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hotosystem II (PSII) is highly sus-

ceptible to photoinhibition caused
by environmental stimuli such as high
light; therefore plants have evolved mul-
tifaceted mechanisms to efficiently pro-
PSII from photodamage. We
previously published data suggesting that
Maintenance of PSII under High light 1
(MPHI1, encoded by AT5G07020), a
PSII-associated  proline-rich  protein
found in land plants, participates in the
maintenance of normal PSII activity
under photoinhibitory stress. Here we
provide additional evidence for the role
of MPHL1 in protecting PSII against pho-
tooxidative damage. Two Arabidopsis
thaliana mutants lacking a functional
MPH1 gene suffer from severe photoin-
hibition relative to the wild-type plants
under high irradiance light. The mphl
mutants exhibit significantly decreased
PSII quantum yield and electron trans-
port rate after exposure to photoinhibi-

tect

tory light. The mutants also display
drastically elevated photodamage to PSII
reaction center proteins after high-light
treatment. These data add further evi-
dence that MPHI is involved in PSII
photoprotection in Arabidopsis. MPH1
homologs are found across phylogeneti-
cally diverse land plants but are not
detected in algae or prokaryotes. Taken
together, these suggest that
MPHI1 protein began to play a role in

results
protecting PSII against excess light fol-
lowing the transition from aquatic to ter-
restrial conditions.

Introduction

Photosystem II (PSII) is an evolution-
arily conserved multi-subunit pigment-
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protein complex embedded in the thyla-
koid membranes of photosynthetic pro-
karyotes and chloroplasts."* The complex
is the primary reaction center of photosyn-
thesis functioning as a light-driven water:
plastoquinone oxidoreductase capable of
splitting water to yield molecular oxygen
and reduced plastoquinone.” An inherent
feature of PSII from cyanobacteria to land
plants is its high vulnerability to light-
mediated  photooxidative  damage."*
Plants have therefore evolved a network of
adaptive and photoprotective mechanisms
to deal with photoinhibitory light by regu-
lating light harvesting and dissipating the
light energy absorbed by photosynthetic
pigments, respectively.”” Despite these
regulatory mechanisms, PSII is prone to
damage by sunlight at all light intensi-
ties.”® Plants employ an elaborate repair
system that involves disassembly and reas-
sembly of PSII complexes to degrade and
replace damaged proteins, primarily the
reaction center D1 subunit within PSIL>"!
A suite of auxiliary protein factors have
been reported to facilitate this damage-

repair cycle of PSIL>*'?

yet new protein
factors participating in the process await to
be identified, and there remains many pro-
teins of unknown function in chloro-
plast.'>1¢

To identify novel proteins with roles
in the damage-repair cycle of PSII, we
took advantage of results from the Chlo-
roplast 2010 Project (http://www.plas-
tid.msu.edu) and recently identified a
PSII-associated integral thylakoid mem-
brane protein, Maintenance of PSII
under High light 1 (MPHI1), which
plays roles in the protection and stabili-
zation of PSIT under high-light stress.'”
Lack of MPHI1 renders PSII susceptible
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Figure 1. Light-response curves of ETR in mphl mutants and wild-
type plants before (A) and after (B) 3 h high-light treatment. Four-
week-old plants that dark-adapted for 30 min were used for meas-
urements of chlorophyll fluorescence parameters. Values are

to photoinhibition. After exposure to
high irradiance light, steady-state levels
of PSII supercomplexes, dimers and
monomers are universally reduced in
mphl mutants. These reductions appear
to be restricted to core subunits of PSII
(D1, D2, CP43, and CP47) as the
amounts of the PSII oxygen-evolving
complex protein PsbO and the PSII
light-harvesting complex protein Lhcb2
remained unaltered. The decrease of
PSII reaction center D1 protein is more
pronounced in mphl mutants relative to
the wild type in the presence of linco-
mycin than in its absence during the
course of photoinhibitory irradiance.
MPHI1 co-purifies primarily with mono-
PSIT under normal
growth light conditions and with
dimeric PSII complexes (PSII dimers
and supercomplexes) under high light.
These data are consistent with the spe-
cific interaction of MPH1 with PSII
core complexes and the presence of

meric complex
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Figure 2. Kinetics of time-course induction and relaxation of Y(PSIl) before
(A) and after (B) 3 h high-light treatment. Forty seconds after initial determi-
nation of F, and F,, actinic light (531 wmol photons m
on for 715 seconds. After termination of actinic light, relaxation was moni-
tored for 600 seconds. Values are means +SE (n = 5).

2 s71) was switched

MPHI1

(grana core- and grana margin-mem-
) 17

in all cthylakoid subfractions

branes and stroma lamellae

Here we provide further evidence for
high-light-induced defects in PSII pho-
tochemistry in the absence of MPHI
protein. Data are presented showing
light intensity dependence of chloro-
phyll fluorescence parameter the elec-
tron transport rate (ETR), kinetics of
induction and relaxation of quantum
yield of PSII [Y(PSII)], and increased
levels of carbonylated thylakoid mem-
brane proteins. The results further dem-
that photosynthetic
efficiency observed in mphl mutants is
attributed to more extensive damage to
light.
These data, combined with the phyloge-
netic analysis of MPHI and its homo-
logs, suggest that MPHI1 is of
importance in protecting PSII against

onstrate lower

PSII proteins following high

photodamage in response to excess light
in land plants.
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Results

Photochemical efficiency of PSII is
markedly decreased in mphI mutants
following a shift to high light

Previous characterization of 2 indepen-
dent mphI mutants revealed lower maxi-
mum photochemical efficiency of PSII
(F,/F,,) and energy-dependent
quenching (qE) and higher photoinhibi-
tory quenching (ql) and minimum fluo-
rescence (F,) than the wild type after
high-light treatment.'” The data suggest
that MPH]1 protein is required for main-

lower

taining normal PSII function under high-
light irradiance. To further test this
hypothesis, we determined the light-
response curves of the electron transport
rate (ETR) of PSII before and after a 3 h
high-light treatment (1000 wmol photons
m~2 s 1). As shown in Figure 1A, there
were no differences in ETR in mphl
mutants and the wild type at normal
growth light (100 pmol photons m™?
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s™"). This is consistent with previous
results indicate that MPHI1 is dispensable
for optimal PSII function under ‘normal’
laboratory growth light conditions.'” In
contrast, after high-light treatment, the
ETR was significantly reduced in mphl
mutants compared to the wild type
(Fig. 1B), as was also observed for
E/F,.."”

To further characterize the defects in
PSII lacking MPHI1 protein, we moni-
tored the induction and relaxation kinetics
of Y(PSII) before and after 3 h high-light
treatment. Induction of Y(PSII) occurred
during the 735 seconds exposure to actinic
light (531 wmol photons m~2 s Y and
relaxation of Y(PSII) occurred after actinic
light was turned off. As shown in Fig-
ure 2A, before high light treatment, mph1
mutants had kinetics of induction and
relaxation of Y(PSII) identical to the wild
type. In contrast, after exposure to high
light, mphI mutants had much lower Y
(PSII) than the wild type throughout
either the 735 seconds induction or the
600 seconds relaxation (Fig. 2B). This is
consistent with the previous hypothesis
that MPH1 is involved in maintenance of
PSII reaction center under photoinhibi-
tory conditions.'” The data from the time
course of Y(PSII) kinetics further demon-
strated that PSII in mphl mutants is less
efficient than the wild type under high-
light stress.

Elevated levels of damaged PSII
proteins in mphl mutants following high
light

We hypothesized that the marked
reduction of PSII activity in mphI mutant
under high light was due to more severe
PSII photodamage. Previous iz vitro pho-
toinhibitory assays with or without linco-
mycin collectively suggested that severe
photoinhibition  observed in  mphl
mutants is the result of accelerated rate of
damage to PSIL."” To evaluate photodam-
age directly, the levels of oxidized pro-
teins, caused by reactive oxygen species
(ROS), were analyzed. Thylakoid mem-
branes were isolated from dark-treated,
growth-light and high-light illuminated
plants. As shown in Figure 3, no differen-
ces in the amounts of carbonylated pro-
teins were detected when comparing
mphl mutants and the wild type either in
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Figure 3. Analysis of oxidation of thylakoid membrane proteins in mph1 mutants and wild-type
plants. Leaves were harvested from plants after 16 h dark period (D), at growth light (GL) or after
3 h high-light treatment (HL). Thylakoids containing 2j.g chlorophyll were loaded into each lane
and carbonylated proteins in thylakoids were immunodetected using OxyBlot™ (Millipore). Shown
below is the reference gel stained with Coomassie brilliant blue (C.B.B.).
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Figure 4. Phylogenetic analysis of MPH1 and Its homologs in other land plants. Full-length homolo-
gous amino acid sequences were aligned on Jalview website using MUSCLE program (http://www.
jalview.org). The phylogenetic tree was constructed using the neighbor joining method in MEGA
version 5 (http://www.megasoftware.net). Percentages over 50% from 1000 bootstrap replicates
are shown. Bar = 0.1 amino acid substitutions. The accession numbers for MPH1 and homologs
were as described previously in reference 17.
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the dark or under growth light. In con-
trast, after exposure to high light PSII pro-
teins were found to be more extensively
carbonylated in mphl mutants than in the
wild type, suggesting that mphl mutants
suffer from more photooxidative damage
than the wild type. This is consistent with
the hypothesis that MPH]1 plays a role in
the protection of PSII reaction center
against photodamage under high-light

1
stress.

Phylogenetic analysis of MPH1
protein and its homologs in other land
plants

MPH1 Homologs were found in the
genomes of numerous land plants, for
example, the eudicots castor bean (Ricinus
communis), poplar (Populus trichocarpa),
soybean (Glycine max) and tomato (Sola-
num lycopersicum) and, the monocots sor-
ghum (Sorghum bicolor), maize (Zea mays)
and rice (Oryza sativa), and the moss Phys-
comitrella  patens  (Fig. 4). However,
MPHI1 homologs are not detected either
in algae or cyanobacteria,'” suggesting
broad conservation of MPH1 function in
land plants. The sessile life style of land
plants necessities that they have to cope
with changeable environmental conditions
in their habitats, such as incident high
light or fluctuating light, which require
land plants to more rapidly and efficiently
protect themselves from damages to pho-
tosynthetic machinery under conditions
of photooxidative stress.

Conclusions

This work provides addition support
for the hypothesis that MPH1 participates
in maintaining proper PSII function
under high-light stress by protecting PSII

€1076602-4

from photooxidative damage in land
plants. Further work to screen for the
direct interacting partners of MPHI
would aid in a more detailed understand-
ing of the role of MPH1 in the regulation
of PSII damage-repair cycle. The recent
characterization of MPH1 and other aux-
iliary protein factors in PSII turnover,
organization and assembly indicate that,
in spite of decades of research on PSII,
chloroplast proteins of unknown function
still need to be identified and the regula-
tory network of functional PSII are await
to be completed.
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