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Journal RHighlights

Global shifts in gene expression profiles accompanied with environmental
changes in cnidarian-dinoflagellate endosymbiosis

Yuu Ishii, Shinichiro Maruyama, Hiroki Takahashi, Yusuke Aihara, Takeshi Yamaguchi,
Katsushi Yamaguchi, Shuji Shigenobu, Masakado Kawata, Naoto Ueno, Jun Minagawa
G3: Genes, Genomes, Genetics, 9, 2337-2347 doi: 10.1534/g3.118.201012

Stable endosymbiotic relationships between cnidarian animals and dinoflagellate algae are
vital for sustaining coral reef ecosystems. Recent studies have shown that elevated seawater
temperatures can cause the collapse of their endosymbiosis, known as ‘bleaching’, and result
in mass mortality. However, the molecular interplay between temperature responses and
symbiotic states still remains unclear. To identify candidate genes relevant to the symbiotic
stability, we performed transcriptomic analyses under multiple conditions using the
symbiotic and apo-symbiotic (symbiont free) Exaiptasia diaphana, an emerging model sea
anemone. Gene expression patterns showed that large parts of differentially expressed genes
in response to heat stress were specific to the symbiotic state, suggesting that the host sea
anemone could react to environmental changes in a symbiotic state-dependent manner.
Comparative analysis of expression profiles under multiple conditions highlighted candidate
genes potentially important in the symbiotic state transition under heat-induced bleaching.
Many of these genes were functionally associated with carbohydrate and protein metabolisms
in lysosomes. Symbiont algal genes differentially expressed in hospite encode proteins
related to heat shock response, calcium signaling, organellar protein transport, and sugar
metabolism. Our data suggest that heat stress alters gene expression in both the hosts and
symbionts. In particular, heat stress may affect the lysosome-mediated degradation and
transportation of substrates such as carbohydrates through the symbiosome (phagosome-
derived organelle harboring symbiont) membrane, which potentially might attenuate the
stability of symbiosis and lead to bleaching-associated symbiotic state transition.
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Structure of the green algal photosystem | supercomplex with a
decameric light-harvesting complex |

Michihiro Suga, Shin-Ichiro Ozawa, Kaori Yoshida-Motomura, Fusamichi Akita, Naoyuki
Miyazaki, and Yuichiro Takahashi

Nature Plants, 5, 626-636 (2019) doi: 10.1038/s41477-019-0438-4

In plants and green algae, the core of photosystem I (PSI) is surrounded by a peripheral antenna system
consisting of light-harvesting complex I (LHCI). Here we report the cryo-electron microscopic structure
of the PSI-LHCI supercomplex from the green alga Chlamydomonas reinhardtii. The structure reveals
that eight Lhca proteins form two tetrameric LHCI belts attached to the PsaF side while the other two Lhca
proteins form an additional Lhca2/Lhca9 heterodimer attached to the opposite side. The spatial
arrangement of light-harvesting pigments reveals that Chlorophylls b are more abundant in the outer LHCI
belt than in the inner LHCI belt and are absent from the core, thereby providing the downhill energy
transfer pathways to the PSI core. PSI-LHCI is complexed with a plastocyanin on the patch of lysine
residues of PsaF at the luminal side. The assembly provides a structural basis for understanding the
mechanism of light-harvesting, excitation energy transfer of the PSI-LHCI supercomplex and electron
transfer with plastocyanin.
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The thioredoxin (Trx) redox-state sensor protein can visualize Trx
activities in the light-dark response in chloroplasts

Kazunori Sugiura, Yuichi Yokochi, Nae Fu, Yuki Fukaya, Keisuke Yoshida, Shoko Mihara
and Toru Hisabori

J Biol Chem. 294, 12091-12098 (2019) doi: 10.1074/jbc.RA119.007616

Thiol-based redox regulation via ferredoxin-thioredoxin (Trx) reductase/Trx controls various functions in
chloroplasts in response to light/dark changes. Trx is a key factor of this regulatory system, and five Trx
subtypes, including 10 isoforms, have been identified as chloroplast-localized forms in Arabidopsis
thaliana These subtypes display distinct target selectivity, and, consequently, they form a complicated
redox regulation network in chloroplasts. In this study, we developed a FRET-based sensor protein by
combining CFP, YFP, and the N-terminal region of CP12, a redox-sensitive regulatory and Trx-targeted
protein in chloroplasts. This sensor protein enabled us to monitor the redox change of chloroplast
thioredoxin in vivo, and we therefore designated this protein "change in redox state of Trx" (CROST).
Using CP12 isoforms, we successfully prepared two types of CROST sensors that displayed different
affinities for two major chloroplast Trx isoforms (f-type and m-type). These sensor proteins helped unravel
the real-time redox dynamics of Trx molecules in chloroplasts during the light/dark transition.
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Biochemical characterisation of fumarase C from a unicellular
cyanobacterium demonstrating its substrate affinity, altered by an amino
acid substitution

Noriaki Katayama, Masahiro Takeya, Takashi Osanai

Scientific Reports, 9, Article number: 10629 (2019) doi: 10.1038/s41598-019-47025-7

The tricarboxylic acid cycle produces NADH for oxidative phosphorylation and fumarase [EC 4.2.1.2] is
a critical enzyme in this cycle, catalysing the reversible conversion of fumarate and I-malate. Fumarase is
applied to industrial 1-malate production as a biocatalyst. I-malate is used in a wide range of industries
such as food and beverage, pharmacy chemistry. Although the biochemical properties of fumarases have
been studied in many organisms, they have not been investigated in cyanobacteria. In this study, the
optimum pH and temperature of Synechocystis 6803 fumarase C (SyFumC) were 7.5 and 30 °C,
respectively. The Km of SyFumC for I-malate was higher than for fumarate. Furthermore, SyFumcC activity
was strongly inhibited by citrate and succinate, consistent with fumarases in other organisms. Substitution
of alanine by glutamate at position 314 of SyFumC changed the kcs for fumarate and I-malate. In addition,
the inhibitory effects of citrate and succinate on SyFumC activity were alleviated. Phylogenetic analysis
revealed cyanobacterial fumarase clades divided in non-nitrogen-fixing cyanobacteria and nitrogen-fixing
cyanobacteria. SyFumC was thus biochemically characterised, including identification of an amino acid
residue important for substrate affinity and enzymatic activity.
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Structural basis for energy harvesting and dissipation in a diatom PSI1—
FCPII supercomplex

Ryo Nagao, Koji Kato, Takehiro Suzuki, Kentaro Ifuku, Ikuo Uchiyama, Yasuhiro Kashino,
Naoshi Dohmae, Seiji Akimoto, Jian-Ren Shen, Naoyuki Miyazaki and Fusamichi Akita
Nature Plants 5, 890-901(2019) doi: 10.1038/s41477-019-0477-x

Light-harvesting antenna systems in photosynthetic organisms harvest solar energy and transfer it to the
photosynthetic reaction centres to initiate charge-separation and electron-transfer reactions. Diatoms are
one of the important groups of oxyphototrophs and possess fucoxanthin chlorophyll a/c-binding proteins
(FCPs) as light harvesters. The organization and association pattern of FCP with the photosystem 11 (PSII)
core are unknown. Here we solved the structure of PSII-FCPII supercomplexes isolated from a diatom,
Chaetoceros gracilis, by single-particle cryoelectron microscopy. The PSII-FCPII forms a homodimer. In
each monomer, two FCP homotetramers and three FCP monomers are associated with one PSII core. The
structure reveals a highly complicated protein—pigment network that is different from the green-type light-
harvesting apparatus. Comparing these two systems allows the identification of energy transfer and
guenching pathways. These findings provide structural insights into not only excitation-energy transfer
mechanisms in the diatom PSII-FCPII, but also changes of light harvesters between the red- and green-
lineage oxyphototrophs during evolution.
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Horizontal Transfer of Promiscuous Activity from Nonphotosynthetic
Bacteria Contributed to Evolution of Chlorophyll Degradation Pathway.
Daichi Obata, Atsushi Takabayashi, Ryouichi Tanaka, Ayumi Tanaka, Hisashi Ito

Mol Biol Evol. 36, 2830-2841 (2019) doi: 10.1093/molbev/msz193.

The relationship between enzymes and substrates does not perfectly match the “lock and key”
model, because enzymes act on molecules other than their true substrate in different catalytic
reactions. Such biologically nonfunctional reactions are called “promiscuous activities.”
Promiscuous activities are apparently useless, but they can be an important starting point for
enzyme evolution. It has been hypothesized that enzymes with low promiscuous activity will
show enhanced promiscuous activity under selection pressure and become new specialists
through gene duplication. Although this is the prevailing scenario, there are two major
problems: 1) it would not apply to prokaryotes because horizontal gene transfer is more
significant than gene duplication and 2) there is no direct evidence that promiscuous activity
is low without selection pressure. We propose a new scenario including various levels of
promiscuous activity throughout a clade and horizontal gene transfer. STAY-GREEN (SGR),
a chlorophyll a—Mg dechelating enzyme, has homologous genes in bacteria lacking
chlorophyll. We found that some bacterial SGR homologs have much higher Mg-dechelating
activities than those of green plant SGRs, while others have no activity, indicating that the
level of promiscuous activity varies. A phylogenetic analysis suggests that a bacterial SGR
homolog with high dechelating activity was horizontally transferred to a photosynthetic
eukaryote. Some SGR homologs acted on various chlorophyll molecules that are not used as
substrates by green plant SGRs, indicating that SGR acquired substrate specificity after
transfer to eukaryotes. We propose that horizontal transfer of high promiscuous activity is
one process of new enzyme acquisition.
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The CONSTANS flowering complex controls the protective response of
photosynthesis in the green alga Chlamydomonas

Ryutaro Tokutsu, Konomi Fujimura-Kamada, Takuya Matsuo, Tomohito Yamasaki & Jun
Minagawa

Nat Commun. 10, 4099 (2019) doi: 10.1038/s41467-019-11989-X.

Light is essential for photosynthesis, but the amounts of light that exceed an organism's
assimilation capacity can result in oxidative stress and even cell death. Plants and microalgae
have developed a photoprotective response mechanism, gE, that dissipates excess light
energy as thermal energy. In the green alga Chlamydomonas reinhardtii, qE is regulated by
light-inducible photoprotective proteins, but the pathway from light perception to gE is not
fully understood. Here, we show that the transcription factors CONSTANS and Nuclear
transcription Factor Ys (NF-Ys) form a complex that governs light-dependent
photoprotective responses in C. reinhardtii. The gE responses do not occur in CONSTANS
or NF-Y mutants. The signal from light perception to the CONSTANS/NF-Ys complex is
directly inhibited by the SPA1/COP1-dependent E3 ubiquitin ligase. This negative regulation
mediated by the E3 ubiquitin ligase and the CONSTANS/NF-Ys complex is common to
photoprotective response in algal photosynthesis and flowering in plants.
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Far-Red Light Accelerates Photosynthesis in the Low-Light Phases of
Fluctuating Light

Masaru Kono, Hikaru Kawaguchi, Naoki Mizusawa, Wataru Yamori, Yoshihiro Suzuki,
Ichiro Terashima

Plant and Cell Physiology, (2019) doi:10.1093/pcp/pcz191

It is well known that far-red light (FR; >700 nm) drives PSI photochemistry, but its effect on
photosynthetic performance has received little attention. In this study, the effects of the
addition of FR to red fluctuating light (FL) have on photosynthesis were examined in the
leaves of Arabidopsis thaliana. Light-activated leaves were illuminated with FL [alternating
high light/low light (HL/LL) at 800/30 pmol m 2 s™¥] for 10—15 min without or with FR at
intensities that reflected natural conditions. The CO- assimilation rates upon the transition
from HL to LL were significantly greater with FR than without FR. The enhancement of
photosynthesis by FR was small under the steady-state conditions and in the HL phases of
FL. Proton conductivity through the thylakoid membrane (gH") in the LL phases of FL,
estimated from the dark relaxation kinetics of the electrochromic absorbance shift, was
greater with FR than without FR. The relaxation of non-photochemical quenching (NPQ) in
the PSII antenna system and the increase in PSII photochemistry in the LL phases accelerated
in the presence of FR. Similar FR-effects in FL were confirmed in typical sun and shade
plants. On the basis of these results, we concluded that FR exerted beneficial effects on
photosynthesis in FL by exciting PSI and accelerating NPQ relaxation and PSlI-yield
increase. This was probably because of the increased gH*, which would reflect faster ApH
dissipation and ATP synthesis.
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Structure of a cyanobacterial photosystem | tetramer revealed by cryo-
electron microscopy

Koji Kato, Ryo Nagao, Tian-Yi Jiang, Yoshifumi Ueno, Makio Yokono, Siu Kit Chan, Mai
Watanabe, Masahiko Ikeuchi, Jian-Ren Shen, Seiji Akimoto, Naoyuki Miyazaki and
Fusamichi Akita

Nat Commun. 10, 4929 (2019) doi: 10.1038/s41467-019-12942-8

Photosystem | (PSI) functions to harvest light energy for conversion into chemical energy.
The organisation of PSI is variable depending on the species of organism. Here we report the
structure of a tetrameric PSI core isolated from a cyanobacterium, Anabaena sp. PCC 7120,
analysed by single-particle cryo-electron microscopy (cryo-EM) at 3.3 A resolution. The PSI
tetramer has a C2 symmetry and is organised in a dimer of dimers form. The structure reveals
interactions at the dimer-dimer interface and the existence of characteristic pigment
orientations and inter-pigment distances within the dimer units that are important for unique
excitation energy transfer. In particular, characteristic residues of PsaL are identified to be
responsible for the formation of the tetramer. Time-resolved fluorescence analyses showed
that the PSI tetramer has an enhanced excitation-energy quenching. These structural and
spectroscopic findings provide insights into the physiological significance of the PSI tetramer
and evolutionary changes of the PSI organisations.
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Structural insight into light harvesting for photosystem Il in green algae
Xin Sheng, Akimasa Watanabe, Anjie Li, Eunchul Kim, Chihong Song, Kazuyoshi Murata,
Danfeng Song, Jun Minagawa and Zhenfeng Liu

Nat Plants., 5, 1320-1330, (2019) doi: 10.1038/s41477-019-0543-4.

Green algae and plants rely on light-harvesting complex Il (LHCII) to collect photon energy
for oxygenic photosynthesis. In Chlamydomonas reinhardtii, LHCII molecules associate
with photosystem 11 (PSII) to form various supercomplexes, including the C2S:MzL. type,
which is the largest PSII-LHCII supercomplex in algae and plants that is presently known.
Here, we report high-resolution cryo-electron microscopy (cryo-EM) maps and structural
models of the C,S:MjL, and C,S» supercomplexes from C. reinhardtii. The C»S;
supercomplex contains an LhcbM1-LhcbM2/7-LhcbM3 heterotrimer in the strongly
associated LHCII, and the LhcbM1 subunit assembles with CP43 through two interfacial
galactolipid molecules. The loosely and moderately associated LHCII trimers interact closely
with the minor antenna complex CP29 to form an intricate subcomplex bound to CP47 in the
C2S2ML, supercomplex. A notable direct pathway is established for energy transfer from
the loosely associated LHCII to the PSII reaction centre, as well as several indirect routes.
Structure-based computational analysis on the excitation energy transfer within the two
supercomplexes provides detailed mechanistic insights into the light-harvesting process in
green algae.
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Whole Irradiated Plant Leaves Showed Faster Photosynthetic Induction
Than Individually Irradiated Leaves via Improved Stomatal Opening
Shunji Shimadzu, Mitsunori Seo, Ichiro Terashima and Wataru Yamori

Front. Plant Sci.10 (2019) doi: 10.3389/fpls.2019.01512

Rapid photosynthetic induction is crucial for plants under fluctuating light conditions in a
crop canopy as well as in an understory. Most previous studies have focused on
photosynthetic induction responses in a single leaf, whereas the systemic responses of the
whole plant have not been considered. In a natural environment, however, both single leaves
and whole plants are exposed to sunlight, since the light environment is not uniform even
within a given plant. In the present study, we examined whether there is any difference
between the photosynthetic induction response of a leaf of a whole irradiated plant and an
individually irradiated leaf in Arabidopsis thaliana to consider photosynthetic induction as
the response of a whole plant. We used two methods, the visualization of photosynthesis and
direct measurements of gas-exchange and Chl fluorescence, to demonstrate that whole
irradiated plant promoted its photosynthetic induction via improved stomatal opening
compared with individually irradiated leaf. Furthermore, using two Arabidopsis knockout
mutants of abscisic acid transporter, abcg25 and abcg40, the present study suggests that
abscisic acid could be involved in this systemic response for stomatal opening, allowing
plants to optimize the use of light energy at minimal cost in plants in a dynamic light
environment.
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