/
Appendix, Fig. S2A4). As expected, PSII-SC and LHCII trimers
were enriched in GC membranes and were significantly re-
duced in SL membranes (40). As shown in SI Appendix, Fig.
S2A, we found immunoblot signals for RBD1 comigrating with
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PSII-M, which occurred most strongly in the SL membrane
fractions. These signals were also abundant in the LMW region
of the 1D BN-PAGE, corresponding to protein complexes of low
molecular mass, but also detached from protein complexes. To
further explore protein—protein interactions between RBD1 and
PSII subunits, we performed a coimmunoprecipitation (co-IP)
experiment and mass spectrometry (MS) analyses from solubi-
lized TM with specific anti-RBD1 and preimmune serum anti-
bodies. The MS data clearly showed enrichment of RBD1 and
PSII subunits peptides from 3 independent anti-RBD1 co-IP/MS
experiments (SI Appendix, Table S2). These interactions were
corroborated by immunoblot analyses, in which interactions be-
tween RBD1, Cyt bssg PsbE subunit, and D2 were verified (Fig.
2C, Left). In addition, we performed co-IP experiments with
specific anti-PsbE and preimmune serum antibodies and solu-
bilized protein complexes from Arabidopsis SL (Fig. 2C, Right).
We confirmed the reciprocal co-IP of PsbE subunit together with
RBD1 and D2 proteins, but not with the preimmune serum.
These results were, similarly, reproduced in Chlamydomonas
fractionated TM experiments, in which RBD1 protein was found
comigrating with PSII monomers and PSII subcomplexes from
SL membrane fractions (SI Appendix, Fig. S2 B and C). Inter-
actions between RBD1 and PSII complexes were also studied in

PNAS | August 13,2019 | vol. 116 | no.33 | 16633

PLANT BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903314116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903314116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903314116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903314116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903314116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903314116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903314116/-/DCSupplemental

A B s omac SL GM GC
Typsin - 4+ o+ -+ o+ o+ == —| aRBD1 -
BDM - - - - - 4+ o+ 4 = 50
Time TO T7.5 T20 T40 TO T7Z.5 T20 T40 aHCF136 i
— e —— S G——— —_— «ALB3 pa—
= |aPsaD . —ce
S —— 1 PsaD —
I-—--—-- |upsbo il —
— 15—
|_-F R e- |‘1RBD1 - e |oFNR .
C «PB oRBD1 Input a:PB a:PsbE
%Stroma colP colP MB,, colP colP
T - (SR
| [E— S

qust 2 |PsbE
™ SL

Fig. 2. Arabidopsis RBD1 rubredoxin domain faces the stromal side of the
thylakoid membrane (TM), is enriched in stroma lamellae membrane frac-
tions, and coimmunoprecipitates with the Cyt bssg and D2 subunits. (A) Ef-
fect of protease treatment on Arabidopsis TM. TM samples were incubated
in the presence or in the absence (+) of trypsin (1 pg/mg Chl), as well as in the
presence or absence (+) of g-DM, 0.25% (wt/vol), to solubilize membranes.
SDS/PAGE and immunoblot analyses were performed from TM samples col-
lected at 0, 7.5, 20, and 40 min of treatment. These samples were probed
with antibodies against PsaD (an extrinsic PSI membrane protein on the
stromal side), PsbO (an extrinsic PSIl membrane protein on the luminal side),
and RBD1. A schematic illustration of the RBD1 protein topology is also
shown. (B) Denaturing SDS/PAGE and immunoblot analyses against D2, PsaD,
ALB3, HCF136, FNR, and RBD1 from fractionated Arabidopsis TM. The lanes
are labeled as follows: GC, grana core membranes; GM, grana margins
membranes; SL, stroma lamellae membranes; TM, thylakoid membranes. (C)
Co-IP experiments performed with B-DM-solubilized TM and SL protein
complexes using antiserum specific for RBD1 (RBD1) and the a-subunit of
Cyt bssg (aPsbE), respectively. Input SL membrane loading corresponds to 0.2 pg
of Chl, and a control co-IP was performed with preimmune serum (aPB).

Chlamydomonas from affinity-purified His-tagged CP47 (His47)
PSII particles. As shown in SI Appendix, Fig. S2D, eluted His47
PSII particles exhibited high Chl a content and D2 immunoblot
signals, but also contained enriched RBD1 proteins. A co-IP/MS
experiment was performed with anti-RBD1 polyclonal antibodies
from these samples, further confirming enrichment not only of
RBD1 but also of PSII subunits, including both LMW subunits of
the Cyt bsso. Notably, we also detected several low-abundance
PSII assembly factors like Psb28, TEF30/MET1, and TL18 (S/
Appendix, Table S3).

Dissection of the Roles of Membrane-Anchoring and Rubredoxin
Domains of RBD1 in PSIl Assembly and Repair. To delineate the
role of the different protein domains necessary for the biological
functions of Chlamydomonas RBD1 protein in PSII assembly
and repair, we generated genetic constructs encoding mutated
RBDI1 proteins and evaluated whether these were able to com-
plement the nonphotosynthetic and PSII-deficient phenotypes of
the 2pac mutant (Fig. 34). We found that RBD1 constructs
lacking either the chloroplast transit peptide (ATP) or the C-
terminal TMH domain (ATMH) were unable to restore the
photoautotrophic growth and PSII efficiency phenotypes of the
mutant, as with the negative control transformation with GFP
construct, despite normal accumulation of truncated RBD1 pro-
teins (Fig. 3 B and C and SI Appendix, Fig. S4 A-C). These results
confirm that RBD1 functions in the chloroplast, and they suggest
an important role for the C-terminal TMH during de novo as-
sembly of PSIIL.

Site-directed mutagenesis was performed to replace 2 out of the
4 cysteine residues that coordinate the iron atom of the rubredoxin
domain (C76 and C109) with glycine (C76/109G), with the aim of
altering iron binding and function (Fig. 3A). Interestingly,
RBD1(C76/109G)-complemented lines were able to restore pho-
toautotrophic growth, PSII efficiency, and PSII content under
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normal light conditions, similar to lines complemented with WT
RBD1 (Fig. 3 B-D). We measured RBD1 protein content for 2
WT RBDI1 and 2 RBD1(C76/109G)-complemented lines and
compared these to the content of the WT 4A+ strain, from which
the 2pac mutant was generated (41). All tested lines exhibited
greater RBD1 protein content than the 4A+ strain (Fig. 3E). The
WT RBDI1-complemented lines 1 and 2 exhibited 2- and 5-fold
increments of RBD1 protein content, respectively, and the
RBD1(C76/109G)-complemented lines 1 and 2 exhibited about 2-
fold increments of RBD1 protein content (Fig. 3E).

‘We monitored changes in PSII efficiency from freshly grown TAP-
agar plates under dark and very low light (~15 pmol photons-m=2s™")
cycles on a 5-d time course with 5 WT and 8 C76/109G RBDI1-
complemented lines, 2 4A+, and the 2pac mutant (Fig. 3F). In-
terestingly, we found that PSII efficiency declined with time in all
studied RBD1(C76/109G) mutant lines, from an initial F,/F,, of
0.56 + 0.023 to final 0.26 + 0.069, whereas both the WT RBD1-
complemented lines and 4A+ strains did not exhibit significant
changes in PSII efficiency (Fig. 3F).

We then monitored PSII efficiency from 5 WT and 5
RBD1(C76/109G)-complemented lines during exposure to 2 cy-
cles of high-light (HL) treatments of 2 and 3 h duration each,
interspersed with an overnight recovery period under very low
light in the presence or absence of chloramphenicol (CAP) (Fig.
3G). CAP treatment inhibits chloroplast protein translation,
thereby blocking the de novo assembly and repair of PSII. In-
terestingly, during the short HL treatments, we found that PSII
efficiency declined faster and recovered more slowly in the
RBD1(C76/109G) mutant background in comparison with WT
RBD1 control lines (Fig. 3G). Alongside the reduction of PSII
efficiency, higher F, and F,, fluorescence parameters were
measured in the mutant compared with WT RBD1 control lines
(SI Appendix, Fig. S34). CAP-treated cells exhibited similarly
rapid reduction of PSII efficiency in both WT and RBD1(C76/
109G) mutant under HL, in which PSII efficiency was abolished
after 1 h and did not recover in these strains during the experi-
ment (Fig. 3G). These results suggest an enhanced photo-
inhibition phenotype for RBD1(C76/109G), especially under HL.
To test this further, we measured PSII-D1 protein content from
whole cells treated with HL for 2 h in the presence and in the
absence of CAP. RBD1(C76/109G)-complemented line exhibited
enhanced D1 degradation upon HL treatment (Fig. 3H and SI
Appendix, Fig. S3B). We found D2 protein content comparable in
both complemented lines under these conditions. As expected,
treatment of cells with HL. and CAP led to fast degradation and
no recovery for both D1 and D2 proteins, whereas the cellular
content of acetylated tubulin was not affected (Fig. 3H). Notably,
RBD1 protein content was not affected under HL or CAP
treatments in both WT and RBD1(C76/109G) mutant lines in
comparison with dark levels (Fig. 3H).

RBD1 Is a Redox-Active Protein That Participates in 1-Electron Transfer
Reactions. Soluble rubredoxin proteins participate in 1-electron
transfer reactions in many microbes (32, 42). Thus, the presence of
the rubredoxin domain suggests that RBD1 may also participate in
electron transfer reactions in TM. We therefore evaluated the
spectroscopic, electrochemical, and electron transport properties
of the rubredoxin domain of Chlamydomonas RBD1 (crRBD1).
Recombinant crRBD1 lacking the predicted TP and the C-
terminal TMH was reconstituted with Fe** anaerobically and
further purified by anion exchange chromatography, as iron in-
corporation in the protein was minor after initial E. coli purifi-
cation (Fig. 44). The holoprotein was exceptionally pure, as only a
single band corresponding to a protein with a molecular mass of
14.531 kDa was observed from SDS/PAGE and matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF) MS
(Fig. 44 and SI Appendix, Fig. S5A), yielding about 80% iron
(Fe**) content (Fig. 44). The midpoint redox potential for
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Fig. 3. Functional characterization of the different Chlamydomonas RBD1 protein domains. (A) Schematic diagrams of the truncated and amino acid
substituted RBD1 proteins. Abbreviations are as follows: C76/109G, RBD1 with iron-coordinating cysteines 76 and 109 substituted to glycines; ATMH,
RBD1 minus C-terminal a-helix transmembrane domain; ATP, RBD1 minus chloroplast transit peptide; WT, wild-type RBD1. (B) 2pac complementation studies.
Fluorescence parameters F,, F., and PSIl efficiency (F,/F.,) measurements of hygromycin-resistant transformants obtained with constructs encoding for WT,
the truncated proteins (ATP and ATMH), and the C76/109G substituted RBD1 proteins, as well as GFP. (C) Growth phenotypes of 4A+, 2pac and WT, ATP,
ATMH, and C76/109G RBD1-complemented lines. Cells were spotted onto HS and TAP solid media containing no antibiotics or 25 pg/mL of either paromo-
mycin or hygromycin. Cells were grown under normal light growth conditions of 80 pmol photons-m=2:s~" for 1 wk. (D) Immunoblot analysis against
D2 protein from whole-cell extracts of 2 WT and 5 C76/109G-complemented lines. (E) Immunoblot analysis against RBD1 protein from 4A+, 2pac, and 2 WT, as
well as 2 C76/109G-complemented lines whole cells (100% loading corresponds to 1.5 x 10° cells). (F) TAP grown C76/109G-complemented lines exhibit
photoinhibition under low light growth conditions over time. PSII efficiency (F./F,) was monitored for 5 d. (G) Photoinhibition studies of 5 WT and 5 C76/
109G-complemented lines in the presence or absence of CAP (100 pg/mL). For measurements of PSII efficiency (F./F,,), cells were grown in the dark and
subsequently transferred to a first round of HL (800 pmol photons-m~2.s") for 2 h (Top). Cells were then recovered under low light overnight. A second round
of HL (indicated by an arrow) was performed for an additional 3 h, with further recovery under low light overnight (Bottom). (H) Immunoblot analyses against
the D1 DE loop, D2, RBD1, and acetylated tubulin from dark grown and 2-h HL-incubated whole cells in the presence (+) or absence (-) of CAP. Loading
corresponds to about 1.5 x 10° cells.

crRBD1 was determined to be +114 mV vs. AgCl/Ag (SI Ap-
pendix, Fig. S5 B-D). Spectroscopic analyses of holoproteins dis-
played characteristic UV/vis absorption spectra of native soluble
rubredoxins (32, 33), with the expected charge-transfer bands
corroborating the presence of a chelated iron. Upon exposure to
oxygen, proteins were red in color and exhibited an absorption
spectrum with peaks at 370 and 490 nm, with a shoulder at 570 nm
(Fig. 4 A and B). Upon reduction, these absorption peaks dis-
appeared, and the proteins became colorless (Fig. 4 4 and B). We
developed an assay for reduction of crRBD1 using spinach

Garcia-Cerdan et al.

chloroplast-purified FNR and NADPH as an electron donor. The
addition of both NADPH (250 pM) and FNR (1 pM) led to the
rapid reduction of oxidized rubredoxins, whereas the addition of
either NADPH or FNR alone did not (Fig. 4B). These results
indicate that reduction of oxidized crRBD1 is NADPH dependent
and is mediated by NADPH reductase activity.

To determine whether RBD1 is capable of 1-electron transfer
reactions with heme-containing proteins, we tested whether
RBDI1 can transfer an electron to the heme ¢ cofactor of cyto-
chrome ¢ (Cyt ¢). The equine heart Cyt ¢ midpoint redox potential
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Fig. 4. Purification of the Fe?* metal-substituted Chlamydomonas rubre-
doxin domain peptides (crRBD1) and determination of its electron carrier
activity. (A) Image of purified peptides under reducing (crRBD1REP) and ox-
idizing (crRBD1°%) conditions (Top Left). ICP-MS analysis of the percent of
iron content following metal substitution (Lower Left). Coomassie-stained
gel of ion exchange-purified Fe?* metal-substituted rubredoxin domain
proteins (loading corresponds to 10 pg of protein) (Right). (B) UV/vis absorp-
tion spectra of ambiently oxidized crRBD1 (Fe**) as well as NADPH- and FNR-
reduced crRBD1 (Fe?*) (90 uM). (C) Determination of electron carrier activity of
the rubredoxin domain. Changes in the visible absorption spectra of the spe-
cific reduction of Cyt c by NADPH, FNR, and crRBD1 are evident. (D) Scheme for
the NADPH-FNR-RBD1-Cyt ¢ redox system. crRBD1 (5 uM) catalyzes the
NADPH (0.25 mM)- and FNR (1 pM)-dependent reduction of Cyt ¢ (50 pM).

is +250 mV vs. AgCl/Ag (43) and undergoes reduction that is air
stable, thus serving as a convenient electron acceptor (44). Cyt ¢
reduction was monitored by changes in the visible absorption
spectrum at 550 nm. The soluble rubredoxin domain of RBD1
(5 pM) exhibited electron transfer to Cyt ¢ (50 uM), which was
NADPH and FNR dependent (Fig. 4 C and D and SI Appendix,
Fig. S5E).

Discussion

RBD1 Is Involved in PSIl Assembly and Repair in Chlamydomonas. In
this study, we have taken advantage of the ability of Chlamydo-
monas to grow heterotrophically and assemble TM protein com-
plexes in the dark, in addition to its genetic tractability, to gain
information on the possible physiological roles of RBD1. PSI as-
sembly takes place normally in the TM of the RBD1-deficient
2pac mutant, whereas PSII macroorganization and PSII effi-
ciency are drastically impaired compared with WT cells (Fig. 1 4
and C), as observed previously (34). Only a minor accumulation of
PSII-M complexes occurs in 2pac TM in the dark (Fig. 1D), due to
enhanced PSII-specific protein degradation rather than impaired
chloroplast protein translation of PSII subunits (45).

Using 2 kinds of genetic constructs encoding mutated RBD1
proteins (Fig. 34), we were able to dissect 2 different functions
of RBD1 in PSII assembly and repair. First, the C-terminal TMH
domain of RBD1 is essential for PSII de novo assembly, as 2pac
lines expressing the truncated RBD1 protein (ATMH-RBD1
mutant) were defective in both photoautotrophic growth and
PSII efficiency (Fig. 3 B and C and SI Appendix, Fig. S4C).
Second, the redox-active rubredoxin domain of RBDI1 plays a
critical role during PSII repair. Indeed, RBD1(C76/109G)
mutant-complemented lines restore photoautotrophic growth
and PSII efficiency under normal light. However, they are prone
to enhanced photoinhibition under prolonged dark and low-light
growth conditions, and also during short HL treatments (Fig. 3
F-H and SI Appendix, Fig. S3B).

16636 | www.pnas.org/cgi/doi/10.1073/pnas.1903314116

Role of RBD1 in De Novo PSII Assembly. The data presented here
demonstrate that RBD1 is strongly bound to TM and is enriched
in SL fractions in both Arabidopsis and Chlamydomonas (Fig. 2B
and SI Appendix, Figs. S1B and S2 A-D). These findings are
consistent with the fact that SL are the sites where de novo as-
sembly and repair of PSII complexes occur (46, 47). We also
demonstrate the accumulation of RBD1 protein in a yellow-in-
the-dark Chlamydomonas mutant, before light-dependent accu-
mulation of PSII subunits (Fig. 1E). Interestingly, like RBD1,
Cyt bsso and the PSII assembly factor HCF136 have also been
reported to be synthesized before PSII RC subunits (30, 48), in
agreement with the conservation of their respective genes in a
gene cluster that is key to PSII biogenesis in cyanobacteria (29—
31). Notably, our BN-PAGE and immunoblot analyses of solu-
bilized SL membrane protein complexes in both Chlamydomonas
and Arabidopsis clearly show that minor amounts of RBDI1
protein comigrate with PSII-M and PSII subcomplexes, in
agreement with previous findings (49), but not with PSII-D or
PSII-SC (Fig. 1D and SI Appendix, Fig. S2 A-D). We find the
majority of RBD1 at the front of the BN-PAGE, suggesting that
RBDL1 is either unassociated or detached from PSII complexes,
possibly due to sample preparation, extraction during the de-
tergent solubilization step, or dissociation during the BN-PAGE.
Indeed, variation in the detection of PSII assembly factors in
PSII RCs depending on the sample preparation has previously
been reported (50). Importantly, we also show that RBD1 ex-
hibits interactions with PSII subunits and PSII assembly factors,
as shown by the enrichment of RBD1 with these proteins from
co-IP/MS experiments in both Arabidopsis and Chlamydomonas
(Fig. 2C and SI Appendix, Fig. S2D and Tables S2 and S3).
Nonetheless, our results suggest that RBD1 is not a permanent
component of the fully assembled PSII complex, but rather a
transient one. This is supported by the latest cyanobacterial PSII
crystal structure and by the plant PSII-SC structure, in which
RBD1 is not present (51, 52).

Role of RBD1 in PSII Repair. PSII is constantly undergoing photo-
oxidative damage and requires protective mechanisms to mini-
mize it. Photoinhibition can occur at the PSII donor and
acceptor sides (53). The former is thought to occur in PSII in-
termediate complexes lacking water-splitting activities that are
undergoing assembly or repair processes. The protective pathway
is thought to occur through slow electron transfer via the prox-
imal p-carotene molecule (CarD2) to reduce highly oxidized Chl
radicals in PSIT (P680%). This pathway requires the Cyt bsso re-
dox properties of heme b l-electron transfer activity to the
B-carotene cation (25, 28, 54). Several questions remain about
the electron source for this electron transfer pathway, but it has
been suggested that oxidized Cyt bssy may accept an electron
from the acceptor side of PSII (Qp~, or reduced PQH,), thus
forming a cyclic pathway of electron transfer within PSII (27, 28).
Under conditions in which the plastoquinone pool is oxidized,
such as during de novo assembly of PSII or under excessive PSII
photoinhibition with demanding repair, an alternative electron
source may be necessary. We hypothesize that the redox-active
rubredoxin domain of RBD1 functions as an alternative electron
donor to the Cyt bss¢ under assembly and repair conditions. The
iron atom in all RBD1 orthologs exhibits conservation for the
2 cysteine canonical segments that are commonly found in pro-
karyotic rubredoxins (S Appendix, Fig. S1A4). It is thus likely that
RBD1 participates in electron transfer reactions similarly to
these ancient soluble rubredoxins (32, 33). These electron
transfer pathways generally consist of a rubredoxin providing
1 electron to an enzyme and a rubredoxin reductase restoring an
electron to the oxidized rubredoxin from a cofactor (e.g.,
NADPH) (33, 55). We also note that the functional role of the
single redox-active rubredoxin domain of RBD1 is, necessarily,
intermolecular, and clearly, interactions must take place on the
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stromal side of the TMs (Fig. 24 and SI Appendix, Fig. S1C). The
midpoint potential of the Chlamydomonas rubredoxin domain,
+114 mV vs. AgCl/Ag (SI Appendix, Fig. S5 B-D), agrees with
typical values measured for other rubredoxin proteins (—100 to
+125 mV) (33, 49). Thus, electron transfer to the high potential
form (HP) of Cyt bsse, with a midpoint redox potential of about
+390 mV (24), is thermodynamically favorable. Moreover, we
show that the rubredoxin domain of RBD1 is proficient for the
1-electron transfer reaction to heme ¢ of the soluble Cyt ¢ in vitro
(Fig. 4 C and D and SI Appendix, Fig. SS5E). We further dem-
onstrate that reduction of oxidized RBD1 is NADPH and FNR
dependent in vitro. Importantly, we find FNR enrichment in SL
fractions (Fig. 2B), and previous studies have shown that FNR is
membrane associated on the stromal side of TM protein com-
plexes (56). Similarly, NADPH-dependent FNR activity has
been described for the FNR/ferredoxin (Fd) redox system, in
which NADPH is used to reduce Fd in nonphotosynthetic tis-
sue of plants (57), in heterocysts of cyanobacteria (58), and in
apicoplasts of apicomplexan parasites (59). These results suggest
that FNR may act as a bona fide RBD1 reductase in the chlo-
roplast, forming an FNR/RBD1/Cyt bss¢ redox system with
NAPDH as source of alternative energized electrons.

Because the precise location of RBD1 in the PSII in-
termediate complexes is unknown, we can only speculate as to
where it might be located and how interactions with PSII sub-
units might occur, The plant C2S2M2 PSII-SC structure obtained
through single-particle cryo-electron microscopy (60) comprises
a PSII dimeric core, as well as 2 strongly bound and 2 moderately
bound LHCIIs. In this structure, both LMW subunits of the Cyt
bsso (PsbE and PsbF) are located at the periphery of PSII
complex and are not involved in the PSII monomer-monomer
interface of the PSII dimer (C2) nor directly in contact with
minor antenna subunits or LHCII trimers (60). We suggest that
transient membrane protein—protein interactions might occur
between the RBDI1 single-spanning C-terminal TMH domain
and LMW subunits of Cyt bssg, PsbE and PsbF, or proximal
LMW subunits such as PsbY and PsbX (51, 60, 61), allowing the
stromal rubredoxin domain of RBD1 (Fig. 24 and SI Appendix,
Fig. S1C) to protrude on the acceptor side of PSII in the vicinity
of the heme b cofactor of Cyt bsso.

The heme b is also facing the stromal side, slightly embedded
in the protein matrix (23, 51). Indeed, protein docking experi-
ments with fully assembled PSII complexes and RBD1 protein
placed at the periphery of the Cyt bssg show that a distance of 29
A may exist between the heme b group and the rubredoxin Fe**
atom, hypothetically allowing for slow electron transport reac-
tions (SI Appendix, Fig. S1D). It is worth mentioning that the
distance between these cofactors may be different during PSII de
novo assembly and repair conditions, in which dynamic changes

NADP* NADPH NADP* NADPH

NADP* NADPH

in protein composition and complex structure are expected. In
fact, there is ample evidence of additional PSII assembly factors
that transiently bind to PSII (16). In this study, we demonstrate
the presence of several of these low abundant PSII assembly
factors from our co-IP/MS experiments, including TEF30/MET1,
Psb28, and TLP18.3 (SI Appendix, Table S3). These interactions
are of particular interest, as both TEF30/MET1 and Psb28, like
the RBD1 rubredoxin domain, have been shown to interact with
PSII intermediate complexes from the stromal side (62-64).
Psb28 has been shown to interact with Cyt bssy by cross-linking
experiments, and it has been proposed to participate in a
mechanism that protects partially assembled PSII complexes
from harmful redox back-reaction damage (62). Arabidopsis
TEF30/MET1 has been suggested to function as a CP43/
CP47 chaperone on the stromal side of the membrane during
PSII assembly and repair (64), whereas the Chlamydomonas
TEF30/MET1 ortholog has been proposed to be important
during repair of PSII (63). TLP18.3 is a thylakoid luminal pro-
tein, and it is important during the repair cycle of PSII (65).
Taken together, based on published results and the genetic
and biochemical data presented here, our results point to a role
for RBD1 together with the Cyt bssg in a protective mechanism
that minimizes damage of PSII complexes during repair. In the
literature, 2 kinds of Cyt bssy mutants have been described. The
first group includes null mutants targeting either of the 2 LMW
subunits: PsbE and PsbF. Based on the study of these mutants, a
clear role as a nucleation factor to initiate PSII assembly by
forming a D2-Cyt bss¢ subcomplex that is strictly required for
PSII biogenesis in oxygenic photosynthesis has been proposed
(48, 66). The second group is composed of mutants with
substituted amino acids that disrupt binding of the heme b co-
factor (21-23, 67). In several cases, these mutants allow for the
accumulation of apo-cytochrome bssg proteins and the residual
assembly of oxygen evolving PSII complexes. Nevertheless, these
were prone to photoinhibition under HL because of impaired
repair (21, 22, 67). Thus, these 2 groups of mutants define a role
for the Cyt bssg in the de novo assembly of PSII and the function
of the redox heme b in the protection from photoinhibition.
Phenotypically, the Chlamydomonas 2pac mutant exhibits PSII-
deficient phenotypes (34, 48) similar to those of a null Cyt bsso
mutant (34, 48), and moreover seem functionally connected, as
both exhibit redox activity that is necessary to prevent photo-
inhibition. We suggest that the oxidized Cyt bss9 is subsequently
reduced by a stromal side NADPH-FNR-RBDI1 redox system
(Fig. 5). Furthermore, our results also suggest that RBD1, to-
gether with Cyt bss9 and D2, might be a component of an early
PSII subcomplex (RBD1-Cyt bsso—D2) that is involved in the
stabilization, as a nucleation factor, of early PSII assembly
complexes in photosynthetic eukaryotes (Fig. 5). This work not

NADP* NADPH

PSIIRC  PSII RC47

PSIl-M

Active PSII-M

-

D1-processing (Assembly or Repair)
Assembly of the water splitting complex

Fig. 5. Proposed model for the role of RBD1 during PSIl assembly and repair in the chloroplast. We hypothesize that RBD1 (dashed line) together with Cyt bssg
and D2 may form part of an early PSII subcomplex (RBD1-Cyt bssg-D2). The redox-active rubredoxin domain is stromal facing. This domain may deliver electrons
from NADPH and FNR to Cyt bssg to protect the PSIl assembly and repair intermediate complexes from photooxidative damage in stroma lamellae membranes.
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only improves our understanding of cellular protection mecha-
nisms for the vital PSII complex during assembly and repair but
also informs genetic engineering strategies for oxidative pro-
tection of PSII to increase agricultural productivity.

Methods

Algal Strains and Growth Conditions. Chlamydomonas strains used in this study
are WT 4A+ (mt+), 2pac mutant (mt+) (34), His-tagged psbB (His47) (mt+) (68),
and the yellow-in-the-dark mutant ch/L (mt+) (37). Cells were grown hetero-
trophically or mixotrophically in Tris acetate-phosphate (TAP) medium (69) or
photoautotrophically in high salt medium (70). Cell densities were determined
with a Multisizer3 (Beckman Coulter). For photoinhibition studies, dark-grown
cells were concentrated to about 2 to 3 x 107 cellsmL™" in liquid TAP and in-
cubated either under very LL or shifted to HL (800 pmol photons:m~=2s~") for the
indicated times in a temperature controlled (25 °C) HL chamber (Percival). TAP
medium was supplemented with 100 pg/mL CAP or equivalent volume of 100%
ethanol. Whole-cell samples were collected at different indicated time intervals
for protein analyses. The PSII efficiency (71) was monitored by measuring the
maximum quantum yield of PSIl (F/F,), determined after 15 min of dark ad-
aptation, with a pulse-amplitude-modulated Chl fluorescence imaging system
(MAXI-IMAGING-PAM; Heinz Walz).

Isolation of Thylakoid Membranes. Chlamydomonas cells were harvested by
centrifugation at 2,500 x g for 10 min at 4 °C, followed by resuspension in
lysis buffer (20 mM Hepes-KOH, pH 7.5, 5 mM MgCl,) supplemented with
protease inhibitor mixture cOmplete (Roche). Cells were disrupted by pas-
sage through a French press (SLM Aminco) at 10,000 psi at 4 °C. TMs were
isolated by centrifugation at 20,500 x g for 10 min at 4 °C. Pelleted mem-
branes were resuspended in TM buffer (20 mM Hepes-KOH, pH 7.5, 300 mM
sorbitol, 10 mM KCl, and 5 mM MgCly).

Plant Growth and Chloroplast Isolation. Arabidopsis Columbia ecotype (Col-0)
seedlings (WT) were grown on soil under 100 pmol photons-m=2s~" with 10-
h light/14-h dark conditions at 22 °C for 5 to 6 wk. Spinach leaves were
obtained from a local market. For intact chloroplast isolation, plants were
homogenized with an ULTRA-TURRAX disperser homogenizer (IKA) in
chloroplast isolation buffer (20 mM Hepes-KOH, pH 8, 330 mM sorbitol,
10 mM EDTA, 10 mM NaHCOs, and 5 mM MgCl,). The homogenate was
filtered through a double layer of Miracloth (Calbiochem) and collected in a
prechilled Erlenmeyer flask. The obtained filtrate was centrifuged at 1,300 x
g for 8 min at 4 °C to pellet intact chloroplasts. Pelleted chloroplasts were
resuspended in resuspension buffer (20 mM Hepes-KOH, pH 8, 330 mM
sorbitol, 10 mM NaHCOs, and 5 mM MqgCl,) and loaded onto a premade,
40% and 75%, 2-step Percoll (GE Healthcare) gradient. Chloroplasts loaded
onto the Percoll gradient were centrifuged at 1,500 x g in a swing-out rotor
for 10 min at 4 °C, and chloroplasts were collected from the 40 to 75% green
band intersection. Collected chloroplasts were diluted with 3 vol of resus-
pension buffer and further pelleted by centrifugation at 1,200 x g for 5 min
at 4 °C. Chloroplast densities and intactness were determined with a
Multisizer3 (Beckman Coulter). TMs from intact chloroplasts were isolated
by lysing with hypoosmotic lysis buffer (20 mM Hepes/KOH, pH 8.0, 5 mM
MgCl,) and collected by centrifugation at 12,000 x g. Soluble stromal frac-
tions were separated from pelleted thylakoids. Thylakoids were resus-
pended in storage buffer (20 mM Hepes-KOH, pH 8, 100 mM sorbitol, 10 mM
NaHCOs, and 5 mM MgCl,). Chl determination was performed according to
ref. 72.

Protein Topology Analyses. TMs were obtained from freshly isolated intact
chloroplasts from spinach and Arabidopsis that were hypoosmotically lysed
in the presence of 25 mM NH4HCOs. Intact and p-DM-solubilized (0.25% [wt/vol])
disrupted TMs were then incubated in the presence or in the absence of
trypsin (1 pg/mg Chl). Immunoblot analyses were performed from collected
TM samples after 0, 7.5, 20, and 40 min of protease treatment and were
probed with antibodies directed against PsaD, PsbO, and RBD1 proteins.

TM Subfractionation. TMs were fractionated into grana, grana margins, and
stroma lamellae membrane fractions by digitonin detergent solubilization
followed by differential centrifugation, as modified from published protocols
(40, 73). In brief, TMs at a final concentration of 0.2 mg Chl-mL™" in a buffer
containing 15 mM Tricine-KOH, pH 7.9, 0.1 M sorbitol, 10 mM Nacl, and
5 mM MgCl, were solubilized with a final concentration of 0.2% digitonin
(wt/vol) (Sigma-Aldrich) by gentle pipetting, followed by incubation for
5 min at room temperature. The mixture was centrifuged at 1,000 x g for
10 min at 4 °C to pellet insoluble material. The remaining suspension was
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further centrifuged at 10,000 x g for 30 min, 40,000 x g for 60 min, and
150,000 x g for 90 min at 4 °C. The pelleted membranes from each centri-
fugation step correspond to grana (GC), grana margins (GM), and stroma
lamellae (SL), respectively. Membranes were diluted with 10% glycerol and
stored at —20 °C. The Chl content was determined by published methods
(72). The Chl a/b ratio was measured for each Arabidopsis fraction to be
3.7 + 0.02 (TM), 2.7 + 0.02 (GC), 4.7 + 0.06 (GM), and 9.6 + 0.27 (SL).

BN-PAGE. BN-PAGE analyses were performed as previously described (40, 74).
In brief, solubilization of TMs and fractionated membranes were concen-
trated to 1 mg/mL Chl and solubilized with equal volumes of 2% p-DM or
«-DM (Anatrace) detergents as indicated, yielding 0.5 mg Chl-mL™" and 1%
detergent final concentrations. Solubilized samples were loaded onto a
precast Native-PAGE 4 to 16% Bis Tris (Invitrogen) and separated at 4 °C.

SDS/PAGE and Immunoblot Analysis. Inmunoblot analyses were performed as
previously described (75). Loading of samples was based on either an equal
Chl or protein basis, as indicated. Denatured proteins were resolved in precast
10 to 20% gradient SDS/PAGE (Invitrogen) and transferred to polyvinylidene
difluoride membranes (Immobilon-FL; 0.45 um; Millipore) in a tank electro-
transfer system. Polyclonal antibodies against D2, D1, PsbO, PsbE, CP43, and
PsaD were obtained from Agrisera, Sweden, and ALB3 from D.S. The antibody
against HCF136 was a kind gift from Karin Meierhoff, Heinrich-Heine-Uni-
versitat Dusseldorf, Germany. Polyclonal antibodies against Chlamydomonas
and Arabidopsis RBD1 proteins were generated and described in published
procedures (34). Immunoblot signals were visualized by Supersignal West Pico
Chemiluminescent substrate detection system (Thermo Fisher Scientific) in a
ChemiDoc MP imager and quantitated with Image Lab, version 3.0 (Bio-Rad).

Co-IP. TM- and SL-enriched fractions at a Chl concentration of 1 mg/mL were
solubilized with an equal volume of a solution containing 2% p-DM in 1x PBS
buffer, on ice for 5 min. Solubilized membranes were subsequently centri-
fuged for 1 min at 20,500 x g at 4 °C to remove insolubilized material. One
volume of solubilized supernatant was then combined with an equal volume
of 1x PBS buffer containing 10 pL of either specific polyclonal rabbit anti-
RBD1, anti-PsbE antibodies (Agrisera), or rabbit preimmune serum anti-
bodies as negative control. Solubilized membranes and antibodies were
incubated for 1 h at 4 °C with constant rocking. Subsequently, 50 pL of 1x
PBS buffer-washed Agarose IP trueblot beads (Rockland) were added to the
solution of solubilized membrane protein complexes and antibodies and
incubated for 2 h at 4 °C with constant rocking. Agarose IP trueblot beads
were centrifuged at 2,600 x g for 1 min at 4 °C and washed 3x with 1 mL of
1x PBS/0.2% B-DM followed with 1 wash with 1x PBS/0.03% B-DM. The su-
pernatant was removed completely. Pelleted Agarose IP trueblot beads were
solubilized at 60 °C for 30 min with 30 pL of 2x SDS denaturing solution
(0.2 M Tris, pH 6.8, 4% SDS, 2 M urea, 1 mM EDTA, and 20% glycerol)
supplemented with 5% final volume of p-mercaptoethanol. Solubilized
proteins were loaded onto a gradient 10 to 20% SDS/PAGE gel (Invitrogen).
Separated peptides were sliced from the SDS/PAGE, in-gel-digested, and
analyzed by MS following the method described by the Vincent J. Coates
Proteomics/Mass Spectrometry Laboratory.

Cloning, Protein Purification, and Metal Substitution. Primers are listed in S/
Appendix, Table S1. The Arabidopsis full-length RBD1 cDNA (gene
At1g54500) was obtained from TAIR, clone U12560. Chlamydomonas RNA
isolation, reverse transcriptase PCR, and cDNA synthesis were performed as
described in published protocols (76). PCR products amplified for the Chla-
mydomonas RBD1 ¢cDNA (gene Cre07.g315150) were cloned into pJet 1.2
(CloneJET PCR Cloning Kit; Thermo Fisher Scientific) and sequenced.
Recombinant His-tagged rubredoxin domain proteins were expressed and
purified as described in published protocols (77). Briefly, cDNA encoding the
Chlamydomonas RBD1 proteins, lacking the predicted N-terminal chloro-
plast TP (@amino acids Met-1 to Val-34) and the C-terminal TMH membrane
anchoring domain (amino acids Gly-149 to Glu-169) were PCR amplified
using forward and reverse primers that included Ndel and BamHI restriction
sites, respectively. PCR products were Ndel and BamHI restriction enzyme-
digested and subcloned into pET28 (a+) (Novagen). For the production of
RBD1 recombinant protein, E. coli BL21 (DE3) (Novagen) cells at ODgoo Of
0.6 were induced with 0.25 mM isopropyl p-p-thiogalactoside at 37 °C for 3 h.
Cells were sedimented by centrifugation at 20,500 x g for 15 min at 4 °C and
disrupted with a French press (20,000 psi). Disrupted cells were centrifuged
at 20,500 x g for 15 min at 4 °C to separate the supernatant. His-tagged
proteins were affinity purified from the supernatant, under native condi-
tions with Ni-NTA agarose (Qiagen) following the manufacturer’s instruc-
tions. Metal substitution steps were carried out in a nitrogen and hydrogen
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(less than 2%) atmosphere glove box, with levels of oxygen less than 10 ppm
(Coy Laboratories). Briefly, affinity-purified recombinant RBD1 proteins
were incubated in the presence of 0.5 M DTT for 5 min before being pre-
cipitated by addition of trichloroacetic acid at a final concentration of 5%.
The protein precipitant was pelleted by centrifugation at 5,000 x g for
5 min, and the supernatant was discarded. The pelleted protein was sub-
sequently resuspended by pipetting in a solution of 0.5 M Tris-HCl, pH 8.0,
followed by the addition of a solution containing a 2.5-fold molar excess of
FeSO,4 7H,0. The protein was allowed to incubate with the metal salt at
room temperature for 1 h. The reconstituted protein was further centri-
fuged at 20,500 x g for 5 min to pellet any remaining metal adduct pre-
cipitant. Metal-substituted rubredoxin proteins were further purified by ion
exchange chromatography with a Hitrap Q HP column (GE Healthcare),
operated with a peristaltic pump in the anaerobic glove box. The protein
was loaded onto the column in solution of 25 mM Tris-HCI, pH 8.0, washed
with a 10-column bed volume and eluted with a 4-column bed volume of the
same buffer containing 0.2 M NaCl. Eluted protein fractions were pooled
and further concentrated with Amicon ultra centrifugal filters (Millipore)
with a 10-kDa cutoff. Proteins were quantified by the DC protein assay (Bio-
Rad) and by measuring the protein absorption at 280 nm with a Nanodrop
(Thermo Fisher Scientific). Protein purity was verified by denaturing SDS/
PAGE Coomassie blue staining analyses and MALDI-TOF MS analyses. Iron
content was determined by inductively coupled plasma mass spectrometry
(ICP-MS) as described in published protocols (78). Proteins were diluted to
5 pM and metal content analyses were performed by ICP-MS containing
known amounts of gallium as internal control.

Mutant Complementation Studies. The Chlamydomonas 2pac mutant was
generated via DNA insertional mutagenesis as described in ref. 41, confer-
ring paromomycin antibiotic resistance. The RBD1 cDNA containing cysteine
residues Cys-76 and Cys-109 mutated to glycine were obtained from gblocks
(IDT). Truncation of TP (Met-1 to Val-34) and TMH (Gly-149 to Asp-169) were
generated by PCR amplification from RBD1 WT cDNA. Amplification of WT
and mutated constructs included Ndel and Xbal restriction enzyme sites that
were used to clone into pJG, a modified pSL18 plasmid (79). This plasmid is
composed of the PsaD promotor and terminator (80), as well as a hygromycin
resistance cassette instead of aphVIIl. GFP was cloned by Ndel and Xbal re-
striction enzyme digestion into pJG as a negative control. Chlamydomonas
2pac transformation was performed by electroporation from logarithmic-
phase grown cells resuspended with MAX Efficiency transformation me-
dium according to the manufacturer’s instructions (Thermo Fisher Scientific).
Chlamydomonas transformants were selected on TAP plates containing 25
pg/mL hygromycin (Invitrogen) or paromomycin (Sigma).

NADPH and FNR-Dependent Rubredoxin Reduction Measurement. The rubre-
doxin domain protein (90 pM) reduction assay was measured in a reaction
mixture (100 pL) containing 20 mM Tris-HCl, pH 8.0, 1 uM ferredoxin NADPH
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reductase (FNR), and 250 pM NADPH (Roche). Spinach chloroplast-purified
ferredoxin NADP* reductase and anti-FNR antibodies were kindly donated
by R. Malkin, University of California, Berkeley, CA. The reaction was mon-
itored in a 96-well plate with a UV transparent flat bottom (Corning) with
TECAM Infinity 2000 plate reader by measuring absorption spectra from
350 to 700 nm. Equine heart Cyt ¢ was purchased from Sigma-Aldrich. Cyt ¢
reduction (50 pM) was measured by changes in absorbance at 550 nm in a
reaction mixture (100 pL) containing 20 mM Tris-HCl, pH 8.0, 1 pM FNR, and
250 pM NADPH (Roche) in the presence or absence of rubredoxin domain
proteins (5 pM). Reactions were started by the addition of NADPH, and the
increase in Asso due to the reduction of Cyt ¢ was measured and followed
for 125 s.

Transmission Electron Microscopy. For cell fixation, 7 mL of cell culture was
supplemented with 1 mL of 8% glutaraldehyde and put on rocker for 1 min.
Another 1 mL of aqueous 2% osmium tetroxide and 1.5% potassium ferri-
cyanide was added, and the solution was rocked for 7 min. Cells were spun
down at 2,500 x g for 1 min, the supernatant containing fixatives was dis-
carded, and the pellet containing the cells was washed 3 times with distilled
water. The final resuspended pellet was warmed to 37 °C for 5 min, com-
plemented with 1 vol of 2% low melting agarose at 37 °C, centrifuged at
20,500 x g for 10's, and cooled to 4 °C until processing. After 3 washes with
distilled water, the cell pellet was cut into pieces (1 mm?3), dehydrated using
increasing concentrations of acetone for 5 min (25%, 35%, 50%, 70%, 75%,
and 95%), and left in pure acetone for 15 min. For infiltration, cell pellets
were incubated for 15 min with increasing concentrations of 25%, 50%, and
75% acetone/Epon resin mixture and rotation. Cells were sedimented at
2,500 x g between changes, followed by a final 3 changes for 10 min each in
pure Epon resin. Finally, samples were placed in BEEM capsules for poly-
merization at 60 °C for 2 d. Ultrathin sections (60 to 70 nm) were cut with a
diamond knife (Diatome; type ultra 358) on an EM UC6 pLtramicrotome
(Leica) and mounted on single-slot Pioloform-coated copper grids (Plano).
Subsequently, sections were stained with uranyl acetate and lead citrate and
viewed with an EM 902A (Carl Zeiss) transmission electron microscope (both
operated at 80 kV). Micrographs were taken using a 4,080 x 4,080-pixel or
1,350 x 1,040-pixel charge-coupled device camera (UltraScan 4000 or
Erlangshen ES500W, respectively; Gatan) and Gatan Digital Micrograph
software (version 1.70.16). Image brightness and contrast were adjusted,
and figures were assembled using Adobe Photoshop 8.0.1.
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