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The Evolutionarily Conserved Protein PHOTOSYNTHESIS
AFFECTED MUTANT71 Is Required for Efficient Manganese
Uptake at the Thylakoid Membrane in Arabidopsis
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In plants, algae, and cyanobacteria, photosystem Il (PSll) catalyzes the light-driven oxidation of water. The oxygen-evolving
complex of PSIl is a Mn,CaO; cluster embedded in a well-defined protein environment in the thylakoid membrane. However,
transport of manganese and calcium into the thylakoid lumen remains poorly understood. Here, we show that Arabidopsis
thaliana PHOTOSYNTHESIS AFFECTED MUTANT71 (PAM71) is an integral thylakoid membrane protein involved in Mn2* and
Ca2+* homeostasis in chloroplasts. This protein is required for normal operation of the oxygen-evolving complex (as evidenced
by oxygen evolution rates) and for manganese incorporation. Manganese binding to PSIl was severely reduced in pam71
thylakoids, particularly in PSIl supercomplexes. In cation partitioning assays with intact chloroplasts, Mn2* and Ca2* ions
were differently sequestered in pam71, with Ca2* enriched in pam71 thylakoids relative to the wild type. The changes in Ca2*
homeostasis were accompanied by an increased contribution of the transmembrane electrical potential to the proton motive
force across the thylakoid membrane. PSIlI activity in pam71 plants and the corresponding Chlamydomonas reinhardtii
mutant cgl/d1 was restored by supplementation with Mn2*, but not Ca2*. Furthermore, PAM71 suppressed the Mn2*-sensitive
phenotype of the yeast mutant Apmr1. Therefore, PAM71 presumably functions in Mn2+ uptake into thylakoids to ensure
optimal PSII performance.

INTRODUCTION The D1/D2 heterodimer that forms the core of PSII binds all
the redox components essential for primary charge separation,
namely, chlorophyll a, pheophytin, and plastoquinone, and the
processes mediated by PSII are highly conserved from cyano-
bacteria to plants (Nelson and Junge, 2015). The electron donor
chlorophyll a P680 in its excited state (P680*) donates an electron
to pheophytin. Pheophytin reduces the primary plastoquinone
electronacceptor, Q,, whichinturn reduces Qg. Plastoquinone Qg
accepts two protons and two electrons and diffuses as plasto-
quinol out of its binding pocket. During this process, the protons
are transported into the thylakoid lumen and the electrons flow into

The multiprotein and pigment complex photosystem Il (PSI),
which is embedded in the thylakoid membranes of chloroplasts,
provides the high redox potential needed to oxidize water. Nearly
all carbon fixation on Earth depends on the electrons and protons
derived from light-driven water oxidation reactions catalyzed by
PSII, and as a by-product molecular oxygen powers the aerobic
metabolism utilized by all complex organisms. PSIl is the most
intricately structured multiprotein assembly found in the thylakoid
membrane, containing more than 20 subunits in plants (Shi et al.,
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the cytochrome bgf complex (Cytbgf). At the donor side of PSII,
P680+ receives an electron from the redox-active Tyr-161 of the
D1 protein (D1-Y161) (Debus et al., 1988), which is subsequently
reduced upon water oxidation at the oxygen-evolving complex
(OEC). The catalytic center for water oxidation is the OEC, where
O, is produced and protons are released into the lumen. Detailed
structural models of cyanobacterial PSIl including the OEC have
been reported at a resolution of 1.9 A and recently at 1.95 A in its
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native state (Umena et al., 2011; Suga et al., 2015). The OEC
consists of an inorganic Mn,CaO; cluster that is bound to six
amino acids from the D1 protein and to one amino acid from CP43
(Ferreiraetal.,2004; Umenaetal.,2011; Kawakamietal.,2011). O,
is produced via a four-step mechanism, in which the OEC cycles
through four light-generated intermediates known as S states
(Kok et al., 1970).

In plants, the nonligating protein environment of the OEC re-
quires an additional set of at least three lumen-exposed extrinsic
proteins (PsbO, PsbP, and PsbQ), each of which is encoded by
two separate genes in Arabidopsis thaliana. Numerous studies
have shown that these PSIl subunits play important roles in
supporting oxygen evolution by maintaining optimal manganese,
calcium, and chloride concentrations and protecting/stabilizing
the manganese cluster (Suorsa and Aro, 2007). Using T-DNA
insertional mutagenesis, it has been shown that PsbP1, but not
PsbP2, is essential for photoautotrophic growth (Allahverdiyeva
et al.,, 2013). PsbP purified from spinach (Spinacia oleracea)
contains Mn2* ions, suggesting its involvement in providing Mn?*
to PSII during the process of OEC assembly and/or during PSII
repair (Bondarava et al., 2005, 2007). In contrast, complete loss of
PsbQ in a psbq1 psbg2 double mutant has only minor effects on
oxygen evolution and does not alter photoautotrophic growth
under normal lighting conditions (Allahverdiyeva et al., 2013). The
largest extrinsic subunit, PsbO, is known as the manganese-
stabilizing protein but is also thought to bind Ca?* ions (Murray and
Barber, 2006; Guskov et al., 2009). There are two distinct isoforms
in Arabidopsis, PsbO1 and PsbO2, with the PsbO1 isoform being
by far the more abundant of the two (Murakami et al., 2002). The
psbo1 mutant exhibits a distinctive phenotype, with pale-green
leaves, reduced rosette size, and slower growth rate, which un-
derlines the importance of the PsbO1 isoform for the structure and
function of PSIl (Murakami et al., 2002; Lundin et al., 2007; Bricker
and Frankel, 2008; Allahverdiyeva et al., 2009).

Calcium and manganese are structural components of PSll and
are essential for efficient oxygen evolution. Uptake of Ca?* into the
chloroplast (Kreimer et al., 1985) and its further transport into the
thylakoid lumen (Ettinger et al., 1999) have been shown to be light
dependent; however, the molecular mechanism of the transport
processes remains elusive. Furthermore, Johnson et al. (1995)
observed a Ca?* flux into the chloroplast stroma upon shift from
light to darkness, which peaked after ~20 to 30 min. They as-
sumed that Ca?* was taken up during illumination, sequestered in
the thylakoid lumen and/or thylakoid membrane, and released
from these stores after the light was switched off. The question of
how Mn?* is delivered to PSII and assembled into the Mn,CaO,
cluster has been addressed in Synechocystis sp PCC 6803. Two
distinct systems for cellular Mn2* uptake have been described, the
so-called MntABC transporter and a second pathway whose
components have not yet been identified (Bartsevich and Pakrasi,
1995, 1996). Synechocystis can store Mn2* in the periplasmic
space (Keren et al., 2002), and efficient delivery to and preloading
of PSII with Mn?+ are mediated by the periplasmic tetra-
tricopeptide repeat protein PratA (Stengel et al., 2012). PratA is
a cyanobacterial protein, and no obvious PratA homologs have
been identified in eukaryotes (Klinkert et al., 2004). However, LOW
PSIl ACCUMULATION1 (LPAT1) in Arabidopsis and PSII repair
protein REP27 in Chlamydomonas reinhardtii, which both belong
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to the tetratricopeptide repeat family and directly interact with D1,
share some features with PratA (Peng et al., 2006; Park et al.,
2007). Interestingly, recombinant LPA1 has Mn2+ binding activity,
suggesting that LPA1 might have a PratA-related function in
plants (Stengel et al., 2012).

lon fluxes across the thylakoid membrane have been studied
in the past and were proposed to counterbalance the electron
transport-coupled pumping of H* into the lumen, thus altering the
proton motive force (PMF) (Hind et al., 1974). The PMF, which is
made up of the proton chemical potential (ApH) and the trans-
membrane electrical potential (Ay), is the total energy available for
ATP biosynthesis. Recently, K+ was reported to participate in the
modulation of PMF via the two-pore K+ channel TPK3 and the K*/
H* exchanger KEAS3, both of which are localized to the thylakoid
membrane of Arabidopsis (Carraretto et al., 2013; Armbruster
etal.,2014;Kunzetal.,2014). It was proposed that TPK3 drives K+
transport out of the lumen (down the electrical potential gradient)
into the stroma, whereas KEAS3 presumably functions as a K*/H*
antiporter, driving K+ uptake into the lumen. Since tpk3 knock-
down plants exhibit a diminished capacity for building up ApH, as
well as a higher Ays in the light (relative to the wild type), Carraretto
et al. (2013) concluded that TPK3 plays a role in the dissipation of
Ay and enhancement of ApH. In the same report, it was shown
that the TPK3 channel activity is sensitive to Ca?+ ions.

In this work, we analyzed photosynthesis affected mutant71
(pam71) mutant lines of Arabidopsis. The PAM71 gene en-
codes a protein that is well conserved in the green lineage and
shares homology with putative Ca%*/H* exchangers from yeast
(Saccharomyces cerevisiae) (GDT1) and human (Homo sapiens)
(TMEM165) (Demaegd et al., 2013, 2014). We found that PAM71
belongs to a small gene family in Arabidopsis comprising five
members and that PAM71 localizes to the thylakoid membrane.
Knockout mutants for PAM71 were found to be impaired in
photosynthesis, with a primary defect in PSIl and enhanced PMF
across thylakoids. Analysis of metal ion contents and PSII activity
after growth under enrichment with different metal ions, together
with the outcome of yeast complementation experiments, allows
us to propose a critical role for PAM71 in calcium and manganese
homeostasis in the chloroplast.

RESULTS

Mutations in PAM71 Affect PSIl Function

The Arabidopsis GABI-Kat collection (Rosso et al., 2003) was
screened for lines with T-DNA insertions in genes coding for
“uncharacterized membrane proteins with putative chloro-
plast localization” listed in the ARAMEMNON database (http://
aramemnon.botanik.uni-koeln.de). Both of the lines recovered,
GK-166A05 and GK-094C083, carried insertions in At1g64150.
Because they showed defects in photosynthesis and reduced
growth rates, the mutants were designated as photosynthesis
affected mutant71-1 (pam71-1) and pam71-2, respectively, in the
style of previously identified pam mutants (Varotto et al., 2000;
Armbruster et al., 2010) (Figure 1A). The phenotypic defects in
both lines could be complemented by introducing a cDNA copy
of the PAM71 gene under the control of the 35S promoter
(Supplemental Figure 1). In addition, expression of a PAM71-GFP
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Figure 1. Isolation, Characterization, and Complementation of the Arabidopsis Mutants pam77-1 and pam71-2.

(A) T-DNA tagging of the PAM71/At1964150 locus. Exons are shown as black boxes and the introns as black lines. Start and stop codons are indicated. The
pam71-1 and pam71-2 alleles were identified in the GABI-Kat collection (GK-166A05 and GK-094C03). Locations of T-DNA insertions are indicated with
respect to the start codon. Note that the insertions are not drawn to scale.

(B) Four-week-old wild-type plants, mutants (pam71-1 and pam71-2), and the complemented line pam77-1p,,355.pa1171-Grp WEre grown ina 12-h/12-h dark/
light cycle at 21°C/18°C and at 90 umol photons m~2s~", and the minimal chlorophyll a fluorescence (F) (middle panel) and maximum quantum yield of PSII
(F\/Fy) (right panel) were recorded. The color scale at the bottom indicates the signal intensities.

(C) Chlorophyll a fluorescence induction curves (top panel) and P, redox kinetics (bottom panel) were recorded from leaves of the different genotypes. F,/
F\ values are indicated for each genotype. For chlorophyll a fluorescence measurement, the minimal level of fluorescence of dark-adapted leaves is
indicated by dashed lines. Saturating pulses (SP) and actinic light (AL; 100 pmol photons m~2 s~') were applied as indicated. For Py, absorption
measurements, leaves were first illuminated with actinic light (100 pmol photons m~=2 s~7) for 4 min, and absorbance changes (at 830 nm) induced by
exposure to far-red light (FR; 720 nm) were recorded. Mean values (*sp) are each based on five individual plants.

(D) Immunodetection of thylakoid proteins from the different genotypes using antibodies raised against individual subunits of PSII (D1, D2, CP47, PsbO,
PsbP, and PsbR), LHCII (Lhcb2), PSI (PsaA and PsaD), the Cytbgf complex (Cytbg), and chloroplast ATP synthase [AtpB (B) subunit]. Samples equivalent to



fusion in the pam71-1 background rescued the mutant pheno-
types (Figure 1B).

The increase in minimal chlorophyll a fluorescence (F,) and
concomitant decrease in the maximum quantum yield of PSII (F,/
F\) observed in both mutant lines indicated either a defect in
electron transfer within PSIl and/or a partial disconnection of the
LHCII antenna. Moreover, the fluorescence yield of chlorophyll
a transiently dropped below F after the initial rise upon exposure
of the pam71 lines to actinic light (Figure 1C), which is charac-
teristic for mutants defective in PSII (Peng et al., 2006, Ma et al.,
2007; Armbruster et al., 2010).

Redox kinetic studies of P,,, the reaction center chlorophyll in
photosystem | (PSI), revealed that the absorbance changes at
830 nm induced by exposure to far-red light in the two pam71 al-
leles resulted in an increased AA/AA,, value (Figure 1C), in-
dicating that electron flow toward PSlwas reduced. In this respect,
both pam71 alleles behave like the psbo1 psbo2 mutant, which
has a reduced amount of PsbO (Steinberger et al., 2015), in
contrast to the PSI mutant psad7-1, which displayed a reduced
AA/AA ., value (Supplemental Figure 2A). Anincreased AA/AA,
value is also a characteristic feature of other PSIl mutants (Meurer
et al., 1996; Peng et al., 2006).

The defect in PSII functionality could be accompanied by al-
tered levels of thylakoid membrane protein(s) in pam71 alleles.
Therefore, the steady state levels of subunits of PSII, LHCII, Cytbf,
ATP synthase, and PSI were examined by immunoblot analysis.
The amounts of PSII subunits (D1, D2, CP47, PsbO, PsbP, and
PsbR) were reduced to ~50% of wild-type levels in pam71-1 and
pam71-2. Only the amount of PSII subunit CP43 was found to
behave differently presumably due to the occurrence of a larger
fraction of CP43 in low molecular weight complexes in pam71-1
(Supplemental Figure 3). We verified that the partial loss of PSII
subunits was not attributable to lower rates of transcription or
translation of the respective plastid-encoded genes (Supplemental
Figure 4). The levels of Lhcb2, Cytbg, and the B subunit of ATP
synthase were unchanged (Figure 1D). Interestingly, the steady
state levels of PSI subunits (PsaA and PsaD) were also reduced
to ~50% of wild-type levels in both pam71 alleles (Figure 1D).
This most probably reflects a secondary adjustment of pho-
tosystem stoichiometry to accommodate the deficiency in PSII
function (Dietzel et al., 2008).

Further analysis confirmed that both pam71-1 and pam71-2
are knockout alleles of At1g64150 (Figure 1E). In the comple-
mented line pam71-1p,,355.pam71-gep €XPression of PAM71 and
all other defects were corrected (Figures 1B to 1E).

Changes in Thylakoid Composition and Structure in pam71

Next, we investigated the effect of deleted PAM71 function on the
formation of thylakoid multiprotein complexes. Thylakoids were
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isolated from wild-type and pam71-1 leaves, solubilized, and
fractionated by Blue-Native PAGE. Several prominent bands were
assigned to different complexes based on earlier reports (Granvogl
et al., 2006; Peng et al., 2006; Armbruster et al., 2010). The abun-
dance of LHCII trimer complexes, as well as CP43-less PSII
complexes and PSIl monomer complexes, were similar in both
genotypes, whereas the amounts of PSll supercomplexes and the
PSII dimer/PSI monomer fraction were markedly reduced (Figure
2A) in pam71-1 in accordance with lower steady state levels of
PSIl and PSI subunits (Figure 1D). The thylakoid membrane
complex formation in pam717-1 resembles that of psbo7 psbo2
(Supplemental Figure 2B). The abundance of the PSI-NDH
complex was comparable in the wild type and pam71-1, whereas,
for instance, the level of this complex was reduced in the PSI
mutant psad7-1 (Supplemental Figure 2B). We also investigated
whether these changes were reflected in chloroplast ultrastruc-
ture in pam71. However, the overall organization of pam71 chloro-
plasts and the disposition of thylakoid membranes in grana and
stroma lamellae were found to be unaltered compared with the
wild type (Figure 2B), which is comparable to psbo1psbo2 and
psadi-1 (Supplemental Figure 2C). Only the numbers of starch
granules were greatly reduced in pam71-1 (Figure 2B), especially
at the end of the light phase (Figure 2C). The reduced amount of
starch is most probably due to a reduction in CO, assimilation,
which was particularly pronounced under high CO, conditions
(Figure 2D).

The OEC as the Primary Site of Diminished PSIl Function

The effective quantum yield of PSII (®,) in pam71-1 was clearly
reduced, particularly at low and medium actinic light intensities
(Figure 3A), indicating reduced linear electron flow through the
mutant thylakoid membrane. This eventually results in the pro-
duction of less reducing power for CO, assimilation, thus ex-
plaining the reduced growth observed in pam71. The ®, changes
may be the direct consequence of the reduced F,/F,, value
(Figures 1B and 1C). The changes in @, were accompanied by
a higher nonphotochemical quenching (NPQ) in pam71-1 under
the conditions tested (30-s illumination periods; Supplemental
Table 1). In plants, the NPQ is induced under high light and
functions in dissipation of excess excitation energy as heat (Holt
etal., 2004). We therefore investigated the steady state NPQ upon
high light exposure of pam71-1 leaves compared with the wild
type. In both the wild type and pam77-1, the NPQ was clearly
enhanced upon high light treatment compared with moderate light
conditions, but in pam71-1, it remained significantly below wild-
type levels (Table 1).

To identify the site of PSII malfunction in pam71, we determined
oxygen evolution rates according to Hakala et al. (2005). Thyla-
koids were isolated from pam71-1 and wild-type leaves and, as

Figure 1. (continued).

15 g protein were loaded in all lanes, except in those marked WT 1/2, where only half as much was loaded. As a loading control, LHCII was visualized by

Coomassie blue (C.B.B.) staining.

(E) Expression of PAM71/At1g64150 in the different genotypes, as determined by RT-PCR (30 cycles). Primers used for amplification were complementary
to sequences within the 3rd and 12th exons. The expression of Ubiquitin (At4g36800) was used as a control for RNA integrity.
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Figure 2. Physiological Effects of pam71-1 on Chloroplasts.

(A) Accumulation of thylakoid membrane complexes in the wild type and
pam71-1. Thylakoid membranes (equivalent to 25 ug of chlorophyll) were
solubilized with 1% (w/v) B-dodecyl maltoside, and protein complexes
were fractionated by Blue-Native gel electrophoresis. The positions of
protein complexes (trimeric LHCII = LHCl,;.., CP43-free PSll complexes =
PSII-CP43, PSIl monomers = PSIl .., PSIl dimers = PSll;, PSI mono-
mers = PSI PSIl supercomplexes = PSII and PSI-NDH) are in-
dicated.

(B) Electron micrographs of wild-type and pam71-1 leaf sections (top
panel), chloroplasts (middle panel), and views of wild-type and pam71-1
chloroplasts at higher magnification (bottom panel). Epidermis (E), palisade
layer (PL), spongy layer (SL), starch (St), grana thylakoids (GT), and stroma
thylakoids (ST) are indicated.

(C) Starch contents (St; ymol Cg4 g fresh weight~") of wild-type and
pam71-1leaves harvested at three different time points during the day were
determined enzymatically. Mean values (*+sp) are each based on three
individual plants.

(D) Net CO, assimilation rate A, (umol CO, m~2 s~ ). The rate of net CO,
fixation was recorded in the range of 0 to 1000 ymol photons m—2s~1 PAR
(photosynthetically active radiation) under atmospheric (400 ppm) or high
CO, (2000 ppm) conditions. Mean values (+sb) are each based on five to six
individual plants.

mono’ super

a control, from psbo1 psbo2 and psad-1 leaves. Oxygen evolu-
tion was measured under nonsaturating light conditions in the
presence of the artificial electron acceptor 2,6-dichloro-1,4-
benzoquinone (DCBQ) (Figure 3B, left and middle panels), and the
oxygen evolution rate was calculated (Figure 3B, right panel). The
rate of oxygen evolution was reduced to ~20% of wild- type levels
inpam71-1, similar to the decline in oxygen evolution observed in
psbo1 psbo2 thylakoids (Supplemental Figure 2D). Taking into
account the reduction of PSII subunit levels to ~50%, we con-
cluded that the OEC activity in pam71-1 is particular affected.
In addition, fast chlorophyll a fluorescence kinetic measure-
ments were performed, which give several kinetic peaks in the wild

type called the OJIP transients. The development of an additional
peak, termed K, at ~300 ps in pam71-1 and psbo1 psbo2
(Supplemental Figure 5) can be regarded as an indicator of OEC
malfunction (Bukhov et al., 2004; Toth et al., 2007). To investigate
whether PAM71 could be involved in the assembly of the OEC
protein environment, a coimmunoprecipitation experiment was
performed, showing that PAM71-GFP does not interact with either
PsbO or PsbP (Supplemental Figure 6).

Next, the intactness of the inorganic Mn,CaOj cluster inpam71
was studied by fractionation of thylakoid protein complexes using
size-exclusion chromatography (SEC) combined with inductively
coupled plasma mass spectrometry (ICP-MS) to analyze the ion
intensity of manganese and sulfur (Schmidt et al., 2015). This
allowed us to analyze manganese binding in various PSII super-
and subcomplexes in wild-type and pam71-1 thylakoids. Man-
ganese binding to PSIlg e, PSllyime, and PSIl;n0me COMplexes
was assigned according to Schmidt et al. (2015) (Figure 3C). A
marked decrease in the ion intensity of manganese was observed
in pam71-1 samples compared with the wild type (Figure 3C, left
and middle panels). The decrease in manganese binding in the
pam71-1 mutant was not only aresponse to an overall decrease in
PSII levels (50% reduction in the amount of PSII subunits; Figure
1D). When analyzing the manganese to sulfur (Mn:S) ratio, as an
indicator of the relative manganese incorporation per unit PSII
protein (using sulfur as proxy for protein), the Mn cluster in pam71-
1 was shown to be severely affected. Much less manganese was
incorporated per unit sulfur in pam71-1 compared with the wild
type (Figure 3C, right panel). It is noteworthy that the total man-
ganese concentrations of leaves were not significantly different
between the wild type and pam71-1 (84.5 * 4.6 ug Mn g dry
weight~" in the wild type and 84.7 = 5.5 ug Mn g dry weight~"in
pam71-1). To exclude any eventuality in pam71-1 that might have
arisen independently of the mutated PAM71 gene, all experiments
were repeated with pam77-2 and the complemented pam71-
1 prosss-pamzi-arp lin€ (Figures 3D to 3F, Table 1). The mutant line
pam71-2 showed similar defects, and all defects were restored to
nearly wild-type levels in pam71-1p,,355.pam71-gep (Figures 3D to
3F, Table 1).

PAM71 Is Evolutionarily Conserved and Located in the
Thylakoid Membrane

PAM71 belongs to the UPF0016 family of membrane proteins,
which is present in nearly all organisms (Demaegd et al., 2014) and
is encoded by a gene belonging to a small gene family in Arabi-
dopsis comprising five members (Supplemental Table 2). PAM71
and its closest homolog (which we named PAM71-HL) are both
predicted to possess an N-terminal chloroplast transit peptide,
whereas the other three homologs were predicted to be substrates
of the secretory pathway. Interestingly, we identified exactly two
homologous PAM71/PAM71-HL proteins in other plant species,
whereas the number of “secretory pathway targeted” homologs
was variable (Supplemental Table 2). Furthermore, the existence
of two homologous PAM71/PAM71-HL proteins appears to be
conserved in the green lineage (Supplemental Figure 7 and
Supplemental Data Set 1).

The yeast and human homologs were shown to be functionally
related and to be involved in calcium homeostasis (Demaegd et al.,
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Figure 3. Effective Quantum Yield of PSII, Oxygen Evolution, and Multielement Chromatogram of the Wild Type, pam71-1, pam71-2, and pam71-1p,,35s.

PAM71-GFP*

(A) Chlorophyll a fluorescence induction curves were recorded in the range 0 to 856 umol photons m=2 s~ for the wild type (left panel) and pam71-1 (middle
panel) and plotted as values from eight individual plants (*sp) (right panel) displayed as light response curve of the effective quantum yield of PSIl &, [(Fy," —
F)/F\']. Saturating pulses (SP) were applied as indicated. The plants were dark-adapted for 30 min prior to measurement. ®; was recorded following
illumination for 30 s at the appropriate PAR. F,,’ and F, are indicated for the wild type at 37 ymol photons m~2 s~ (left panel).

(B) Oxygen evolution (nmol O, mL~") of the wild type (left panel) and pam71-1 (middle panel) was measured over the indicated time in isolated thylakoids
adjusted to 30 pg chlorophyll mL~" and using DCBQ as an external electron acceptor. Reactions were started with the application of actinic light (AL) at
500 pmol photons m~2s~'. Oxygen evolution rate (umol O, mg chlorophyll~" h~7) was calculated from two independent thylakoid preparations including
three replicates (right panel). The data are means = sp (n = 6).

(C) Size exclusion profiles were recorded for the nonoxide ion 3*Mn* and the oxide ion “8SO* in the wild type (left panel) and pam77-1 (middle panel) and given
as ion intensities (counts 105 s~7). Individual 5*Mn* fractions were assigned to PSII dimers/monomers = PSlly;.,, and PSII supercomplexes = PSIly .,
according to Schmidt et al. (2015). Quantification of the Mn:S stoichiometric ratio (as described in Methods) is shown for arepresentative sample (right panel)
out of five samples derived from independent thylakoid preparations.

(D) to (F) Analysis of pam71-2 and pam71-1p,,355.pam71-gep Was performed as in (A) to (C), respectively.

2013). Thus, a sequence alignment of PAM71 with PAM71-HL,
TMEM165 (human), and GDT1 (yeast) was created, which showed
that both Arabidopsis proteins possess N-terminal extensions
that are predicted to include the chloroplast transit peptides
(Figure 4). The two highly conserved E-x-G-D-(KR)-(TS) motifs,
each with two negatively charged acidic residues (Glu/E and Asp/D),
were found in transmembrane domains TM1 and TM4. The central
loops between TM3 and TM4 are also enriched in Asp/Glu and may
be involved in binding divalent cations (Demaegd et al., 2014).
The introduction of a functional Pro35S:PAM71-GFP construct
into the pam71 mutant background (Figure 1) enabled us to verify
its subcellular localization. In contrast to PAM71-HL, which was

found to be enriched in the chloroplast envelope fraction of
Arabidopsis (Ferro et al., 2003, 2010), no experimental evidence
for the subcellular localization of PAM71 was available. Therefore,
protoplasts of pam71-1p,355.pau71-cep l€8F Cells were isolated and
analyzed by fluorescence microscopy. We found that PAM71-GFP
localized exclusively to chloroplasts (Figure 5A); more specifically, it
was found only in the thylakoid membrane fraction (Figure 5B). When
the pam71-1p,,355.pam71-cep liN€ Was used for sucrose gradient
fractionation experiments (Figure 5C), the PAM71-GFP signal was
found in fractions between the 67- and 160-kD markers and did not
colocalize with either the PSII or PSI complexes. Because the cal-
culated molecular mass of PAM71-GFP is ~60 kD, it appears to be
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Table 1. NPQ under Steady State Conditions in Wild-Type and pam71 Leaves

PAR Wild Type pam71-1 pam71-2 pam71-1p355.pam171-GFP
72 0.16 = 0.04 0.13 £ 0.03 0.13 = 0.04 0.16 + 0.06
532 1.72 = 017 1.01 = 0.28" 1.01 = 0.21~ 1.69 = 0.19

NPQ was recorded from plants that were dark-adapted overnight by exposing them to 72 or 532 pmol photons m—2 s~' PAR. The NPQ was recorded
following illumination for 15 min at the appropriate PAR. The NPQ parameter was calculated according to the following equation: NPQ = (F, — F\,/)/Fy’
(where Fy, and F,," represent the maximal fluorescence of dark-adapted or illuminated samples, respectively). At least five different plants were
measured (n = 5 upper row; n = 7 lower row). Mean values =+ sp are provided. Asterisks indicate statistical significance (t test, P < 0.01) of difference

between wild-type and mutant plants.

present as a homodimer and/or in a small complex. Moreover, it
behaved like an integral thylakoid membrane when subjected to
various salt treatments (Figure 5D). We also assessed the acces-
sibility of the C-terminal GFP tag to trypsin. Some GFP remained
undigested even after 60 min, which is similar to the behavior of
PsbO, which is exposed on the lumenal side of the thylakoid (Figure
5E). Based on these results, and in agreement with Demaegd et al.
(2014), we propose a topological model including at least six TM
domains, with an additional predicted TM domain at the N terminus
and the C terminus exposed on the opposite side of the membrane.

Partitioning of the PMF in pam71 Is Altered in Favor of the
Ays Component

Based on its homology to yeast GDT1 and human TMEM165
proteins, an involvement of PAM71 in divalent cation transport
across the thylakoid membrane, which could affect thylakoid
ion conductivity (g,*) and PMF size and composition, seemed

reasonable. Both parameters (g,* and PMF) were determined
from electrochromic shift (ECS) measurements, a method that
determines pigment (mainly carotenoids and Chlb) absorbance
changes induced by an electric field (Sacksteder and Kramer,
2000). The g+ parameter indicates the rate at which cations
(mainly H*) move from the thylakoid lumen to the stroma when
briefly (100 ms) switching off the light. We found g,,* to be sig-
nificantly reduced in pam77-1 under low and medium light in-
tensities, reaching wild-type values only at high light intensities
(Figure 6A). This finding most probably reflects a reduced H*
conductivity through the ATP synthase, which arises from a di-
minished OEC functionality (Figures 3B and 3C) and, hence, less
H+ availability.

The PMF size and composition were determined after 30 and
2 min illumination under growth light conditions, and the ECS signal
was obtained after switching off the light (20 s) (Figure 6B;
Supplemental Figure 8A). The total PMF size was higher in
pam71-1 relative to the wild type in both experiments and was
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Figure 4. Sequence Alignment of At-PAM71, At-PAM71-HL, and Its Homologs from Yeast and Human.

The protein sequence alignment was generated using Clustal Omega (version 1.2.1). Black and gray boxes indicate identical residues and conservative
exchanges (scoring > 0.5), respectively. Six putative transmembrane spans were manually adjusted and numbered TM1 to TM6 using Hs-TMEM165 and
Sc-GDT1 asreferences (Demaegd et al., 2013). An additional transmembrane domain predicted by TmHMM (version 2) is indicated by adashed line. The two
highly conserved internal E-x-G-D-(KR)-(TS) motifs are highlighted by red lines. The putative sites of cleavage of the N-terminal chloroplast transit peptide
(cTP) of PAM71 and PAM71-HL, as predicted by TargetP (version1), are indicated by a green arrow and a light-green arrow, respectively. The central loop is
indicated by a dotted line. NCBI accession codes are as follows: Homo sapiens NP_060945.2 (transmembrane protein 165, TMEM165); Saccharomyces
cerevisiae AHY74663.1 (GDT1); Arabidopsis thaliana NP_564825.1 (At1g64150, PAM71); and Arabidopsis thaliana NP_193095.2 (At4g13590, PAM71-HL).
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Figure 5. Thylakoid Localization and Topology of PAM71.

(A) Subcellular localization of PAM71-GFP. Protoplasts were isolated from
pam71-1p,,355.pam71-grp» @nd the fusion protein was localized by fluores-
cence microscopy. GFP fluorescence was excited at 470 + 40 nm, and the
emission was recorded at 525 + 50 nm. Chlorophyll autofluorescence (Chl)
was excited at 450 to 490 nm, and emission was recorded at >515 nm. The
obtained signals were merged (ms); a bright-field (BF) photograph showed
intactness of the protoplasts.

(B) Suborganellar localization of PAM71-GFP. Total chloroplasts (Cp)
were isolated from pam71-1p,,355.pam71-crp @nd fractionated into stroma
(Str), envelope membranes (Env), and thylakoid membranes (Thy). Im-
munodetection was performed with anti-RbcL (a marker for the stroma
fraction), anti-Tic40 (envelope membrane fraction), anti-D2 (thylakoid
membrane fraction), and anti-GFP to detect PAM71-GFP.

(C) Thylakoid membrane fractionation of PAM71-GFP. Thylakoids (1 mg
chlorophyllmL~") of pam71-1p,4355.pam71-cep WEre solubilized with 1% (w/v)
B-dodecyl maltoside, and complexes were separatedin alinear0.1to 1 M
sucrose gradient. Nineteen fractions were collected, proteins from each
fraction were precipitated, and immunoblot analysis was performed using anti-
Lhcb2, anti-D2, anti-PsaA, and anti-GFP antibodies. The positions of molecular
mass markers and of the major complexes (LHCII, PSII, and PSI) are indicated.
(D) PAM71-GFP is an integral membrane protein. Thylakoid membranes
were isolated from pam71-1p, 355.pau71-gep @Nd €xposed to chaotropic
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more pronounced after ashortillumination period (Supplemental
Figure 8A). Both components (A¢ and ApH) of the PMF were
altered in pam71-1, with Ay being enhanced and ApH being
decreased (Figure 6B). The total PMF was higher in pam71-1
across all tested lightintensities (Supplemental Figure 8B), which
at low and medium light intensities (90 to 500 umol photons m—2
s~ ) could be explained by the higher Ays (Figure 6C). However, at
light intensities of 600 to 1000 umol photons m=2 s~7, Ays reached
similar values to the wild type (Figure 6C).

A higher Ay contribution to the thylakoid PMF in pam71-1
suggests ion imbalance between the two sides of the thylakoid
membrane. To further investigate the nature of ion imbalance
across the thylakoid membrane, we used ionophore treatments.
The total PMF in pam7-1 decreased to wild-type values in the
presence of ionomycin, a divalent cation ionophore (Figure 6D).
PMF size in pam71-1 was also reduced upon treatment with
valinomycin, a monovalent cation ionophore with high affinity for
K*, but remained significantly higher than in treated wild-type
plants. In the presence of nigericin, a H*/K* uncoupler, the PMF
decreased further in pam71-1, suggesting that the ion imbalance
across the membrane is also associated with an altered ApH,
which may be a direct or indirect effect. Taken together, these
results suggest that pam717-1 displayed an increased PMF and
Ays due to an altered ion distribution in the chloroplast, with cat-
ion accumulation inside the thylakoid lumen.

Altered Ca2* and Mn2* Partitioning in pam71 Chloroplasts

We used radiolabeled 4°Ca?* assays to investigate calcium par-
titioning in the chloroplast following illumination. Intact chlor-
oplasts were used for two reasons: (1) Thylakoids isolated from
wild-type Arabidopsis take up very little 45Ca2+ (Supplemental
Figure 9). (2) More importantly, total chloroplasts (stroma plus
thylakoids) and thylakoids alone could be obtained from the same
source material, allowing the relative distribution of 4°Ca?* to be
estimated. Light-dependent uptake of Ca?*, according to
Kreimer et al. (1985), is shown in Figure 7A. 45Ca2+ was taken
up into both wild-type and pam71-1 chloroplasts during il-
lumination. The levels of radioactivity recovered in sub-
sequently isolated thylakoids clearly differed between the wild
type and pam71-1. The pam71-1 thylakoids accumulated
~70%, while the wild type accumulated only ~30%, of the
total amount of 45Ca?* enclosed in chloroplasts after 30 min
incubation (Figures 7A and 7C). These results are in agree-
ment with the observed PMF effects (Figure 6D) and suggest

salts or alkaline pH. Membranes were resuspended at 0.5 mg chlorophyll
mL~"in 10 mM HEPES (pH 7.5) containing either 2 M NaCl, 0.1 M Na,CO,,
2 M NaSCN, 0.1 M NaOH, 6 M urea, or no additive. After incubation for
30 min on ice, supernatants containing soluble proteins (S) or pelleted pro-
teins (P) were fractionated by SDS-PAGE, and immunoblot analysis was
performed using anti-GFP, anti-Lhcb2, and anti-PsaD antibodies. Note
that PAM71-GFP behaves like the integral membrane protein Lhcb2.
(E) Membrane accessibility of PAM71-GFP. Isolated thylakoid membranes
from pam71-1p,.,355..am71-crp Were treated with trypsin for the indicated
times. Immunoblot analysis was performed using anti-GFP, anti-PsbO,
and anti-PsaD antibodies. Note that only ~2 kD of PsaD is susceptible to
proteolysis, in agreement with observations by Minai et al. (1996).


http://www.plantcell.org/cgi/content/full/tpc.15.00812/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00812/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00812/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00812/DC1
http://www.plantcell.org/cgi/content/full/tpc.15.00812/DC1

900 The Plant Cell

A - WT - pam71-1

- A NN
e

Conductivity g,.+
=

0 200 400 600 800 1000
PAR (umol photons m?s™)

B AL off
0.3,

[}
% 0.00°

E

-0.35¢

1805 1810 1815 1820 1825

Time (s)
Cc
100 - WT —- pam71-1
80t
=
= 60}
5 40|
=
20
0 200 400 600 800 1000
PAR (umol photons m?s™)
251 aWT mpam71-1

Figure 6. Membrane Conductivity and PMF Formation of pam771-1andthe
Wild Type.

(A) Thylakoid membrane conductivity g,;* (s~ ') was determined from plants
that were dark-adapted overnight. Leaves were illuminated for 2 min at
increasing light intensities in the range of 13 to 1028 ymol photons m—2s~1
before membrane conductivity was determined from the ECS signal
upon switching off the light after each time point. The data are means =+
SE(n=9).

(B) ECS (515 to 550 nm Al/I 103) was determined after actinic light (AL) was
switched off. Before actinic light was switched off, leaves were illuminated

that Ca2* accumulation in the lumen may contribute to those
effects.

We also analyzed 54Mn?2* partitioning in wild-type and pam71-1
chloroplasts using the same experimental setup. Light-dependent
uptake of Mn?* was observed in both wild-type and mutant
chloroplasts (Figure 7B). Under our experimental conditions, the
mutant chloroplasts took up 1.4-times the wild-type amount during
the illumination period (Figure 7B). The proportion of the total uptake
of 34Mn?* found in the thylakoids was also determined. In the wild
type, more than 80% of the radiolabeled Mn2+ within the chloro-
plasts was found in the thylakoid fraction (Figures 7B and 7C). In
contrast, only 58% of radiolabeled Mn?* was recovered in the
pam?71-1 thylakoid fraction (Figures 7B and C). Similar observations
were made with pam71-2 (Supplemental Figure 10). Based onthese
findings, we assume that the Ca?* and Mn2+ ions are differently
sequestered in pam71. While Ca?* accumulates in the thylakoid
lumen of pam71, Mn?* accumulates in the stroma. Mn?+ uptake into
thylakoids is not abolished in pam71. However, the fraction allo-
cated to the thylakoids is less than in the wild type. This finding is in
good accordance with the results obtained by SEC-ICP analysis,
where a clear reduction in manganese bound to PSIl complexes
was observed (Figures 3C and 3F).

Supplementation with Mn2+ Restores Photosynthesis
in pam71-1

To further study the effect of pam71 on cation homeostasis, wild-
type and mutant plants were cultured on Murashige and Skoog
(MS) medium supplemented with either calcium or manganese.
The addition of appropriate ions to the medium has been shown to
restore defects caused by perturbations in metalion homeostasis,
e.g., fortheiron transporter IRT1 (Varotto et al., 2002). As outlined
above, the pam71 phenotype resembles that of the psbo1 psbo2
mutant; hence, the latter was included as a control in the feeding
experiment. The expected drop in F,/F,,, comparable to that seen
in soil-grown plants, was observed in both pam71 alleles and
psbo1 psbo2 grown on control medium, whereas pam71-1p,3ss.
pau71-gep DEhaved similar to the wild type. The F,/F\, phenotype in
pam71andpsbo1 psbo2 was unaffected by supplementation with
calcium (Figures 8A and 8B). Likewise, deprivation of calcium did
not restore the F,/F,, phenotype in pam71 alleles (Supplemental
Figure 11). In contrast, when pam71 plants were grown on medium
supplemented with manganese, the F,/F,, value increased sig-
nificantly to attain the value typical of wild-type plants (Figures 8A
and 8B), while it remained unchanged in psbo1 psbo2 plants.

for 30 min at 90 pmol photons m—2s~". Partitioning of PMF to Ayrand ApH is
indicated with bars.

(C) PMF partitioning to Ay (%) was determined after actinic light was
switched off following 2 min illumination at the indicated PAR. The data are
means = st (n = 9).

(D) Magnitude of the PMF (ECS,) in the presence of ionophores. Detached
leaves were incubated for 30 min in water (control), the ionophores ion-
omycin (30 uM) and valinomycin (30 pM), or in the presence of nigericin
(50 pM) under a growth light, then kept in the dark for 30 min before mea-
surement. To determine ECS,, the treated leaves were illuminated for 2 min
at 90 ymol photons m—2 s~1. The data are means = st (n = 5 to 6). Different
letters indicate statistical significance according to ANOVA (P < 0.05).
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Figure 7. Cation Partitioning in pam71-1 and the Wild Type.

(A) “3Ca?* uptake (r.u.) into intact chloroplasts and recovery of radioactivity
from thylakoids. Reactions were initiated by adding 4°Ca?* (1.5 pM final
concentration) to intact chloroplasts adjusted to 0.3 mg chlorophyll mL~?
and then the chloroplasts (Cp) were either kept intact for 10 min on ice in
sorbitol (0.33 M) or osmotically lysed for 10 min on ice and vortexed every
minute to release thylakoids (Thy), indicated by 10 min incubation. Light
incubation was performed for 20 min at 90 umol photons m~2s~'and then
the chloroplasts (Cp) were either kept intact for 10 min on ice in sorbitol
(0.33 M) or osmotically lysed for 10 min on ice and vortexed every minute to
release thylakoids (Thy), indicated by 30 min incubation. Reactions were
stopped by the addition of 50 mM EGTA.45Ca?* uptake values are given as
relative units. The mean cpm (counts per minute) value after 30 min of
incubation for wild-type chloroplasts was set as a relative unit to one in
individual experiments. Mean cpm values were 0.8 X 105, 1.2 X 10°%, and
1.5 X 105. Measurements were performed with three independent chlo-
roplast isolations including three replicates each. The data are means *+ sp
n=9).

(B) 3*Mn2* uptake (r.u.) into chloroplasts and recovery of radioactivity from
thylakoids. Reactions were initiated by adding 5*Mn2* (0.15 pM final
concentration) to intact chloroplasts adjusted to 0.3 mg chlorophyll mL=".
Further processing was performed as in (A). Mean cpm values were 1.4 X
10% and 1.6 X 103. Measurements were performed with two independent
chloroplast isolations including three replicates each. The data are
means =* sp (n = 6).

(C) 4°Ca?* and *Mn?* partitioning between stroma (Str) and thylakoid (Thy)
in wild-type and pam717-1 chloroplasts (%). Values are deduced from (A)
and (B) for samples that were incubated for 30 min.
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Thus, the possibility that the addition of Mn2* leads to a gener-
alized improvement of PSII function in PSII-deficient mutants can
be ruled out. This result indicates that the diminished PSII func-
tionality in pam71 caused by manganese depletion in thylakoids
(Figure 7) can be rescued by increasing the manganese availability
in pam71 chloroplasts.

Supplementation with Mn2+ Also Restores Photosynthesis in
the Chlamydomonas Mutant cgld1

We speculated whether the function of PAM71 is conserved in
green algae. Based on phylogenetic analysis (Supplemental
Figure 7), aPAM71 homolog exists in Chlamydomonas that shares
45% identity/59% similarity with PAM71 over its entire length. We
made use of the publicly available insertional mutant collection
described recently (Dent et al., 2015) and obtained the mutant
strain cgld1 from the Chlamydomonas Resource Center (http://
chlamycollection.org/). This strain contains an insertion in exon 2
ofthe CGLD1 gene, at position +352 bp relative to the start codon
(Figure 9A) and genotyping confirmed the presence of the mu-
tation (Figure 9B). The mutant cgld1 exhibits a higher NPQ (Dent
et al., 2015), a light-green phenotype when grown on standard
medium, and ahigher Fyand areduced F,/F,, value compared with
the wild type (Figure 9C), indicating reduced PSII function, similar
to the Arabidopsis mutant pam71. We therefore grew cgld1 on
medium supplemented with additional calcium or manganese.
The F,/F), value was partially restored only on medium supple-
mented with 10X manganese (Figures 9C and 9D). Although the
F\/Fy value in cgld1 did not reach wild type levels under these
conditions, it was significantly increased compared with standard
growth conditions (t test, P < 0.001). Thus, taken together, our
results indicate that PSII function in cgld1 can be restored by
excess Mn?+, as in the case of the Arabidopsis pam771 mutant;
thus, the function of the corresponding gene products is pre-
sumably conserved in the green lineage.

PAM71 Confers Manganese Tolerance to Apmr1 Yeast Cells

Our results so far suggested an involvement of PAM71 in man-
ganese transport from the chloroplast stroma into the thylakoid
lumen of Arabidopsis. However, it could not be ruled out that
PAM71 only regulates manganese transport systems and that the
phenotypic changes in pam71 resulted from a deactivation of
this as yet unidentified manganese transport system. Therefore,
PAM71 was cloned into the yeast expression vector pDR196 and
then introduced into the Apmr1 yeast strain. The P2-type Ca-
ATPase, PMR1 (Plasma Membrane ATPase related), pumps Ca+
and Mn2+ into the Golgi, and when PMR1 is defective, yeast cells
are more sensitive to high concentrations of Mn?* (Duirr et al., 1998).
As expected, we observed Apmr1 growth on control medium, but
not on medium supplemented with manganese (Figure 10). When
Apmr1 cells were transformed with the empty pDR196 vector,
uracil auxotrophy was recovered, but sensitivity to Mn?+ remained.
However, when PAM71 was expressed in Apmr1 cells, uracil aux-
otrophy was recovered and sensitivity to high Mn2+ was suppressed
(Figure 10). These results suggest that PAM71 is directly involved in
manganese transport. Therefore, we propose that the phenotypic
changes are a direct consequence of defective manganese uptake
into the thylakoid lumen in pam71 mutant alleles.
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Figure 8. Manganese Supplementation Restores Photosynthesis in
pam71.

(A) Seeds of the wild type, pam71-1, psbo1 psbo2, pam71-2, and pam71-
1 possspam7i-cep Were surface sterilized and grown for 2 weeks on MS medium
containing either 1x CaCl, (0.332gL~")and 1X MnSO, (0.017gL~"), 10x CaCl,
(3.32gL~")and 1x MnSOQ,, or 1x CaCl,and 10X MnSO, (0.17 gL 7). Attheend
of the growth period, the maximum quantum yield of PSII (F,/F,,) was recorded.
(B) F\/F\, values are given for the wild type, pam71-1, psbo1 psbo2, pam71-
2, and pam71-1p.,355.pam71-grp 9roWn on the indicated MS medium. Bars
represent mean values (*sp) of three experiments, each including five
individual plants (n = 15). Asterisks indicate statistical significance (t test,
P < 0.001) of differences between wild-type and mutant plants.

DISCUSSION

In this article, we described the phenotypic changes in Arabi-
dopsis plants that lack PAM71. PAM71 is a thylakoid membrane
protein and a member of the UPF0016 family of membrane pro-
teins, with homologs in prokaryotes and eukaryotes (Figure 4;
Supplemental Figure 7, Supplemental Table 2, and Supplemental
Data Set 1). The pam71 mutant plants showed a clear defect in
PSII. Numerous auxiliary proteins involved in PSIl assembly have
been described in recent years (Mulo et al., 2008; Chi et al., 2012),
but PAM71 is apparently not one of these classical factors. In-
stead, our data implicate PAM71 in manganese uptake at the
thylakoid membrane, which is needed for correct OEC func-
tion, and they indicate that PAM71 is beneficial for dissipation
of Ay.

Role of PAM71 in Calcium Homeostasis

Ca?+ ions, which are important for multiple processes in chloro-
plasts, are redistributed between the thylakoid lumen and the
stroma upon transfer from light to dark and vice versa (Hochmal
et al.,, 2015). PAM71 is well conserved through evolution and
shares homology with proteins from yeast (GDT1) and human
(TMEM165) (Figure 4), which might form a new group of Ca2+/H*
exchangers involved in calcium and pH homeostasis (Demaegd
et al., 2013, 2014). Hence, a possible explanation for the PSII
phenotype in pam71 could be reduced calcium accumulation in
the thylakoid lumen, owing to a lack of ApH-coupled Ca?* uptake.
Indeed, a Ca?*/H* exchanger operating in the thylakoid membrane
of pea (Pisum sativum) has been found (Ettinger et al., 1999)
(Supplemental Figure 9). However, PMF measurements in this
study revealed that, in comparison to the wild type, the pam71
mutant displayed altered divalent cation distribution between the
stroma and the thylakoid lumen (Figure 6D). In fact, by employing
light-stimulated uptake assays, Ca?* was found to be enriched in
the thylakoid lumen of pam71 (Figure 7) and, hence, presumably
contributes to the misbalanced cation distribution. We therefore
conclude that the PSII phenotype of pam71 plants is not caused by
diminished calcium uptake from the chloroplast stroma into the
thylakoid lumen. A higher Ca2+ content in the lumen of pam71
could affect the structure of the OEC, as PsbO detaches from the
PSIl complex when excess Ca2+ is present (Ono and Inoue, 1983).
However, PSII functionality in pam71 could not be rescued by
deprivation of calcium from the growth medium (Supplemental
Figure 11). Accordingly, higher calcium levels failed to have strong
effects on PSII functionality in wild-type plants. It cannot be ruled
out that a minor adverse effect on the OEC structure in pam71 is
caused by higher calcium contents; however, the strong pam71
phenotype is most likely due to other factors.

In some respects, pam71 resembles the t{pk3 mutant. In both
mutants, diminished capacity to generate a normal PMF is cou-
pled with ahigher Ay/ApH ratio (Figure 6; Carraretto etal.,2013).In
the case of {pk3, it was concluded that this arises from defective K+
homeostasis due to reduced efflux of K* from the lumen. Despite
the similarity in PMF partitioning, the F,/F,, value, which reflects
the functional competence of PSI|, is less severely affected in tpk3
mutant lines (Carraretto et al., 2013) than in pam71. In the latter, the
maximum quantum yield of PSllis clearly reduced (Figure 1), which
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Figure9. Manganese Supplementation Partially Restores Photosynthesis
in the cgld1 Mutant of Chlamydomonas.

(A) Tagging of the CGLD1 locus (MRNA model XM_001701863). Exons are
shown as black boxes and introns as black lines. Start and stop codons
are indicated. The cgl/d1 allele was identified by Dent et al. (2015)
(CAL029_02_05). The location of the insertion is indicated with respect to
the start codon. The insertion is not drawn to scale. Binding sites of primers
used for genotyping are indicated by arrows.

(B) The position of the insertion of the paromomycin resistance cassette
was verified by PCR using wild-type (P1/P2) and mutant-specific (P2/P3)
primer pairs.

(C) Test of PSII function in the presence of increased CaCl, and MnCl,
concentrations. Cells were grown photoheterotrophically after spotting
(105 cells per spot) onto TAP plates containing 0.34 mM (1) or 3.4 mM
(10X) CaCl, and 25 pM (1X) or 250 pM (10X) MnCl, in the indicated
combinations, and the minimal chlorophyll a fluorescence (Fy) (middle
panel) and maximum quantum yield of PSII (F,/F,,) (right panel) were re-
corded. The colored scale at the bottom indicates the signal intensities.

(D) F\/F\, values are indicated for the wild type and cgld?1 grown on the
indicated TAP medium in (C). Bars represent values from five biological
replicates (*sb).

allowed us to conclude that the impairment of PSII function was
not a consequence of altered PMF partitioning. Nevertheless, the
question remains how a higher Ay/ApH ratio in pam71 can be
explained. Manganese is needed by the plant cell only as a mi-
cronutrient and thus the free stromal Mn?* concentration might
be at least one magnitude below that of Ca?+. Any altered parti-
tioning of Mn2+ might thus be negligible in terms of Ay. Instead,
calcium is needed by the plant cell as a macronutrient. The pre-
dominant portion of the chloroplastic Ca?+ is bound to the neg-
atively charged thylakoid membrane or to calcium binding proteins
(Kreimer et al., 1987), and free stromal Ca2* was determined to be
in the range of 2 to 6 M in spinach leaves (Kreimer et al., 1988).
Thus, it is conceivable that an altered partitioning of calcium (and
perhaps other monovalent and divalent cations) in pam71 could
contribute to a higher Ay at growth light intensities (Figure 6;
Supplemental Figure 8).
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Role of PAM71 in Manganese Homeostasis

In almost every PSIl mutant with a reduced maximum quantum
yield of PSII, growth is retarded (Peng et al., 2006; Ma et al., 2007;
Armbruster et al., 2010; Schneider et al., 2014), and pam71 is no
exception (Figure 1). Starch accumulation and carbon fixation are
also depressed inpam71, presumably as a direct consequence of
impaired PSII activity (Figures 2C and 2D). The primary site of the
defect in PSll was narrowed down to the OEC (Figures 3B and 3E).
The OEC is an inorganic Mn,CaO; cluster, and several lines of
evidence suggest a depletion of Mn2+ions in thylakoids of pam771.
Manganese deficiency is associated with the reduction in PSII
supercomplexes in barley (Hordeum vulgare) (Schmidt et al.,
2015), and this feature is readily observed in pam71 (Figures 2A).
Second, Mn?* ions were differentially distributed, in favor of the
stroma, in pam71 chloroplasts during illumination (Figure 7C).
Third, growth of pam71 on manganese-supplemented medium
resulted in recovery of the maximum quantum yield of PSII (Figure
8). This is in line with our analysis of the Chlamydomonas mutant
cgld1 (Figure 9). As in plants, manganese deficiency in Chlamy-
domonas results in the loss of PSII function (Allen et al., 2007), and
in cgld1, this loss could partially be rescued by the addition of
manganese (Figures 9C and 9D). Fourth, the decreased manga-
nese incorporation per unit PSll in pam71, despite having a similar
total leaf manganese concentration when compared with the wild
type, clearly demonstrates that the allocation of manganese
within the plant is significantly altered. In particular, in PSII super-
complexes, the decreased manganese incorporation per unit PSII
was pronounced in pam71 (Figures 3C and 3F). Fifth, expression
of the PAM71 protein in Apmr1 yeast cells suppresses their Mn2+
sensitivity (Figure 10).

Together, these findings indicate that a deficiency of Mn2* ions
in thylakoids is responsible for the PSII phenotype of pam71. The
primary effect of diminished OEC function is reduced water
splitting, which in turns results in reduced lumen acidification, as
reflected in a reduced ApH (Figure 6B) and reduced H* con-
ductivity through ATP synthase in pam71 (Figure 6A). These
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Figure 10. Suppression of the Mn2+-Sensitive Phenotype of the Apmr1
Yeast Mutant via Expression of PAM71.

Cells of the yeast mutant in the P-type Ca?*/Mn2+-ATPase (Apmr1) con-
taining the empty vector pDR196 (+pDR196) or vector with PAM71
(+PAM71) were verified by PCR and dropped on synthetic medium (con-
trol) and on synthetic medium supplemented with2 mM MnCl,.. For selection,
uracil was added (+) or omitted (—). Undiluted cells (10°) corresponded to an
ODgq = 3.0. Photographs were taken after 4 d at 30°C.
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results are in good agreement with the reduced NPQ observed in
pam71 compared with the wild type under steady state illumi-
nation conditions (Table 1), as the major component of NPQ,
energy-dependent quenching, is strictly dependent on an acidic
lumenal pH (Ruban et al., 2012; Zaks et al., 2013). Accordingly, the
increase in NPQ in pam71 leaves exposed to short illumination
periods (Supplemental Table 1) is similar to observations made
with a psbo?1 mutant (Allahverdiyeva et al., 2009). In pam71,
a reduced linear electron flow is evident from the reduced effec-
tive quantum yield of PSII (Figures 3A and 3D). We propose that
during the dark-light transition, the reduced linear electron flow in
pam?71 causes adecelerated activation of the Calvin cycle (Michelet
etal.,2013)and/or ATP synthase (Nalinand McCarty, 1984; Buchert
et al., 2015), both regulated by the ferredoxin/thioredoxin system
(Schirmann and Buchanan, 2008). In this scenario, the resulting
transient tailback (pileup) of protons in the lumen might trigger
a transient NPQ increase.

Molecular Function(s) of the PAM71 Protein

The PAM71 protein contains two highly conserved E-x-G-D-(KR)-
(TS) motifs with two negatively charged acidic residues (Glu/E and
Asp/D) and an acidic loop (Figures 4), which provide a suitable
microenvironment for binding of divalent cations (Demaegd et al.,
2014). These features, together with its proposed topology (Figure
5), are reminiscent of the cation/Ca?* exchanger superfamily
(Emery et al., 2012; Demaegd et al., 2014), although there is no
notable primary sequence homology. PAM71 belongs to the
UPF0016 family of membrane proteins. Its yeast and human
homologs, Sc-GDT1 and Hs-TMEM165, were postulated to
function as Ca2*/H* exchangers since they transport calcium from
the cytosol into the lumen of an acidic organelle, the Golgi ap-
paratus (Demaegd et al., 2013). In analogy to this, PAM71 could
act as a Mn2*/H* exchanger, which transports Mn2+ from the
chloroplast stroma into the acidic thylakoid lumen. As outlined
above, the physiological impairments in pam71 resulted from
depletion of manganese in the thylakoid lumen, and expression of
the PAM71 protein in Apmr1 yeast cells suppressed their Mn2*
sensitivity (Figure 10). A number of putative Mn2+ transporters in
plants have been described and can be grouped based on the
direction of manganese transport either into or out of the cytosol
(Socha and Guerinot, 2014). Manganese transport from the cy-
tosol into the vacuole mediated by CATION EXCHANGER2
(CAX2), CAX4, and CAXS5 (Hirschi et al., 2000; Cheng et al., 2002;
Edmond et al., 2009) or into the prevacuolar and Golgi-like
compartment mediated by the Mn?+ transporter MTP11 (Delhaize
etal.,2007; Peiter et al., 2007) presumably also involves a Mn2+/H*
antiport mechanism in Arabidopsis. Most plant Mn2+ transporters
characterized to date have a broader specificity for other divalent
cations (Socha and Guerinot, 2014), for instance, CAX2 (Hirschi
et al., 2000; Schaaf et al., 2002; Shigaki et al., 2003). Therefore, it
cannot be excluded that PAM71 also has a broader specificity,
and further experiments are needed to firmly establish the sub-
strate affinity of PAM71 toward manganese and other divalent
cations, e.g., by employing electrophysiological measurements in
Xenopus laevis oocytes.

It is interesting to note that pam71, despite having a dysfunc-
tional OEC, can still grow photoautotrophically (Figure 1B) and

complete its life cycle. Therefore, we anticipate that other low-
affinity systems involved in manganese and calcium transport at
the thylakoid membrane exist. In this context, itis conceivable that
other such low-affinity systems are able to compensate for the
defect in pam71 by pumping higher amounts of cations into
the lumen. This could provide an explanation for the higher Ays
and the enrichment of calcium in the lumen of pam71 (Figures 6
and 7A) and would further explain the observation that the addition
of increasing manganese concentrations rescued the pam71 PSI|
phenotype (Figure 8). It is tempting to speculate that during
evolution of the green lineage, PAM71 might have evolved in order
to meet the high demand of manganese in PSIl and at the same
time to balance PMF generation. This idea is supported by the
observation that PAM71 homologs are strictly conserved in Vir-
idiplantae. PAM71 homologs are encoded in the genomes of
embryophytes and green algae (Supplemental Figure 7), and its
function is presumably conserved in green algae (Figure 9). The
challenge for future work is to identify additional thylakoid proteins
facilitating the transport of divalent cations from the chloroplast
stroma into the lumen; the pam71 mutant offers a promising
platform for such studies.

METHODS

Plant Material and Vector Construction

The Arabidopsis thaliana pam71 mutants (GK-166A05 and GK-094C03,
accession Columbia-0) were identified in the GABI-Kat collection (Rosso
et al., 2003). Genotyping of both lines was performed using PCR with
appropriate primer combinations (Supplemental Table 3) and PCR prod-
ucts were sequenced. The psad7-1 (Ihnatowicz et al., 2004) and psbo7-3
psbo2-2 (here named psbo1 psbo2; Steinberger et al., 2015) mutant lines
were used in control experiments. Wild-type plants were accession Co-
lumbia-0.

Cloning of pPro35S:PAM71 and pPro35S:PAM71-GFP started with
PCR primers (Supplemental Table 3) bearinga 5’ CACC overhangand a3’
primer with or without a stop codon, together with Arabidopsis first-
strand cDNA. The amplified full-length PAM71 cDNAs were ligated into
pPENTR-TOPO (Life Technologies). The Entry clones were subsequently
recombined into pB7FWG2 (Karimi et al., 2002), yielding the plasmid
pPro35S:PAM71-GFP or into pGWB2 (Nakagawa et al., 2007), yielding
pPro35S:PAM71.

Both plasmids were introduced into Arabidopsis by floral dip trans-
formation (Clough and Bent, 1998). The Pro35S:PAM71 construct was
stably introduced into pam77-1 and pam71-2 strains, and individual
transgenic plants (pam771-1p.,355.am71 @Nd PaM71-2p, 355.pa1171) Were
selected on the basis of their resistance to kanamycin (50 mg L="). The
Pro35S:PAM71-GFP construct was stably introduced into pam717-1, and
several individual transgenic plants (pam71-1p,355.pam71-crp) WEre se-
lected on the basis of resistance to BASTA by spraying with 0.5 mL L~
BASTA (which contains 200 g L~ ammonium glufosinate). Successful
integration of the transgene was verified by PCR. Expression of PAM71 in
different genotypes was analyzed by RT-PCR using an appropriate primer
combination (Supplemental Table 3), first-strand cDNA, and 30 PCR cy-
cles. The absence or presence of a PCR product was evaluated using DNA
gel electrophoresis.

Plant Growth Conditions

Unless stated otherwise, Arabidopsis wild-type and mutant lines were
grown for 4 to 5 weeks in agrowth chamber (equipped with 17-W cool white
fluorescent lamps; CLF Plant Climatics) in a 12-h/12-h day-night cycle at
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90 pumol photons m~—2 s, Plants were cultivated on soil substrate A210
(Stender AG) without further fertilization and watered with tap water. For
growth on medium with different metal ion contents, surface-sterilized
wild-type and mutant seeds were grown on 1X MS medium supplemented
with 1% (w/v) sucrose and CaCl,/MnSO, (as indicated in the main text) at
90 pymol photons m~2 s~ white light and in a 16-h/18-h day-night cycle.
Arabidopsis plants used for microscopy and kanamycin selection were
surface sterilized and grown on standard MS medium. Arabidopsis plants
used for transformation and BASTA selection were grown in a temperature-
controlled greenhouse in a 16-h/8-h light/dark cycle.

Pea plants (Pisum sativum var Arvica) were grown for 2 weeks on
vermiculite (3 to 8 mm) in a growth chamber with a 14-h/10-h day-night
cycle at 20°C/15°C and 100 ymol photons m—2 s~ 1,

Chlamydomonas reinhardtii Material and Cultivation

Wild-type Chlamydomonas (strain CC-4051) and the cgld7 mutant (strain
CAL029_02_05) (Dent et al., 2015) were obtained from the Chlamydo-
monas Resource Center (http://chlamycollection.org/) and grown under
continuous light (20 to 40 umol photons m~2 s~7) in Tris-acetate-
phosphate (TAP) medium, which contains 0.34 mM Ca2* and 25 uM Mn2+
cations (Harris, 1989). Strain cgd/1 was grown on TAP plates (1.5% [w/v]
agar) supplemented with 10 ug mL~" paromomycin for genotyping. DNA
was extracted as described by Newman et al. (1990), genotyping was
performed using PCR with appropriate primer combinations (Supplemental
Table 3), and PCR products were sequenced. For analysis of chlorophyll
a fluorescence, strains were grown to a chlorophyll concentration of 10 to
15 ug mL~". Cell number was determined in a Thoma cell-counting cham-
ber, and ~10° cells were spotted onto TAP medium enriched with CaCl,
(8.4mM, 10X) or MnCl, (250 uM, 10X). Colonies were exposed to low light
(1 to 5 ymol photons m~2 s~7) for 48 h and their chlorophyll a fluores-
cence was determined.

Heterologous Expression of PAM71 in Yeast

The coding sequence of PAM71 was PCR amplified from Arabidopsis
cDNA using the primers PAM71-F and PAM71-R (Supplemental Table 3).
The PCR product was subcloned into pJET1.2 (Thermo Fisher Scientific)
and verified by sequencing. After restriction digestion with Sall and Spel,
the fragment was cloned into the vector pDR196 (Rentsch et al., 1995;
Loqué et al., 2007). The yeast mutant in the P-type Ca?*/Mn2*+ ATPase,
Apmr1 (YGL167C) (Dirr et al., 1998) was transformed with the pDR196
vector containing PAM71 as insert and pDR196 vector without insert,
respectively, according to Gietz and Schiestl (1991). After verification by
PCR, yeast cells were streaked twice to preclude revertants and finally
tested for manganese sensitivity. Cultures were precultivated overnight in
synthetic medium (SC) at 30°C, 160 rpm. For selection, the medium was
supplemented with G418 (Sigma-Aldrich) and uracil was omitted. Cells
were harvested by centrifugation (2500g, 10 min, room temperature) and
washed twice with 1X TE buffer (10 mM Tris-HCI, pH 8.0, and 1 MM EDTA).
Then, the cells were resuspended in 1X TE buffer and cell density was
adjusted to ODg,, = 3.0. The different yeast strains were dropped undiluted,
and as the dilution series 1:10, 1:100, and 1:1000, onto control SC plates, with
uracil, without uracil, and without uracil supplemented with 2 mM MnCl,.
Growth was photographically documented after 4 d incubation at 30°C.

Chlorophyll a Fluorescence and P,,, Absorption Measurements

The photosynthetic performance of PSII of Arabidopsis was assessed by
chlorophyll a fluorescence measurements using the Imaging-PAM or the
Dual-PAM (Walz) as described for plant leaves (Schneider et al., 2014;
Steinberger et al., 2015). To measure the performance of PSIl in Chla-
mydomonas, colonies were dark-adapted for 5 min and exposed to a blue
measuring beam to determine the minimal fluorescence (F). A saturating
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0.8-s light flash (2800 ymol photons m—2 s~7) was then applied, maximum
fluorescence (F,) was determined with the Imaging-PAM, and the maxi-
mum quantum yield of PSII (F,/F,,) was calculated (Maxwell and Johnson,
2000).

Fast chlorophyll a fluorescence [O-(K)-J-I-P] kinetics were recorded
using a Handy PEA (Hansatech) on 10-min dark-adapted leaves (Strasser
et al., 2004). The functionality of the PSIlI oxygen-evolving complex was
studied based on the formation of the K peak as described previously (Téth
et al., 2007).

P,y @absorption measurements were performed using the Dual-PAM,
and AA/AAmax was determined according to Meurer et al. (1996).

Carbon Fixation and Starch Content

Responses of net CO, assimilation rate (A) to light intensity were measured
at either atmospheric (400 ppm) or saturating CO, concentrations (2000
ppm) using a LI-6400XT portable photosynthesis system (Li-COR). Leaves
from at least 2-h light-adapted plants were illuminated in the gas exchange
chamber with stepwise increase in light intensity (six points ranging from
0 to 1000 pmol photons m—2 s~ with 2 to 4 min of adaptation at each
intensity). CO, fixation data were normalized to leaf area.

Starch was isolated from leaves and assayed according to the method
described by Lin et al. (1988).

Cation Partitioning

For isolation of intact chloroplasts, leaf samples (12 g fresh weight) were
homogenized in 0.4 M sorbitol, 20 mM Tricine-NaOH (pH 8.4), 10 mM
EDTA, 0.1% (w/v) BSA, 5 mM NaHCO;, 1 mM MgCl,, and 1 mM MnCl,
using a mixer (Waring Laboratory). The extract was filtered through two
layers of Miracloth and concentrated by centrifugation for 5 min at 1500g.
The pellet was resuspended in 80 mM sorbitol, 4 mM Tricine-NaOH
(pH 8.4), 0.5 mM EDTA, and 1 mM MgCl, and then layered onto a discon-
tinuous 40% (w/v)/ 80% (w/v) Percoll gradient. After centrifugation for 15 min
at 7000g, intact chloroplasts were isolated from the interface of the two lay-
ers and washed in the same buffer to remove residual Percoll.

Intact chloroplasts were resuspended at a concentration of 0.3 mg
chlorophyll mL~" in 0.33 M sorbitol, 50 mM Tricine/NaOH (pH 8.0), and
5 mM MgCl,. Import reactions were initiated by adding 4°Ca* (specific
activity > 10 Ci g~'; 1:20 dilution) or 5*Mn?2+ (specific activity > 20 Cig~";
1:20 dilution) to the reaction (Perkin-Elmer). Samples were divided and
incubated for 10 min on ice in either 0.33 M sorbitol, 50 mM Tricine/NaOH
(pH 8.0), and 5 mM MgCl, (to keep chloroplasts intact) orin 10 mM HEPES/
NaOH (pH 7.6) and 5 mM MgCl, with vortexing (to release thylakoids). For
light treatment, samples were exposed to 90 pmol photons m—2 s~!
provided by an FL-440 fiber illuminator (Walz) prior to splitting and in-
cubation on ice. Samples were centrifuged for 1 min at 4°C, and the re-
actions were terminated by resuspending the pellets in 50 mM EGTA,
0.33 M sorbitol, and 50 mM Tricine/NaOH (pH 8.0). EGTA was used as
a chelating agent. After centrifugation for 1 min at 4°C, the pellets were
resuspended in 0.1% (w/v) SDS and transferred to scintillation cocktail
before counting. Before converting counts per minute into relative units,
the background radiation was subtracted. Background radiation was de-
termined by adding 4°Ca?* (specific activity > 10 Ci g~") or 54Mn?* (specific
activity > 20 Ci g~) to chloroplasts as above and resuspending the
chloroplasts in 50 mM EGTA, 0.33 M sorbitol, and 50 mM Tricine/NaOH
(pH 8.0) after centrifugation. After a second centrifugation for 1 min at
4°C, pellets were resuspended in 0.1% (w/v) SDS and transferred to scin-
tillation cocktail for counting.

Protein Analysis

Thylakoid membranes were isolated according to Schmidt et al. (2015).
Protein concentration was determined using the Pierce BCA Protein Assay
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(Thermo Fisher Scientific). Protein samples were resuspended in 45 mM
Tris-HCI (pH 6.8), 50 mM DTT, 0.1% (w/v) SDS, 10% (v/v) glycerol, and
0.01% (w/v) bromophenol blue, incubated at 65°C for 10 min, and frac-
tionated on Tris-glycine SDS gels (12% acrylamide).

Sucrose gradient fractionation, Blue-Native PAGE analysis, and de-
termination of protein topology were performed as described previously
(Armbruster et al., 2010; Schneider et al., 2014).

For preparation of chloroplast subfractions, intact chloroplasts (see
above) were broken by osmotic lysis in 10 mM HEPES-KOH (pH 7.6) and
5 mM MgCl,, incubated on ice for 10 min and vortexed periodically. The
mixture was layered onto a discontinuous sucrose gradient consisting of
1.2,1.0,and 0.46 M sucrose and centrifuged at 58,0009 for 2 h. The stroma
was obtained from the top fraction, the envelopes were collected from the
middle fraction, and the thylakoids were collected as a pellet. The envelope
fraction was further concentrated by centrifugation at 135,200g for 1 h at 4°C.

Coimmunoprecipitation assays were performed as described by
Schneider et al. (2014).

Individual proteins of interest were detected using antibodies raised
against D1 (Agrisera 05 084; lot 1412; 1:10,000 diluted), PsbO (Agrisera 06
142-33; lot 0912; 1:4000 diluted), PsbP (Agrisera 06 142-23; lot 0702;
1:4000 diluted), PsbR (Agrisera 05 059; 1:5000 diluted), Lhcb?2 (Agrisera 01
003; lot 1301; 1:5000 diluted), PsaA (Agrisera 06 172; lot 1211; 1:1000
diluted), Cytbg (Agrisera 03 034; lot 0612; 1:10,000 diluted), AtpB ()
(Agrisera 05 085; lot 0901; 1:4000 diluted), RbcL (Agrisera 03 037-200; lot
1307; 1:10,000 diluted), PsaD (Agrisera 04 046; lot 0510; 1:4000 diluted),
GFP (Life Technologies A6455; lot 1692915; 1:5000 diluted), D2 (1:5000
diluted), CP43 (1:5000 diluted), CP47 (1:5000 diluted), and Tic40 (1:5000
diluted), in combination with «-rabbit IgG HRP (Sigma-Aldrich A9169;
1:25,000 diluted) using the Pierce enhanced chemiluminescence system
(Thermo Fisher Scientific).

Oxygen Evolution Rate

The oxygen evolution measurement was performed as reported by Hakala
et al. (2005). Briefly, Arabidopsis leaves (10 g fresh weight) were harvested
and ground in 50 mL of buffer containing 40 mM HEPES (pH 7.4), 0.3 M
sorbitol, 10 mM MgCl,, 1 mM EDTA, 1 M betaine, and 1% (w/v) BSA. The
suspension was filtered through two layers of Miracloth and centrifuged at
1100g for 5 min. The pellet was resuspended in 50 mL of osmotic shock
buffer (10 mM HEPES, pH 7.4, 5 mM sorbitol, and 10 mM MgCl,) and
centrifuged at 2000g for 5 min. The thylakoid pellet was resuspended in
storage buffer (10 mM HEPES, pH 7.4, 0.5 M sorbitol, 10 mM MgCl,, and
5 mM NaCl) to 30 pg chlorophyll mL~'. Oxygen evolution was measured
with an oxygen electrode (Oxygraph; Hansatech) using 0.5 mM DCBQ as
an external electron acceptor. Thylakoids were illuminated with 500 pmol
photons m~2 s~ provided by an FL-440 fiber illuminator.

Total Manganese Concentration in Leaves

The manganese concentration in leaves was determined using ICP-MS
(Agilent 8800 ICP-QQQ-MS). Harvested leaves were freeze-dried and
homogenized. Subsequently, a representative sample (~40 mg) was di-
gested using a pressurized microwave digestion system (UltraWAVE;
Milestone) (Hansen et al., 2013). The accuracy and precision of the
measurements were estimated by the analysis of certified reference material
(apple leaf, NIST 1515, National Institute of Standards and Technology).

SEC-ICP-MS Measurements

Thylakoids membranes were isolated and solubilized as described by
Schmidt et al. (2015). In short, thylakoids were centrifuged at 7000g at 4°C
for 2 min and resuspended in ice-cold buffer A (25 mM Bis-Tris/HCI, pH 7.0,
12.5% [w/v] glycerol, 2 M betaine, and 0.25 mg mL~" Pefabloc) to a protein
concentration of 2 mg mL~". An equal volume of detergent solution

prepared in buffer A was added to a final concentration of 1% (w/v)
«-dodecyl maltoside (Anatrace Products). Thylakoids were solubilized in
darkness for 10 min on ice and insoluble material was removed by cen-
trifugation at 18,0009 at 4°C for 15 min.

Solubilized thylakoid proteins were passed through a 0.45-um nylon
membrane filter (Q-max RR syringe filters; Frisenette), and 50 ug of total
protein was applied to a size-exclusion column (BioBasic SEC 1000;
Thermo Scientific) using an inert HPLC system (Ultimate 3000; Dionex,
Thermo Scientific). The column temperature was kept at 6°C during
analysis. Protein elution was performed with 25 mM Bis-Tris (Sigma-
Aldrich; BioXtra; pH 7.0, adjusted with trifluoroacetic acid) and 0.03% (w/v)
a-dodecyl maltoside as the mobile phase. The outlet of the column was
coupled to a triple quadrupole (QQQ) ICP-MS (Agilent 8800 ICP-QQQ-MS)
for online detection of manganese binding in the size-fractionated PSII
complexes. The ICP-QQQ-MS was operated in MS/MS scan mode with
oxygen as the reaction gas, enabling simultaneous analysis of manganese
and sulfur as the parent ion 33Mn* and oxide product ion 48SO*, re-
spectively. The integration time was 0.1 s per element. Quantification of the
Mn:S stoichiometric ratio in photosynthetic complexes was performed by
external calibration according to Schmidt et al. (2015). The plasma con-
ditions and ion lenses were tuned on a daily basis for robust plasma
conditions and maximum sensitivity.

Microscopy

Leaves of agar-grown Arabidopsis lines used for transmission electron
microscopy were processed as described before (Schneider et al., 2014).
For fluorescence microscopy, leaves of soil-grown Arabidopsis lines were
cut into small pieces and incubated in 20 mM KCI, 10 mM MES (pH 5.7),
10 mM CaCl,, 0.5 M mannitol, 0.1% (w/v) BSA, and 0.1 g mL~" macer-
ozyme in the dark for 3 h. The isolated protoplasts were collected by
centrifugation at 50g for 5 min, washed, and analyzed under an Axio-
Imager fluorescence microscope (Carl Zeiss).

ECS Measurements

ECS measurements were performed using a Walz Dual PAM-100 equipped
with a P515/535 module (Walz) (Schreiber and Klughammer, 2008). PMF
size (ECS,) and partitioning into ApH and AW were determined using dark-
interval relaxation kinetics as described (Cruz et al., 2001). The PMF data
were normalized to a PSll single turnover determined by recording the ECS
induced by a 5-ps flash at 200,000 umol photons m~2 s, For ionophore
treatments, detached leaves were incubated with ionomycin (30 uM),
valinomycin (30 uM), or nigericin (50 uM) for 30 min in the light (90 pmol
photons m—2 s~ 1), followed by a 30-min incubation in the dark before the
magnitude of the PMF was determined.

Thylakoid membrane conductivity to cations (g,*) was calculated as
gyt = 1/7, where 7 is the timer constant for decay determined by fitting
a single exponential decay function to the ECS decay signal obtained after
the light was switched off (Cruz et al., 2005).

Transcription and Translation Analysis

Total RNA was isolated from Arabidopsis leaves using TRI reagent (Mo-
lecular Research Center), and RNA gel blot analysis was performed under
stringent conditions using standard protocols. PCR amplification products
were generated using specific primer combinations (Supplemental Table 3)
and total DNA of Arabidopsis. Probes were labeled with [32P]dCTP and
hybridization was performed at 65°C overnight.

Polysome isolation was performed by grinding 200 mg frozen leaf tissue
in 0.2 M Tris-HCI (pH 9.0), 0.4 M KClI, 25 mM MgCl,, 25 mM EGTA, 0.2 M
sucrose, and 1% (v/v) Triton X-100. Microsomal membranes were solu-
bilized with 1% (v/v) Triton X-100 and 0.5% (w/v) sodium deoxycholate for
5 min on ice. The solubilized material was layered onto 15% (w/v) to
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55% (w/v) sucrose gradients and centrifuged at 250,000g for 65 min at
4°C. The gradient was divided into 11 fractions from which RNA was
extracted. All samples were subjected to RNA gel blot analysis.

For in vivo labeling, four to five leaves were incubated in 1 mCi of [35S]
Met for 20 min in the presence of 20 ug mL~" cycloheximide under constant
illumination (60 umol photons m~2 s~1). Subsequently, thylakoid proteins
were prepared and fractionated on denaturing Tris-glycine SDS gradient
gels (8 to 12% acrylamide) and signals were detected using a Typhoon
imager (GE Healthcare).

Phylogenetic and Sequence Analysis

Alignments were generated using Clustal Omega (Sievers and Higgins,
2014). The phylogenetic tree was constructed and bootstrap values cal-
culated using the program MEGAG as described (Hall, 2013; Tamura et al.,
2013). The evolutionary history was inferred using the maximum likelihood
method based on the General Reverse Transcriptase + Freg. model
(Dimmic et al., 2002). Bootstrap values were calculated based on 1000
iterations, and the tree with the highest log likelihood was chosen. Initial
tree(s) for the heuristic search were obtained automatically by applying
neighbor-joining and BioNJ algorithms to a matrix of pairwise distances
estimated using a JTT model and then selecting the topology with su-
perior log likelihood value. Sequence identities and similarities were calcu-
lated using NCBI blastp (Tatusova and Madden, 1999). Putative chloroplast
transit peptide sequences were predicted by TargetP (Nielsen et al., 1997;
Emanuelsson et al., 2000), and transmembrane helix prediction was per-
formed with TMHMM (Krogh et al., 2001) and adjusted manually afterwards.

Accession Numbers

Sequence data were obtained from the National Center for Biotechnology
Information under the following accession numbers: Homo sapiens
NP_060945.2 (transmembrane protein 165, TMEM165); Saccharomyces
cerevisiae AHY74663.1 (GDT1); Arabidopsis thaliana-1 NP_564825.1
(At1g64150, PAM71); Glycine max-1 NP_001241025.1; Vitis vinifera-1
XP_002272191.1; Oryza sativa-1 EEC70197.1; Brachypodium distachyon-1
XP_003565685.1; Zea mays-1 XP_008655787.1; Physcomitrella patens-1
XP_001756332.1; Chlamydomonas reinhardtii-1 XP_001701915.1/
XM_001701863 (CGLD1); Volvox carteri-1 XP_002953583.1; Galdieria
sulphuraria EME31602.1; Arabidopsis thaliana-2 NP_193095.2 (At4g13590,
PAM71-HL); Oryza sativa-2 NP_001068053.1; Glycine max-2
XP_003535962.1; Vitis vinifera-2 XP_002285620.1; Zea mays-2 ACG35639.1;
Brachypodium distachyon-2 XP_003570533.1; Physcomitrella patens-2
XP_001770923.1; Chlamydomonas reinhardtii-2 XP_001697928.1; Volvox
carteri-2 XP_002949806.1; Synechocystis sp WP_010873575.1; Thermosy-
nechococcus elongatus NP_681169.1; Anabaena sp WP_016950136.1; Mus
musculus AAI41082.1; Drosophila melanogaster ACR20070.1; Caenorhabdiitis
elegans NP_497567.1; Neurospora crassa CAE76363.1; Aspergillus nidulans
XP_662418.1; Geobacter sulfurreducens NP_951914.1; Mycobacterium
vaccae EJZ12059.1; Thermomonospora curvata WP_012855029.1; Arabi-
dopsis thaliana NP_568535.1 (At5g36290), Arabidopsis thaliana NP_177032.1
(At1g68650); and Arabidopsis thaliana NP_173923.1 (At1925520).
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