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The Gregor Mendel Institute of Molecular Plant Biology (GMI) was founded by the Austrian Academy of
Sciences in 2000 in the form of a company to promote research excellence within the field of plant
molecular biology. It is the only international centre for basic plant research in Austria. It is located at the
Vienna Biocenter Campus within the Austrian Academy of Sciences Life Sciences Center Vienna designed by
the renowned architect Boris Podrecca and completed in January 2006. The Vienna Biocenter Campus
provides an ideal environment for the GMI, and neighbouring institutions include the Research Institute
of Molecular Pathology (IMP), the Institute of Molecular Biotechnology (IMBA), Science Support Facilities,
the Max F. Perutz Laboratories of the University of Vienna and of the Medical University of Vienna as well
as biotechnology companies (e.g. Baxter, Intercell, eBioscience, Affiris).
Research at the GMI is led either by senior
or junior group leaders. Research is
curiosity-driven and covers many aspects
of molecular genetics, including basic
mechanisms of epigenetics, population
genetics,
chromosome
biology,
developmental biology and stress signal
transduction. All discoveries made are
screened
for
patentability
before
publication and several patent applications
have already been successfully submitted.
Research groups are evaluated annually by
an international scientific advisory board.
The GMI’s research activities are supported by its administration and a platform consisting of the GMI’s
own services, including state-of-the-art plant growth facilities, as well as joint services with the IMP and
IMBA, and the various services of the Campus Support Facilities. GMI research is funded by the Austrian
Academy of Sciences as well as by external funding organisations including the Austrian Science Fund,
European Union, US National Science
Foundation and US National Institutes of
Health.
The GMI provides a lively, international
working environment. Some 120
employees from over 20 countries make
for a diverse staff. The official working
language is English. Research is
complemented by social events such as
ski trips to the nearby Alps, sports events (e.g. running, dragon boat racing) and parties. Vienna is also a
great city to live in. It combines the splendour of the former capital of the Austro-Hungarian Empire with
modern life. The city has a rich cultural programme on offer such as opera, classical music concerts,
theatre, art and museums, and is surrounded by beautiful countryside. For those with a passion for
outdoor activities, the Alps are just over an hour’s drive away, with numerous hill-walking and skiing
activities depending on the time of year. Vienna is a multicultural city that hosts several international
organisations including the United Nations. For families with children, there is a wide variety of state and
private schools including foreign-language schools. Vienna is often ranked first worldwide out of 215
cities for overall quality of life. https://mobilityexchange.mercer.com/Insights/quality-of-livingrankings .
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A PIPELINE FULL OF
PREVENTATIVE CURES
Lumen's patented technology allows us to
use the well-known food algae spirulina to
deliver therapeutic proteins to disease
targets that have been inaccessible to the
industry due to high costs.

www.Lumen.bio

The New Phytologist Foundation is
proud to support The 31st Western
Photosynthesis Conference!
The New Phytologist Foundation is a
not-for-profit organisation dedicated to
the promotion of plant science. We own
and publish the journals New Phytologist
and Plants, People, Planet, and support a
wide range of activities, such as
Symposia, Workshops and online
events.
Check out our current open calls for
papers and forthcoming events!
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March 24th, 2022 (Pacific Time)
8.30am - 8.45am

Jan Kern, Lawrence Berkeley National Laboratory
Silvia Ramundo, Gregor Mendel Institute
Welcome to the Western Photosynthesis 2022

New Frontiers and Methods for Photosynthesis Research
Chair: Jennifer Johnson
8.45am - 9.05am

Claire McWhite, Princeton University
A Pan-Plant Protein Complex Map Reveals Deep Conservation
and Novel Assemblies

9.05am - 9.20am

Avi Flamholz, California Institute of Technology
Functional Reconstitution of a Bacterial CO2 Concentrating
Mechanism in E. coli

9.20am - 9.35am

Audrey Short, University of California, Berkeley
Xanthophyll-Cycle Based Model for Rapid Photoprotection

9.35am - 9.50am

Philipp Simon, Lawrence Berkeley National Laboratory
Structural Dynamics of the Water and Proton Channels in
Photosystem II during the S2->S3 Transition

Electron Transport and Bioenergy
Chair: Helmut Kirchhoff
9.50am - 10.10am

Kevin Redding, Arizona State University
Light-driven Electron Transport in Heliobacteria
Break (20 minutes)

10.30am - 10.50am Dvir Harris, Massachusetts Institute of Technology
Energetic Robustness to Large Scale Structural Dynamics in a
Photosynthetic Supercomplex
10.50am - 11.05am Christopher Gisriel, Yale University
Design Principles of Photosystem II Acclimated to Absorb FarRed Light
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11.05am - 11.20am Adrien Burlacot, Carnegie Institution for Science
The Algal CO2 Concentrating Mechanism is Driven by Alternative
Electron Pathways of Photosynthesis
11.20am - 11.35am Malgorzata Krysiak, University of Warsaw
LHCII Protein Phosphorylation as a Plant Stress Indicator – Is
State Transition Always Beneficial?
11.35am - 11.55pm Quanwei Li, University of California, Berkeley
Single-Photon Studies of Photosynthetic Light Harvesting

Chloroplast Structure and Function
Chair: Jesse Woodson
11.55pm - 12.10pm Moshe Kafri, Princeton University
Systematic Characterization of Genes Required for
Photosynthesis
Lunch Break (45 minutes)
12:55pm - 1.10pm

Poster Blitz

1.10pm – 2.40pm

Poster Session (Poster Presenter’s Surname -A to L-)
Break (10 minutes)

2.50pm - 3.10pm

Shu-ou Shan, California Institute of Technology
A Dual-Function Chaperone Coordinates Biogenesis of the Light
Harvesting Complex

3.10pm - 3.25pm

Samed Delic, Duke University
Green algal septin associates with evolutionarily related
components of the chloroplast translocon

3.25 pm - 3.40pm

Roma Mukhopadhyaya, Washington State University
Role of Ion Transporters in Thylakoid Architecture Dynamics in
Plant Tissue

3.40pm-4.00pm

Jeffrey Cameron, University of Colorado, Boulder
Life Cycle of a Thylakoid Membrane
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Keynote Talk
4.00pm - 4.30 pm

Joe Berry, Carnegie Institution for Science
What are the Prospects for Measuring Photosynthesis from
Space?
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March 25th, 2022 (Pacific Time)
Keynote Talk
8.30am – 9.00am

Tanai Cardona, Imperial College London
Evolution and evolvability of Photosystem II

Electron Transport and Bioenergy
Chair: Helmut Kirchhoff
9.00am- 9.20am

Robert Burnap, Oklahoma State University
Structure and Function of the CO2 Uptake NDH-1 Complexes in
Cyanobacteria

9.20am - 9.40am

Asaph Cousins, Washington State University
Kinetic Properties of Phosphoenolpyruvate Carboxylase and Its
Role in Driving Photosynthesis

Photoprotection and Stress Response
Chair: Setsuko Wakao
9.40am - 9.55am

Thekla Von Bismarck, Max Planck Institute of Molecular Plant
Physiology
Light Acclimation Interacts with Thylakoid Ion Transport to
Govern the Dynamics of Photosynthesis in Arabidopsis

9.55am-10.15am

Petra Redekop, Carnegie Institution for Science
Transcriptional Regulation of Photoprotection in Dark-to-Light
Transition –More Than Just a Matter of Light–
Break (20 minutes)

10.35am - 10.55am Sue Rhee, Carnegie Institution for Science
Understanding Mechanisms of Thermal Adaptation in a Desert
Extremophile Tidestromia Oblongifolia
10.55am-11.10am

Jin-Zheng Wang, University of California, Riverside
MEcPP Initiates Stress Signal Transduction from Plastid to
Nucleus
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11.10am-11.30am

Ru Zhang, Donald Danforth Plant Science Center
Photosynthesis Dynamics under Moderate and Acute High
Temperatures in the Green Alga Chlamydomonas reinhardtii

11.30am-11.45am

Matthew Lemke, University of Arizona, Tucson
Autophagosome Formation is Dispensable to Chloroplast Singlet
Oxygen-Mediated Cell Death in Arabidopsis Fc2 Mutant

11.45am-12.00pm

Maxwell Ware, Colorado State University
Identifying the Genes Responsible for NPQ reversal in
Phaeodactylum tricornutum
Lunch Break (45 minutes)

12.45pm - 1.00pm

Poster Blitz

1.05pm – 2.35pm

Poster Session (Poster Presenter’s Surname -M to Z-)

Chloroplast Structure and Function
Chair: Jesse Woodson
2.35pm - 2.55pm

Marina Gavillanes-Ruiz, Universidad Nacional Autónoma de México
Structural-Function Chloroplast Strategies to Assure Death or
Survival in a Biotic or Abiotic Stress

2.55pm -3.10pm

Colin Gates, Loyola University Chicago
Kinetics and Targeting of Vipp1 Aggregation in Cyanobacteria

New Frontiers and Methods for Photosynthesis Research
Chair: Jennifer Johnson
3.10pm-3.25pm

William Adams III, University of Colorado, Boulder
Photosynthetic and Foliar Phenotypic Plasticity Reflects
Adaptation to Different Levels of Environmental Variability

3.25pm-3.40pm

Michael Gorka, The Pennsylvania State University
Shedding Light on the Dimeric Nature of Primary Acceptor in
Photosystem I

3.40pm-4.00pm

Nathaniel Gabor, University of California, Riverside
Quieting a Noisy Light Harvesting Antenna
12

Break (15 minutes)
4.15pm-4.30pm

Jan Kern, Lawrence Berkeley National Laboratory
Silvia Ramundo, Gregor Mendel Institute
Announcement of Awards for Best Oral and Poster Presentations
and Concluding Remarks.
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Invited Speaker,
March 24th, 8.45am - 9.05am

A Pan-Plant Protein Complex Map
Reveals Deep Conservation and Novel Assemblies
Claire D McWhite1,2, Ophelia Papoulas2, Kevin Drew2, Rachael M Cox2, Viviana June2, Oliver
Xiaoou Dong3, Taejoon Kwon4, Cuihong Wan5, Mari L Salmi2, Stanley J Roux2, Karen S
Browning2, Z Jeffrey Chen2, Pamela C Ronald3, Edward M Marcotte2
1
2

3

Institute for Integrative Genomics, Princeton University. Princeton, NJ 08540, USA. cmcwhite@princeton.edu

Department of Molecular Biosciences, Center for Systems and Synthetic Biology, University of Texas. Austin, TX
78712, USA.
Department of Plant Pathology and The Genome Center, University of California, Davis. Davis, CA 95616, USA.
4

5

Department of Biomedical Engineering, School of Life Sciences, Ulsan National Institute of Science and
Technology (UNIST). Ulju-gun, Ulsan, Republic of Korea.

Hubei Key Lab of Genetic Regulation and Integrative Biology, School of Life Sciences, Central China Normal
University, Wuhan 430079, P.R. China.

Plants are foundational for global ecological and
economic systems, but most plant proteins remain
uncharacterized. Protein interaction networks often
suggest protein functions and open new avenues to
characterize genes and proteins. We therefore
systematically determined protein complexes from
13 plant species of scientific and agricultural
importance, greatly expanding the known repertoire
of stable protein complexes in plants. By using cofractionation mass spectrometry, we recovered
known complexes, confirmed complexes predicted
to occur in plants, and identified previously
unknown interactions conserved over 1.1 billion
years of green plant evolution. Several novel
complexes are involved in vernalization and
pathogen defense, traits critical for agriculture. The
resulting map offers a cross-species view of conserved, stable protein assemblies shared
across plant cells and provides a mechanistic, biochemical framework for interpreting plant
genetics and mutant phenotypes.
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Selected Speaker,
March 24th, 9.05am - 9.20am

Functional Reconstitution of a Bacterial CO2 Concentrating Mechanism in
E. coli
Avi I. Flamholz1,2, Eli James Dugan2, Justin Panich3, John J. Desmarais2, Luke M. Oltrogge2,
Woodward Fischer4, Steve Singer3, David F. Savage2
1 Division

of Biology and Biological Engineering, Caltech, Pasadena, CA. aflamhol@caltech.edu
of Molecular and Cell Biology, University of California, Berkeley.
3 Biological Systems and Engineering Division, Lawrence Berkeley National Laboratory, Berkeley, CA.
4 Division of Geological & Planetary Sciences, Caltech, Pasadena, CA.
2 Department

Many photosynthetic organisms employ a CO concentrating mechanism (CCM) to increase
the rate of CO fixation via the Calvin cycle. CCMs catalyze ≈50% of global photosynthesis, yet
it remains unclear which genes and proteins are required to produce this complex
adaptation. I will describe our work producing the first functional reconstitution of CCM in a
non-native host, in this case an E. coli strain engineered to depend on rubisco carboxylation
for growth. Expression of 20 CCM genes enabled E. coli to grow by fixing CO from ambient
air into biomass, with growth depending on all known components of the CCM. In addition
to helping rationalize the widespread horizontal transfer of bacterial CCMs, reconstitution
enabled genetic experiments refining our understanding of CCM function and evolution. It is
commonly assumed that long-term decreases in atmospheric pCO drove the emergence of
bacterial CCMs, which are dispensable in high CO environments (> 1-2%) but essential for
growth in present-day atmosphere (≈0.04% CO ). However, this hypothesis has not been
tested rigorously. I will describe how we constructed present-day analogs of CCM ancestors
and assayed their efficacy across a range of CO concentrations. The results of these assays
delineate viable trajectories for the co-evolution of CCMs with Earth’s atmosphere,
contributing to a growing dialogue between synthetic biology of photosynthesis and the
study of Earth history.
2

2

2

2

2

2

2
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Selected Speaker,
March 24th, 9.20am - 9.35am

Xanthophyll-Cycle Based Model for Rapid Photoprotection
Audrey Short1,2,3, Thomas Fay4, Thien Crisanto5, Johanna Hall6,7, Collin Steen2,3,4, Krishna K.
Niyogi2,5,8, David Limmer4, Graham R. Fleming1,2,3,4
Graduate Group in Biophysics, University of California, Berkeley, CA. audrey_short@berkeley.edu
Molecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory,
Berkeley, CA.
3 Kavli Energy Nanoscience Institute, Berkeley, CA.
4 Department of Chemistry, University of California Berkeley, CA.
5 Department of Plant and Microbial Biology, University of California, Berkeley, CA.
6 Science Undergraduate Laboratory Internship, Lawrence Berkeley National Laboratory, Berkeley, CA.
7 Department of Environmental Engineering, Georgia Institute of Technology, Atlanta, GA.
8 Howard Hughes Medical Institute, University of California, Berkeley, CA.
1

2

In aquatic environments, water can act as a lens, altering the amount and type of
wavelengths at varying depths. Additionally, currents can cause algae to rise from low light
conditions to high light (HL) conditions rapidly. Photosynthetic organisms have adapted to
these altering light levels by creating photoprotective pathways when exposed to saturating
light levels which outpace the photosynthetic rate, leading to the formation of damaging
reactive oxygen species. Non-photochemical quenching (NPQ) pathways dissipate excess
energy as heat. Organisms that are able to rapidly respond to changes in light levels have
higher efficiency in carbon fixation. Interest in Nannochloropsis oceanica is growing due to
its high lipid production, which can be utilized in the biofuel industry, as well as its small size
(~2-3 μm), quick response to changes in light levels, and comparatively simple pigment
composition. Previous work in this lab (Park et al. PNAS, 2019) on N. oceanica, has shown
that both zeaxanthin (Zea) and the pH-sensing protein LHCX1 are necessary for a significant,
rapid NPQτ response. In this study, we explore the photoprotective dynamics by using timecorrelated single photon counting (TCSPC) under rapid (minutes) regular and irregular
actinic light sequences, which simulated natural conditions. The initial HL exposure duration
influences the kinetics, leading to a slower accumulation of the quenching complex, resulting
in a more gradual rise in the NPQτ curve. Interestingly, the relaxation rate is independent of
the dark duration and [Zea], which was tested by using HL-adapted algae. We developed a
quantitative model based on the xanthophyll cycle and protonation/de-protonation of
LHCX1 is able to accurately describe the dynamics as well as make specific predictions for
the xanthophyll concentrations.
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Selected Speaker,
March 24th, 9.35am - 9.50am

Structural Dynamics of the Water and Proton Channels in Photosystem II
during the S2->S3 Transition
Philipp Simon1, Rana Hussein2, Mohamed Ibrahim2, Asmit Bhowmick1, Ruchira Chatterjee1,
Athina Zouni2, Johannes Messinger3, Jan Kern1, Vittal Yachandra1, Junko Yano1
1Molecular

Biophysics and Integrated Bioimaging Division, Lawrence Berkeley
National Laboratory, Berkeley, CA 94720. pss@lbl.gov
2Institut für Biologie, Humboldt-Universität zu Berlin, 10115 Berlin, Germany.
3Department of Chemistry, Uppsala University, SE 75120 Uppsala, Sweden.

The catalytic center of Photosystem II (PSII), a Mn4Ca-oxo cluster, oxidizes water in order to
reduce the mobile membrane bound electron carrier plastoquinone and create a proton
gradient along the thylakoid membrane. The four oxidizing equivalents needed for O-O bond
formation are accumulated in a 4-photon induced sequence of electron and proton removal
steps. The spatio-temporal orchestration of this process is important for its efficient
function.
To gain structural insights of the reaction at atomic level, we record serial femto-second
crystallography on PSII using X-ray free electron lasers. Our approach utilizes the drop-ontape setup allowing for well controlled photocycling as shown by simultaneously recorded
X-ray emission spectroscopy.
This presentation focuses on our results of the S2->S3 transition, where a substrate water is
binding to the cluster, and both a proton and an electron are released. Careful analysis of the
previously proposed channels and a combined high resolution data set revealed not only the
variation of water positions, but found confirmational changes of amino acids side chains
around D1-E65 in the Cl–1-channel. Based on our observations I will present our assignment
of the channels and the function of the revealed ‘proton gate’.
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Invited Speaker,
March 24th, 9.50am - 10.10am

Light-driven Electron Transport in Heliobacteria
Kevin E. Redding1, Gregory S. Orf1, Sabrina W. Leung1, Patricia L. Baker1
1

School of Molecular Sciences, Arizona State University.
1711 S Rural Rd, Tempe, Arizona 85287-1604, Kevin.Redding@asu.edu

The heliobacteria, a family of anoxygenic phototrophs, possess the simplest known phototrophic
system, utilizing a homodimeric Type I reaction center (RC) within only 2 subunits (PshA and PshX)
and lacking any peripheral antenna complexes. Although they are photoheterotrophs in the light,
the heliobacteria can also grow fermentatively on pyruvate in the dark like their clostridial
cousins. They are likely the result of a lateral gene transfer of genes conferring phototrophy (e.g.,
RC subunits, bacteriochlorophyll synthesis). Leveraging the endogenous CRISPR/Cas system, we
have been able to delete several genes from the heliobacterial chromosome, including the ones
encoding the PshX minor subunit of the RC and the cytochrome bc complex. Mutants lacking the
cytochrome bc complex are nonphototrophic and exhibit a >100-fold slower re-reduction of cyt
c after a laser flash. Mutants lacking PshX are phototrophic but show a slight drop in RC levels
and the loss of a low-energy pigment.
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Invited Speaker,
March 24th, 10.30am - 10.50am

Energetic Robustness to Large Scale Structural Dynamics in a
Photosynthetic Supercomplex
Dvir Harris1,+, Hila Toporik2,3,+, Gabriela S. Schlau-Cohen1,*, and Yuval Mazor2,3,*
1Department

of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA. dvir@mit.edu
Institute, School of Molecular Sciences, Arizona State University, Tempe, AZ 85281, USA.
3School of Molecular Sciences, Arizona State University, Tempe, AZ 85281, USA.

2Biodesign

+These

authors contributed equally to this work
*Corresponding authors

Biological light harvesting operates at near perfect quantum efficiency in the highly dynamic
cellular environment. The functional consequences of the dynamic environment remain an
open question, in large part because the nature of small- and large-scale structural
fluctuations of the photosynthetic super-complexes has yet to be comprehensively
described. Here, we report a high-resolution CryoEM structure of the 2-MDa cyanobacterial
Photosystem I-IsiA super-complex, revealing heterogeneous conformations with large-scale
differences in the relative positions of IsiA with respect to PSI. Single-molecule
fluorescence indicated that while efficient IsiA to PSI energy transfer is maintained across all
super-complexes, ∼40% of the complexes showed additional, partially decoupled
connectivity, potentially due to small-scale structural fluctuations. Calculations indicate that
the canonical conformation of PSI-IsiA demonstrates very efficient energy capabilities, yet
surprisingly, the fringe conformations exhibit even higher efficiencies. Thus, this work
provides a comprehensive explanation for the robustness of photosynthetic antennae to
large scale structural fluctuation.
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Selected Speaker,
March 24th, 10.50am - 11.05am

Design Principles of Photosystem II Acclimated to Absorb Far-Red Light
Christopher J. Gisriel1, Gaozhong Shen2, Ming-Yang Ho2,3,4, Vasily Kurashov2, David A.
Flesher5, Jimin Wang5, William H. Armstrong6, John H. Golbeck2,7, M. R. Gunner8, David J.
Vinyard9, Richard J. Debus10, Gary W. Brudvig1,5, and Donald A. Bryant2,3
1Department

of Chemistry, Yale University, New Haven, CT 06520, USA. christopher.gisriel@yale.edu
of Biochemistry and Molecular Biology, The Pennsylvania State University, University Park, PA
16802, USA.
3Intercollege Graduate Program in Plant Biology, The Pennsylvania State University, University Park, PA 16802
USA.
4Department of Life Science, National Taiwan University, Taipei 10617, Taiwan.
5Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, CT 06520, USA.
6Department of Chemistry, Boston College, Chestnut Hill, MA 02467, USA.
7Department of Chemistry, The Pennsylvania State University, University Park, PA 16802 USA.
8Department of Physics, City College of New York, New York, NY 100031, USA.
9Department of Biological Sciences, Louisiana State University, Baton Rouge, LA 70803, USA.
10Department of Biochemistry, University of California, Riverside, CA 92521, USA.
2Department

Far-red light (FRL) photoacclimation in cyanobacteria provides a selective growth
advantage for some terrestrial cyanobacteria by making additional photosynthetically active
radiation available in the far-red/near-infrared wavelength range (700 to 800 nm).
Photosystem II (PSII), the water:plastoquinone photooxidoreductase involved in oxygenic
photosynthesis, is altered during FRL photoacclimation. The resulting FRL-acclimated PSII
(FRL-PSII) is composed of FRL-specific core subunits and binds chlorophyll (Chl) d and Chl f
molecules that replace several of the Chl a molecules found when cells are grown in visible
light. The new Chls effectively lower the energy canonically thought to define the “red limit”
for light required to drive photochemical catalysis of water oxidation. Changes to the
architecture of FRL-PSII were previously unknown, and the positions of Chl d and Chl f
molecules had only been proposed by evidence from indirect methods. Here, we describe the
2.25-Å resolution cryo-EM structure of a monomeric FRL-PSII core complex isolated from
Synechococcus sp. PCC 7335 cells that were acclimated to FRL. We identify one Chl d molecule
in the Chl position of the electron transfer chain, and four Chl f molecules in the core
antenna. We also make observations that enhance our understanding of PSII biogenesis,
especially on the acceptor side of the complex where the bicarbonate is replaced by a
glutamate sidechain in the absence of the Psb28 assembly factor. The FRL-PSII structure
provides a structural basis for the lower energy limit required to drive water oxidation,
which is the gateway for most solar energy utilization on Earth.
D1
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Selected Speaker,
March 24th, 11.05am - 11.20am

The Algal CO2 Concentrating Mechanism is Driven by Alternative
Electron Pathways of Photosynthesis
Adrien Burlacot1,2, Ousmane Dao1, Pascaline Auroy1, Stephan Cuiné1, Yonghua Li-Beisson1,
Gilles Peltier1
1 Aix

Marseille Univ, CEA, CNRS, Institut de Biosciences et Biotechnologies Aix-Marseille, CEA Cadarache, 13108
Saint-Paul-lez-Durance, France. aburlacot@carnegiescience.edu
2 Carnegie Institution for Science, Department of Plant Science, Stanford, CA 94305 USA.

Microalgae represent 50% of photosynthetic CO consumption on Earth. The efficiency of
aquatic photosynthesis to fix CO relies on a mechanism (CCM) that actively concentrates
inorganic carbon (C ), thus favouring CO fixation by increasing CO concentration at the
catalytic site of RuBisCO. While CCM activity requires photosynthetic energy to concentrate
C , the bioenergetics mechanisms involved in the generation and supply of energy to the
various CCM components remain elusive. Here, by measuring photosynthetic CO
consumption, O exchange, electrochromic shift of carotenoid and chlorophyll fluorescence
in green algae Chlamydomonas reinhardtii mutants affected in alternative electron pathways
of photosynthesis, we show that the trans-thylakoidal proton gradient generated by the
combined action of Flavodiiron proteins and Proton Gradient Regulation Like-1 drives
thylakoid-localized CCM transport and transformation steps. We further show that a redox
coupling between chloroplast and mitochondrial respiration also contributes to CCM
energization, most likely by supplying ATP to non-thylakoid C transporters. We propose a
global scheme of the CCM energization network, describing how alternative electron
pathways of photosynthesis cooperate to efficiently drive both CO concentration and
fixation. Our results pave the way towards the use of a synthetic algal CCM to improve crop
productivity.
2

2

i

2

2

i

2
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Selected Speaker,
March 24th, 11.20am - 11.35am

LHCII Protein Phosphorylation as a Plant Stress Indicator – Is State
Transition Always Beneficial?
Malgorzata Krysiak1, Anna Wegrzyn2, Maciej Garstka1, Radoslaw Mazur1
1Department

of Metabolic Regulation, Faculty of Biology, University of Warsaw, Miecznikowa 1 Street, Warsaw,
Poland. malgorzata.krysiak@uw.edu.pl
2Department of Plant Anatomy and Cytology, Faculty of Biology, University of Warsaw, Miecznikowa 1 Street,
Warsaw, Poland.

Abiotic stress can negatively influence plant growth, development, and yield. Under
constantly fluctuating environmental conditions, the thylakoid membrane protein network
evolved the ability to dynamically respond to changing biotic and abiotic factors. One of the
most important protective mechanisms is the rearrangement of the chlorophyll-protein (CP)
complexes, induced by protein phosphorylation. The mechanism of this process under darkchilling conditions is still unknown. That is why this study aimed to determine the role of
light-harvesting complex II (LHCII) phosphorylation in the dark-chilling response. The study
included an experimental model based on dark chilling at 4 °C of detached chilling sensitive
(CS) runner bean (Phaseolus coccineus L.) and chilling tolerant (CT) garden pea (Pisum
sativum L.) leaves. This model is well described in the literature as used for the analysis of
chilling impact without any additional effects caused by light.
Analysis of changes in thylakoid membrane protein phosphorylation, interactions between
phosphorylated LHCII and CP complexes, and their impact on the dynamics of photosystem
II (PSII) under dark-chilling conditions showed that the dark-chilling treatment of CS bean
leaves induces a substantial increase of phosphorylation of LHCII proteins, as well as state
transitions. On the contrary, no significant changes in phosphorylation pattern, CP
complexes interactions, and PSII photochemical efficiency were observed in CT pea. As LHCII
phosphorylation during darkness is a rather rare phenomenon, broad biochemical,
proteomic and enzymatic analyses were performed to characterize the novel pathway of
STN7 kinase activation under dark-chilling conditions.
Our results showed that the dark-chilling needlessly activates various metabolic processes –
like LHCII phosphorylation or starch synthesis in CS bean, but not in CT pea. We propose that
it is caused by the redox signaling cascade triggered by the dark-chilling and that this
unnecessary activation of metabolic processes might be the foundation of chilling sensitivity.
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Single-Photon Studies of Photosynthetic Light Harvesting
Quanwei Li1,2, Kaydren Orcutt1,2,3, Robert L. Cook1,2, Javier Sabines-Chesterking4, Ashley L.
Tong5, Gabriela S. Schlau-Cohen5, Xiang Zhang2,6, Graham R. Fleming1,2,3* & K. Birgitta
Whaley1,2*
Department of Chemistry, University of California, Berkeley, CA 94720, USA. qwli@berkeley.edu
2 Kavli Energy Nanoscience Institute at Berkeley, Berkeley, CA 94720, USA.
3 Molecular Biophysics and Integrated Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley,
CA 94720, USA.
4 Joint Quantum Institute, National Institute of Standards and Technology and University of Maryland,
Gaithersburg, MD 20899, USA.
5 Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA.
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Fundamental questions remain open regarding the microscopic understanding of the
dynamical processes underlying the transduction of energy from the ultraweak radiation
field of sunlight to electron-hole pairs in photosynthetic systems, despite advances over the
past several decades using ultrafast spectroscopies. We approach those questions by
developing new techniques using quantum light sources that allow experimental
investigation of the absorption of individual photons and the subsequent spatio-temporal
dynamics of the electronic excitation within a photosynthetic complex. As an important first
step, we developed a time-resolved photon counting quantum light spectroscopy technique
to investigate the fundamental nature of light absorption by light harvesting complexes. This
exploits a heralded single photon source constructed by spontaneous parametric down
conversion and allows timing, counting, and correlating individual fluorescent single
photons with heralds of individual incident single photons. Our first experiments were
carried out on an ensemble of pigment-protein complexes light-harvesting 2 from purple
bacteria Rhodobacter sphaeroides under ambient conditions. Our results demonstrate that
the critical initial light absorption in photosynthesis is a single-photon quantum transition
in which the energy equivalent of one photon (eventually used to drive a charge transfer
reaction) is acquired in a single absorption event involving only a single photon.
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Systematic Characterization of Genes Required for Photosynthesis
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Photosynthetic organisms are arguably the cornerstone of life on earth as the primary
producers of oxygen and organic carbon. Surprisingly, most of the genes in any
photosynthetic organism are uncharacterized. Here, we coupled a genetic screen with highthroughput proteomics to identify and characterize new photosynthetic genes. To this end,
we took advantage of ~1,800 mutants from the CLiP mutant library that we had previously
identified as photosynthesis-deficient. We used pooled backcrossing followed by insertion
site validation to identify 115 high-confidence genes with roles in photosynthesis, more than
half of which were previously uncharacterized. Next, we characterized our hits using
proteome profiling. We found that almost 50% of our hits are required for the accumulation
of at least one photosynthetic complex (Photosystem II, Cytochrome b6f, Photosystem I, ATP
synthase). Furthermore, 14 of these genes are required for accumulation of multiple
complexes, making them candidates for master regulators. To illustrate the value of our
results, we genetically rescued 15 of the mutants, validating their photosynthetic phenotype.
Excitingly, two of those genes appear to be master regulators. PMR1 regulates the overall
photosynthetic translation in the chloroplast. PMR2, a dual localized protein, mainly affects
the nuclei expressed photosynthetic genes and may participate in retrograde
regulation. Our work sheds light on photosynthesis regulation, placing many novel
photosynthetic genes into pathways and opening the door to their further characterization.
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Light harvesting complexes (LHCs) mediate the absorption of solar energy to enable
oxygenic photosynthesis across diverse photosynthetic organisms from green algae to land
green plants. The biogenesis of LHC itself a sophisticated and challenging process, the precise
mechanism of which remain to be understood. LHC biogenesis and assembly requires the
proper functioning of two distinct branches: the directional transport of newly synthesized
light harvesting chlorophyll a,b-binding proteins (LHCPs) to the thylakoid membrane,
mediated by the chloroplast signal recognition particle (cpSRP) pathway; and the supply of
newly synthesized chlorophylls, mediated by the tetrapyrrole biosynthesis (TBS) pathway.
In this talk, I will describe our work to understand how cpSRP43, a plastid-specific molecular
chaperone, uses its conformational dynamics to affect the spatiotemporal control of the
binding and release of LHCPs during its membrane transport. I will also discuss recent
findings that show that cpSRP43 also effectively chaperones multiple TBS enzymes during
chlorophyll biosynthesis, which suggest a post-translational mechanism for coordinating the
two branches of LHC assembly and implicate cpSRP43 in the thermoprotection of plants
under heat stress.
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Green algal septin associates with evolutionarily related components of
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Septins are a filament-forming family of GTPase proteins that are involved in a wide variety
of processes such as cell division, phagocytosis, and maintenance of membrane integrity.
Most of the molecular work investigating septins has been limited to animals and fungi.
Partially due to their absence in land plants, such as Arabidopsis, the role of septins in
photosynthetic organisms has remained elusive. However, it was recently discovered that
Chlamydomonas reinhardtii and other algae also contain septins. This work investigates the
role of the single septin in Chlamydomonas (SEP1). We discovered that SEP1 associates with
the chloroplast envelope and forms a ring at the chloroplast division site. SEP1 also interacts
with translocons of outer and inner chloroplast envelopes (TOC and TICs, respectively).
Septins and TOCs are both classified in the same evolutionary family of GTPases, but their
physical or functional interaction has never been investigated. We are currently
investigating the possibility that SEP1 may have functional redundancy with components of
the TOC machinery, further emphasizing the evolutionary connection between these two
protein families.
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To thrive in a complex fluctuating environment sessile land plants must constantly adjust
the efficiency of photosynthetic sunlight conversion to metabolic needs. The performance of
the photosynthesis machinery, including light harvesting, electron transport, and
photosystem II repair cycle in plant tissue is tightly coupled to ultrastructural changes of the
thylakoid membrane system inside the chloroplasts. A structural hallmark of thylakoid
membranes is the strict stacking of part of the membrane to cylindrical grana with a
diameter of ~500 nm. The grana structure is dynamic, changing in response to different
environmental cues like light intensity, ion concentrations etc. Our previous studies
characterized changes in the lumen and stromal gap in grana (partition gap) in the presence
of light. We hypothesize that ion-channels may alter thylakoid ultrastructure changes in the
light by controlling ion influx into and out of the lumen causing osmotic swelling and
shrinkage of the lumen, and thus facilitating ultrastructural changes of the thylakoid
architecture. Here, we measure the width of the lumen, stromal gap, and membrane
thickness as markers for changes in grana structure in wild type and different ion
transporter/channel loss-of-function mutants such as K+/H+ antiporter (KEA3), voltagegated Cl channel (VCCN1), etc. in Arabidopsis thaliana plants. Transmission electron
microscopic images of dark and light adapted leaf tissue were analyzed and here we discuss
the implications of these results. Our studies indicate that thylakoid ion transporter play a
crucial role in controlling the shape of the thylakoid membrane system.
−
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Life Cycle of a Thylakoid Membrane
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We have developed a single-cell based approach to investigate and quantify the population,
cell, and subcellular-level dynamics of photosynthetic processes in the cyanobacterium
Synechococcus sp. PCC 7002 (hereafter PCC 7002) to overcome challenges with studying
heterogeneous bulk cultures. We can achieve steady-state, light and CO2-dependent
exponential growth of PCC 7002 while simultaneously performing long-term quantitative
time-lapse fluorescence microscopy. By confining cells in 2-D layers, we overcome the
difficulties of self-shading and light attenuation, enabling measurements of wild-type and
mutants (e.g. lacking light-harvesting antenna) in identical conditions. This system also
enables us to rapidly modulate the light (intensity, wavelength, direction, frequency) and
nutrient environment (using microfluidics) while quantifying the individual cellular
responses (e.g. photoinhibition and non-photochemical quenching), growth, and cellular
ultrastructure (e.g. carboxysomes, thylakoid membranes, phycobilisomes) at sub-cellular
resolution. By combining imaging based photophysical measurements with dynamic generepression using a newly developed inducible CRISPR-interference system (CRISPRi)
currently being employed in the lab, we can also simultaneously test the role of any gene
(even essential genes) in the process being studied. Furthermore, we have recently applied
a new method of proximity-labeling proteomics using an engineered ascorbate peroxidase
(APEX2) in cyanobacteria, which, in combination with electron microscopy (and
tomography), is enabling us to elucidate the key molecular interactions during dynamic
(re)organization of photosynthetic light harvesting complexes observed in single-cells upon
photoinhibition and acclimation to various nutrient limited environments and light regimes.
Together, these studies have begun to elucidate the mechanisms by which thylakoid
membranes are synthesized, damaged, and repaired in single cells. We will present our
findings on the multi-generational life cycle of a thylakoid membrane from cradle to grave in
single cell lineages.
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Photosynthesis powers Earth’s Biosphere and, over geologic time, has transformed the
chemistry and climate of Earth. At present, we understand a great deal about the
mechanisms of photosynthesis from small-scale laboratory studies. However, there has been
limited application of this sophisticated understanding for the interpretation of the patterns
of photosynthesis at the scale of fields, forests, continents, or the planet. One of the primary
reasons for this is that different techniques have traditionally enabled studies at each scale.
Since the 1980s, large-scale studies of photosynthesis have been oriented around satellite
remote sensing of reflected light and tower-based measurements of the net carbon dioxide
exchange between the surface and the atmosphere. To link these observations directly to the
photosynthetic process, it has been necessary to rely on modeling frameworks that combine
extrapolation from smaller scales and empirical correlations. New technologies employing
Earth Observing Satellites are beginning to change this situation. A key breakthrough has
been the ability to resolve and measure chlorophyll fluorescence in the light that upwells
from Earth’s surface. Chlorophyll fluorescence directly reports on the absorbed photon
energy
that
is
entrained in
the
photosynthetic
process.
This
socalled Solar Induced Fluorescence (SIF) has proven to be a very good proxy for the
distribution of photosynthetic activity across the surface of the continents. In this
presentation, I will review the technology that enables this measurement and new work that
begins to develop a basis for mechanistic interpretation of SIF measurements. My goal is to
convince you that linking these large-scale studies from space with bench-scale studies of
photosynthesis mechanisms is an exciting and important target for research.
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Perturbations at the High Affinity Site (HAS) of Photosystem II:
Does HAS Actually Bind Mn2+?
Anton P. Avramov1, Minquan Zhang1, Clark Jett1, Robert L. Burnap1
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The assembly of the Mn4O5Ca cluster of the photosystem II (PSII) starts from the initial
photooxidation of the first Mn2+ at the HAS. Recent cryo-EM apo-PSII structures reveal an
altered geometry of amino ligands in this region and suggest the involvement of D1-Glu189
ligand in the formation of the HAS. We now find that Gln and Lys substitution mutants
photoactivate with reduced quantum efficiency compared to the wild-type. However, the
affinity of Mn2+ at the HAS in D1-E189K (~2.5 μM) and D1-E189R (~2.2 µM) was very similar
to the wild-type (~2.2 μM). Thus, we conclude that D1-E189 functionally is not involved in
binding of Mn2+ at the HAS and that the reduced quantum efficiency of photoactivation in
D1-E189K/R cannot be ascribed to the initial photooxidation of Mn2+ at the HAS. The
electrostatic calculations indicate that the effect of the substitution of negatively charged
glutamic acid with positively charge lysine or arginine is mitigated by surrounding
negatively charged residues at the HAS and does not change overall electrostatics at the site.
The results will be discussed in terms of a revised mechanism Mn2+ oxidation at the HAS.
Besides reduced quantum efficiency, the D1-E189K/R mutants exhibits a large fraction of
centers that fail to recover activity during photoactivation starting early in the assembly
phase, becoming recalcitrant to further assembly. The failed recovery in the fraction of
inactive centers appears to a reversible mis-assembly involving the accumulation of
photooxidized, but non-catalytic high valence Mn at the donor side of photosystem II, and
that a reductive mechanism exists for restoration of assembly capacity at sites incurring misassembly. Given the established role of Ca2+ in preventing misassembled Mn, we conclude
that the mutations at D1-E189 location also affect the ligation of Ca2+ in all PSII centers that
consequently leads to the mis-assembly and accumulation of non-catalytic Mn.
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Ratiometric Sensing of Redox Environments Inside
Individual Carboxysomes Trapped in Solution
William B. Carpenter,1 Abhijit A. Lavania,2 Julia S. Borden,3 Luke M. Oltrogge,3 Davis D.
Perez,1 Peter D. Dahlberg,1,4 David F. Savage,3 W. E. Moerner1,2*
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In response to the slow catalytic rate and low specificity of the carbon fixation enzyme
rubisco, autotrophic bacteria evolved the carboxysome, a bacterial microcompartment
designed to locally concentrate CO2 and enhance carbon fixation. The carboxysome encloses
rubisco and other proteins with a proteinaceous shell containing pores believed to be
permeable to small, metabolically important anions such as bicarbonate and ribulose-1,5biphosphate. Direct observation of small-molecule transport into the carboxysome has
proven challenging, and heterogeneity in carboxysome size and shape is expected to impact
how small molecule species enter and exit the carboxysome. To address these challenges, we
have employed the ISABEL trap, which applies electrokinetic feedback based on the
estimated position from a particle’s interferometric scattering signal in the near infrared. We
have also introduced rapidly interleaving 405 and 488 nm fluorescence excitation reporter
beams to monitor the internal redox environment of trapped individual carboxysomes
internally tagged with the ratiometric redox reporter roGFP2. These carboxysomes display
broad distributions of scatter contrasts (reporting on particle size) and ratiometric
fluorescence, reflecting the chemical environment in each carboxysome. Further, we
monitored the change in ratiometric fluorescence over time to explore the chemical kinetics
from single carboxysomes, where bulk fluorescence measurements can contain unwanted
contributions from aggregates or external fluorescent proteins. Overall, this study
demonstrates the ability of the ISABEL trap to sensitively monitor nanoscale biological
objects, enabling new experiments on these systems.
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Investigating the Structural Dynamics of the Water and Proton
Channels Using Snapshots of Photosystem II
Ruchira Chatterjee,1 Rana Hussein,2 Mohamed Ibrahim,2 Asmit Bhowmick,1 Philipp S.
Simon,1 Isabel Bogacz,1 Margaret Doyle,1 Hiroki Makita,1 Miao Zhang,1 Aaron S. Brewster,1
Paul D. Adams,1 Johannes Messinger,3 Athina Zouni,2 Nicholas K. Sauter,1 Jan Kern,1 Vittal K.
Yachandra,1 Junko Yano1
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2Department of Biology, Humbolt University Berlin, Germany.
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In oxygenic photosynthesis, light-driven oxidation of water to molecular oxygen is carried
out by the oxygen-evolving complex (OEC) in Photosystem II (PS II), which is a multi-subunit
protein complex. Recently, we reported the room temperature structures of PS II in the four
(semi-)stable S-states (S , i = 0 to 3), that were advanced from the dark S state to the S , S
and S states by one, two or three laser flashes. Our data show that a water molecule is
inserted during the S → S transition, as a new bridging O(H)-ligand between Mn1 and Ca.
To understand the sequence of events leading to the formation of this last stable
intermediate state before O formation, we recorded diffraction data of 2.01 to 2.23 Å
resolution, and Mn X-ray emission spectroscopy data at several time points ranging between
50 to 400 µs during the S → S transition. Also, we introduce new approaches for analyzing
XFEL data to better understand the catalytic activity of the water network around the active
site. We identified the substrate water intake channel using a combined high-resolution 1.89
Ai RT-crystal structure of PS II. During S → S transition, three main well-coordinated
structural events occurred within the water channels, resulting in substrate insertion and
proton egress. In particular, the rotation of D1-E65 and the appearance of new water before
the substrate insertion likely facilitate proton removal through the Cl1-channel. While the
arrival of new water near D1-E329 after the substrate insertion probably indicates the
delivery via the O1-channel.
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Exploring Water and Hydrogen-Bond Dynamics in Photosystem II
by Molecular Simulation
Margaret Doyle1*, Asmit Bhowmick1, Louise Lassalle1, David Wych2, Mike Wall2, Junko
Yano1
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The light-induced oxidation of water to dioxygen catalyzed by the oxygen-evolving complex
(OEC) in PSII is one of the most important chemical processes in the biosphere. Our recent
room temperature XFEL studies of PSII suggest that distinct water networks are involved
in both proton release and substrate water intake [1,2]. As a theoretical complement to the
structural information gathered from experiments, molecular dynamics (MD) simulation
can provide a detailed picture of PSII’s water and hydrogen bonding network dynamics in
the femtosecond to microsecond timescale and at atomic resolution. For this work, we
derived our starting model for the simulation from the room temperature S1 state crystal
structure of PSII collected at an XFEL. Using a physiologically relevant structure to seed our
simulation allows us to mimic the true catalytic state of the enzyme - a task which cannot
be done with the same accuracy through cryocooling methods. The simulation was then
carried out in a crystalline environment so that it could be directly compared to diffraction
data. When compared with experiment, crystalline MD has helped us (1) Distinguish
regions of rigid waters vs. dynamically exchanging waters and (2) Provide insight into the
average hydrogen bonding networks over the course of the simulation. Additionally, the
relationship between MD and experiment is innately symbiotic. Not only can the two
techniques corroborate theories about water dynamics, structure and proton transfer, but
also MD can improve shortcomings from crystallographic refinement while experimental
structures and maps may clarify imperfections in the theoretical model.
[1] M.Ibrahim et al., Proceedings of the National Academy of Sciences 117 (23), 12624
(2020).
[2] R. Hussein et al. , Nature communications 12 (1), 1 (2021)
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Insight into the Internal Points of Contacts of Thylakoid
Membrane-Bound Proteins, cpTatC, Hcf106 and Tha4 in the cpTAT
Protein Translocon
Jorge Escobar,1 Carole Dabney-Smith,1,2 Quian Quian Ma1
1Miami

University of Ohio, USA. escobaj@miamioh.edu

Plant cells contain plastids necessary for the proper function of the cell and the plant.
Although the chloroplast contains a genome of its own, most of the proteins in thylakoid and
all of the proteins in the thylakoid lumen are nuclear encoded and have to be properly routed
to their functional destination. There are two conserved protein transport machineries
tasked with transporting protein across the thylakoid membrane, the Sec pathway and the
Tat pathway. The chloroplast Twin Arginine Transport (cpTAT) pathway has 3 main
components, cpTatC, Hcf106 and Tha4. A twin arginine motif in the N-terminal targeting
sequence of precursor proteins is recognized by the cpTAT pathway, which in turn allows
for transport and localization. Here, we seek to further expand the knowledge of the
mechanism employed by the cpTAT pathway. Multiple points of contact between cpTatC and
Hcf106 or Tha4 have been identified, but not all three components at the same time. To
identify points of contacts between the components of the TAT pathway, formation of
cysteine cross-linking will be employed. Formation of disulfide bonds between the proteins
tells us that those regions on the respective proteins are naturally close when assembled as
a complex. Previous studies looked at interactions between cpTatC and Hcf106 using
disulfide bond formation between cysteine substituted
residues in specific regions of both proteins. Here, single
substitutions on cpTatC have been generated and tested for
crosslinking with both single and double cysteine
substitutions on Hcf106, and single cysteine substitutions on
Tha4 to identify simultaneous interactions. Furthermore, xlink formation between the three components of the cpTAT
pathway during active transport were tested as well. By
studying these interactions in the presence and absence of
precursor or by manipulating the proton motive force (PMF),
which drives the translocation process, we can determine
conformational changes within a cpTAT complex to increase
our understanding of the predicted mechanism.
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The Structure of the Physcomitrium Patens Photosystem I Reveals a
Unique LhcA2 Paralog Replacing LhcA4
Chris Gorski1, Reece Riddle1, Hila Keidan-Toporik1, Zhen Da1, Zach Dobson1, Dewight
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The moss Physcomitrium patens diverged from green algae shortly after the colonization of
land by ancient plants. This colo- nization posed new environmental challenges, which drove
evolutionary processes. The photosynthetic machinery of modern flowering plants is
adapted to the high light conditions on land. Red-shifted Lhca4 antennae are present in the
photosystem I light-harvesting complex of many green-lineage plants but absent in P. patens.
The cryo-EM structure of the P. patens pho- tosystem I light-harvesting complex I
supercomplex (PSI–LHCI) at 2.8 Å reveals that Lhca4 is replaced by a unique Lhca2
paralogue in moss. This PSI–LHCI supercomplex also retains the PsaM subunit, present in
Cyanobacteria and several algal species but lost in vascular plants, and the PsaO subunit
responsible for binding light-harvesting complex II. The blue-shifted Lhca2 paralogue and
chlorophyll b enrichment relative to flowering plants make the P. patens PSI–LHCI
spectroscopically unique among other green-lineage supercomplexes.
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Subcellular Metabolic Shuttling and Redox Balance is Dependent
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Photosynthetic eukaryotic organisms, contain massive transporters in the chloroplast and
membranes, allowing the intensive energetic/metabolic exchanges between chloroplast and
the other compartments. In our study, the model photosynthetic alga Chlamydomonas
reinhardtii was used to investigate the transporters shuttling photosynthetic assimilation
products into different compartments. A triose phosphate/phosphate translocator3
(CreTPT3) located on the chloroplast envelop in Chlamydomonas showed the high substrate
specificities of DHAP (dihydroxyacetone phosphate), G3P (glyceraldehyde 3-phosphate) and
3-PGA (3-Phosphoglyceric acid) using yeast liposome reconstitution analysis. Null of
CreTPT3 resulted in complex consequences in carbon partition, photosynthesis, and redox
status, that are distinct from higher plants deficient of TPT. Our results show that the
chloroplast CreTPT3 is a key photoassimilates shuttle allowing cell grow. CreTPT3 is also an
essential safety valve for exporting excessive electrons to be dissipated in the other
organelles, that not only allows the acclimation of Chlamydomonas to moderate light, but also
maintains the viability under high light exposure. Finally, we showed chloroplast redox
balance is requiring the activity of CreTPT3. Overall, CreTPT3 was determined to be essential
in controlling cellular carbon flux, maintaining redox homeostasis in chloroplasts.
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Macroscale Structural Changes of Thylakoid Architecture during
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Photoprotection mechanisms against high light (HL) are ubiquitous among photosynthetic
organisms. However, the dynamic response of the overall thylakoid structure during
acclimation to growth in HL has not been fully characterized. Here, we combined live-cell
super-resolution microscopy and analytical membrane subfractionation to investigate
macroscale structural changes of thylakoid membranes during HL acclimation in C.
reinhardtii. Subdiffraction-resolution bioimaging revealed that overall thylakoid structures
became thinned and shrunken during HL acclimation. The stromal space around the
pyrenoid also became enlarged. Analytical density-dependent membrane fractionation
indicated that the structural changes were partly a consequence of membrane unstacking.
The analysis of the npq4 lhcsr1 mutant lacking LHCSR proteins, which are essential for the
major component of non-photochemical quenching in HL, showed that structural changes
occurred independently from their mutations, demonstrating that LHCSRs were not
necessary to induce the thylakoid structural changes associated with HL acclimation. In
contrast, stt7-9, a mutant lacking a kinase of major light-harvesting antenna proteins, had a
distinct thylakoid structural response during HL acclimation relative to all other lines tested.
Thus, while LHCSR and the antenna protein phosphorylation are core features of HL
acclimation, it appears that only the latter acts as a determinant for thylakoid structural
rearrangements. These results indicate that two independent mechanisms occur
simultaneously to cope with HL conditions. Possible scenarios for HL-induced thylakoid
structural changes are discussed.
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The Limits and Regulation of Steady-State Photosynthesis
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To understand how the overall photosynthetic process works as an integrated system, there
is a need to directly confront the current conceptual models of the C3, C3–C4 intermediate,
and C4 pathways with experimental measurements. In this presentation, I will discuss a new
quantitative model of C3, C3–C4 intermediate, and C4 photosynthesis that is designed to
facilitate analysis of fluorescence, absorbance, and gas-exchange measurements. This model
explains how the responses of the overall photosynthetic process to light, carbon dioxide,
and temperature emerge from the factors limiting electron transport and carbon
metabolism, and the regulatory processes that coordinate these metabolic domains. It has
three unique features. First, it describes how the Cytochrome b6f complex kinetically
controls electron transport in mesophyll and bundle sheath chloroplasts under limiting light.
Second, it represents how feedback regulation of Cyt b6f coordinates electron transport and
carbon metabolism. Third, it differentiates the temperature sensitivity of Cyt b6f from that of
the coupling between NADPH, Fd, and ATP production. To illustrate some of the applications
of this framework, I will present simulations demonstrating that the light dependence of the
carbon dioxide compensation point in C3–C4 leaves can be explained by co-occurrence of
light saturation in the mesophyll and light limitation in the bundle sheath. I will also present
inversions demonstrating that population-level variation in the carbon dioxide
compensation point in a Type I C3–C4 plant, Flaveria chloraefolia, can be explained by
variable allocation of photosynthetic capacity to the bundle sheath. These results suggest
that Type I C3–C4 intermediate plants adjust pigment and protein distributions to optimize
the glycine shuttle under different environmental conditions, and that the malate and
aspartate shuttles may have originally functioned to smooth out the energy supply and
demand– rather than concentrate CO2.
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Extracellular Carbonic Anhydrase Supports Constitutive HCO3−
Uptake in Fragilariopsis Cylindrus Regardless of Temperature Changes
Meng Li1, Brian Hopkinson2, Jodi N. Young1
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Polar oceans are among the most productive regions for photosynthesis and are dominated
by cold-adapted diatoms. While diatoms are known to have effective carbon concentrating
mechanisms (CCMs), little is known about their function at cold temperatures and their
sensitivity to ocean warming and acidification. In particular, the combined effect of
temperature on CO2 solubility, Rubisco kinetics and abundance, and CCM function are yet to
be elucidated. Here we present the results on the CCM response to temperature in the polar
diatom Fragilariopsis cylindrus (Fc) characterized using Membrane Inlet Mass Spectrometry
combined with measurements of Rubisco kinetics and abundance. Fc increases Rubisco
expression at lower temperatures to compensate slower catalytic rates but does not change
its reliance on HCO3− uptake across different temperatures (-2 °C to 9 °C) despite a higher
CO2 solubility at colder temperatures. However, when external carbonic anhydrase (eCA) is
inhibited, the inorganic carbon usage switches from HCO3− uptake to dependency on CO2
diffusion. These results indicate active eCA is required for HCO3− uptake, i.e., eCA is an
indispensable part of the HCO3− transporter activity. Incorporating these measurements, we
modeled Fc carbon acquisition under different environmental conditions. We propose that
relying on eCA supported HCO3− uptake is a strategy for the highly dynamic polar
environment with large fluctuations in [CO2] but where HCO3− concentration (~2 mM) is
much higher and constantly available.
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X-Ray Spectroscopy Techniques for Investigating the Interface of
Photocatalytic CO2RR
Xiang Li1, Xueqian (Lucy) Li2, Corey Kaminsky3, Marija Zoric4, Ethan Crumlin3, Dimosthenis
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Inspired by photosynthesis in plants, the Liquid Sunlight Alliance (LiSA) is developing the
science principles by which can guide the design for microenvironments to convert sunlight
into chemical energy using only water, carbon dioxide, and nitrogen. Au/p-GaN as plasmonic
heterostructure photocatalyst has been reported for highly selective photocatalytic carbon
dioxide reduction to carbon monoxide balanced by water oxidation operating under solar
illumination. In this work, p-GaN|Al2O3|Au|Cu has been synthesized and its interaction with
carbon dioxide and/or water has been investigated by ambient pressure X-ray photoelectron
spectrometry. Cu oxidation has been observed with the introduction of carbon dioxide. The
component percentage of Cu(II) increases with the exposure time to carbon dioxide. The
corresponding Cu reduction has been observed by either the removal of carbon dioxide or
the introduction of water.
To increase the sensitivity of the X-ray techniques spectrometry for the photoelectrochemical reaction kinetics investigation, we developed a potential-modulation X-ray
absorption spectrum approach. The detection with periodic perturbation of a given system
can distinguish between active and spectator species and significantly reduce noise.
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The Impact of Drought and Shrub Encroachment on Carbon
Assimilation of a Mediterranean Oak Woodland
Raquel Lobo-do-Vale 1, Simon Haberstroh2, Joana Martins1, Teresa Rafael1, Carla Nogueira1,
Christiane Werner2, Maria Conceição Caldeira1
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Shrub encroachment is increasing worldwide, including in the Mediterranean region,
affecting the functioning of ecosystems. While shrub encroachment can positively affect
ecosystems, such as the Mediterranean cork oak (Quercus suber) woodlands, by increasing
soil carbon sequestration and fertility, less is known on the direct effects on cork oak carbon
assimilation. As water is the critical resource underlying the functioning of these semi-arid
ecosystems, the forecasted intensification of droughts makes even more pressing to
understand the combined effects of drought and shrub encroachment on cork oak carbon
assimilation.
Using a manipulative experiment combining rain exclusion and shrub invasion (gum cistus,
Cistus ladanifer), we studied the carbon assimilation of cork oak trees over four years (20182021). Daily courses of leaf water potential (Ψ), stomatal conductance (gs) and carbon
assimilation (A) were obtained in 36 trees. A/Ci response curves were carried out in 2020
to estimate the photosynthetic capacity parameters: Vcmax and Jmax. Non-structural
carbohydrates (NSC) were quantified in 2019.
The four-year study period encompassed contrasting years, regarding precipitation
distribution and intensity, ranging from severe drought (2019) to wet (2021) years. The Ψ,
gs and A varied seasonally, with a strong decrease in summer (drought periods). Due to the
variability in precipitation among years, the shrub invasion was the prevailing effect,
significantly constraining leaf carbon assimilation of the trees in invaded plots. Besides
stomatal limitations, biochemical limitations were also observed at the end of the summer.
Nevertheless, NSC were not depleted on cork oak during the severe drought. The
conservative water use behavior of cork oak was clearly seen, particularly in the trees from
invaded plots, as well as its fast recovery. The implications of this behavior are discussed to
determine the future sustainability of cork oak woodlands.
This work was supported by FCT (PTDC/ASP-502 SIL/3406/2017, UID/AGR/00239/2019,
CEECIND/02735/2018) and DFG (project WE 2681/10-1).
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It is accepted that anoxygenic photosynthesis is primordial and that it originated in a
bacterium at a late stage after the origin of life. It is also thought that it could have taken
hundreds of millions of years for anoxygenic photosynthesis to give rise to oxygenic
photosynthesis in a cyanobacterial ancestor. However, the evolution of the photosystems
tells a different story. Their evolution indicates not only that the origin of two distinct types
of photosystems is linked to the establishment of oxygenic photosynthesis, but also that it
could have occurred at some of the earliest stages in the history of life (Fig. 1). The evolution
of photosynthesis can be explained through a mechanism of duplication and drift of reaction
center core proteins within the context of the maintenance of water oxidation chemistry and
protection against the formation of reactive oxygen species. A process that still occurs in
cyanobacteria today, yet going as far back as the first photosystems. This mechanism also
grants photosystem II, the oxygen-evolving enzyme, adaptability. A trait that can be
exploited to engineer light-driven enzymes capable of performing any sort of oxidative
transformations.

Figure 1. Evolution of photosystem core subunits relative to a tree of life. ΔT marks the span of time between
an event that can be identified to have occurred after the origin of oxygenic photosynthesis (D0) and the last
common ancestor of Cyanobacteria. RC1 and RC2 denote the photosystems used in anoxygenic photosynthesis;
PsaA and PsaB are the core subunits of photosystem I; D1 and D2 those of photosystem II; G0 to G4 represent
the different types of D1 subunits; F denote variants used in the far-red light photoacclimation response.
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Cyanobacteria have evolved a CO2-concentrating mechanism (CCM), which efficiently
supplies CO to the photosynthetic mechanism. Essentially, it functions as a ‘supercharger’
for CO by concentrating it within the cell, thereby saturating the active sites of the CO fixation enzyme, Rubisco, thereby increasing the efficiency of photosynthesis. This project
focusses on the NDH-1 complexes that mediate cyclic electron flow, including specialized
forms of NDH-1 function directly in hydrating CO . Here we used a Synechococcus PCC7942
expression system to investigate the role of conserved histidine and cysteine residues in the
CupB (also designated, ChpX) protein, which has been hypothesized to participate in a
vectoral CO hydration reaction near the interface between CupB protein and the protonpumping subunits of the NDH-1 complex. A homology model (Fig. 1) has been constructed
and most of the targeted conserved residues are in the vicinity of a Zn ion modeled to form
the catalytic site of deprotonation and CO hydration. Additionally, mutagenesis of residues
hypothesized to be involved in the transmembrane proton pumping activity also affect CO
uptake. The results will be discussed in the context of a possible mechanism that couples
transmembrane proton pumping to CO -hydration activity in the cyanobacterial NDH-1
complexes.
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Figure 1. Homology modelling of the Synechococcus NDH-1 complex CupB involved in CO2 uptake by a poorly
understood redox-powered carbonic anhydrase.
The published coordinates of the homologous
Thermosynechococcus cryoEM structure (PDB ID=6TJV) were utilized.
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Across terrestrial plants, ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and
phosphoenolpyruvate carboxylase (PEPC) are the two enzymes that primarily control the
photosynthetic reduction of atmospheric carbon dioxide (CO ). In C plants, atmospheric CO
passively diffuses into the leaf to the site of carboxylation by Rubisco. Alternatively,
environmental conditions that limit the availability of atmospheric CO and cause high rates
of photorespiration have led to the evolution of C photosynthesis, which has independently
evolved more than 60 times across terrestrial plants. The initial carboxylation reaction
during C photosynthesis is catalyzed by PEPC, which fixes bicarbonate to
phosphoenolpyruvate (PEP) in the first committed and non-reversible reaction of the CO
concentrating mechanism (CCM). The CCM in C plants minimizes photorespiration by
providing high concentrations of CO to Rubisco. The multiple origins of C photosynthesis
are remarkable examples of convergent evolution but there is significant diversity in leaf
anatomical, biochemical, and physiological traits across C plants. For example, the C PEPC
isozyme has been shown to independently evolve numerous times from a nonphotosynthetic PEPC isozyme. This neofunctionalization occurred through mutations in its
upstream promoter region to increase high cell-specific expression and through coding
region changes that altered the kinetic properties of PEPC. Comparisons of C and nonphotosynthetic PEPC isozymes suggest that its kinetic properties have undergone selection
to function during C photosynthesis. For example, the C PEPC isozyme generally has a lower
affinity for PEP and different sensitivity to allosteric regulation compared to nonphotosynthetic isozymes. Additionally, an increase in PEPC’s affinity for bicarbonate has a
selective advantage for maintaining high rates of C photosynthesis. Our research has focused
on better understanding the diversity of PEPCs allosteric regulation and the potential
tradeoff between its kinetic properties for PEP and bicarbonate.
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This research is supported by U.S. Department of Energy, Grant #DE- SC0001685.
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Dynamics of Photosynthesis in Arabidopsis
Thekla von Bismarck1, Karin Köhl, Peter Jahns2, David M. Kramer3 and Ute Armbruster
Max Planck Institute of Molecular Plant Physiology, Am Mühlenberg 1, 14476 Potsdam, Germany.
bismarck@mpimp-golm.mpg.de
2 Heinrich-Heine-University Düsseldorf, Universitätsstraße 1, 40225 Düsseldorf, Germany.
3Michigan State University, 612 Wilson Rd, East Lansing, MI 48824, USA.

1

Light intensity fluctuates strongly in nature. However, the capacity of plants to use such light
supply efficiently is believed to be suboptimal. Understanding the mechanistic interactions
of photosynthetic responses to light intensity changes and long-term light acclimation is
crucial for an in-depth understanding of dynamic photosynthesis in nature.
In this study, we closed existing gaps in our understanding by systematically characterizing
light-environmental effects on the thylakoid ion transport-mediated short-term responses
during light fluctuations. We grew Arabidopsis wild-type and mutants of the photosynthesis
regulators K+/H+ antiporter KEA3 and the Cl- channel VCCN1 under eight different light
environments to stepwise bridge the gap between widely used lab conditions and natural
light environments. We determined the effect of growth-light conditions on photosynthesisrelated parameters in steady-state as well as dynamic conditions. For a detailed
characterization of selected light conditions, we monitored ion flux dynamics at an
unprecedented high temporal resolution using a modified spectroscopy approach. Our
analysis revealed light intensity as the main light acclimatory driver to sculpt photosynthetic
capacity. Growth light intensity drives the activities of thylakoid ion transport proteins
during a high light pulse, with positive and negative effects on KEA3 and VCCN1, respectively.
We found that fluctuations in light intensity increase the levels of photoprotective
zeaxanthin (Zx), which slows down the relaxation of the pH-dependent NPQ component qE.
In addition, we discovered a new role for KEA3 in suppressing Zx during the day. We found
that KEA3 plays a dual role in accelerating NPQ relaxation upon a drop in light intensity, i.e.
via the direct downregulation of lumenal pH and on longer time-scales by suppressing
excessive Zx accumulation.
In summary, both light environment factors, intensity and fluctuations, strongly shape the
photosynthetic responses by modulating thylakoid ion transport with distinct effects on
lumen pH, Zx accumulation, photoprotection and photosynthetic efficiency.
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In nature, photosynthetic organisms are exposed to different light spectra and intensities
depending on the time of day and atmospheric and environmental conditions. When
photosynthetic cells absorb excess light, they induce non-photochemical quenching to avoid
photo-damage and trigger expression of ‘photoprotective’ genes. We used the green
alga Chlamydomonas reinhardtii to assess the impact of light intensity, light quality,
photosynthetic electron transport and CO on induction of the ‘photoprotective’ genes
(LHCSR1, LHCSR3 and PSBS) during dark-to-light transitions. Induction (mRNA
accumulation) occurred at very low light intensity, was independently modulated by blue
and UV-B radiation through specific photoreceptors, and only LHCSR3 was strongly
controlled by CO levels through a putative enhancer function of CIA5, a transcription factor
that controls genes of the carbon concentrating mechanism. We propose a model that
integrates inputs of independent signaling pathways and how they may help the cells
anticipate diel conditions and survive in a dynamic light environment.
2

2
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Tidestromia Oblongifolia
Seung Yon (Sue) Rhee1, Karine Prado1, Bo Xue1, Jennifer Johnson2, Charles Hawkins1, RuChing Hsia3, Michael Pidgeon3, Galyna Vakulenko1, Bharti Parihar1, Joseph A. Berry2
1Department

of Plant Biology, Carnegie Institution for Science, 260 Panama St, Stanford, CA 94305, USA.
srhee@carnegiescience.edu
2Department of Global Ecology, Carnegie Institution for Science, 260 Panama St, Stanford, CA 94305, USA.
3Department of Embryology, Carnegie Institution for Science, 3520 San Martin Drive Baltimore, MD 21218, USA.

Global warming is changing the habitability of many places on Earth. Plants occupy the
largest portion of the land surface and understanding thermal adaptation in plants is
relevant for global sustainability, food security and species conservation. In the 1970s,
Carnegie scientists studying Tidestromia oblongifolia in Death Valley discovered that this
Amaranth is adapted to high temperatures and has an optimal photosynthetic rate at 47ºC
that is comparable to crop plants in their most favorable conditions. For the past fifty years,
the molecular basis of this remarkable thermal adaptation of photosynthesis has remained
a mystery. Using an interdisciplinary approach to combine genomics, molecular biology,
ecophysiology, and modeling, we are studying the mechanisms underlying this thermal
adaptation. In the talk, I will present how we restarted the project and overcame some
profound challenges, as well as share some initial intriguing transcriptomic and
physiological data we are currently obtaining. We anticipate that this study will provide new
insight into the upper temperature limit of photosynthesis. Understanding this limit is
particularly critical in the context of climate change where the photosynthesis is pushed
toward the inhibitory part of the temperature response. Outcomes of this project may lead
to the development of industrial biocatalysts, improvement of thermal adaptation in crops,
and new ways of approaching conservation of plants in the context of climate change.
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Plants constantly encounter a wide array of biotic and/or abiotic stresses. To cope with such
adverse challenges, plants have evolved diverse stress regulators to aid plant adapting to
multiple environmental conditions. However, identification of initiating signal perceiving the
environmental perturbation to induce stress regulators remain poorly understood. Here, we
show that plastidial retrograde signal, methyerythritol cylclodiphospate (MEcPP),
accumulates in response to multiple stress, transduces the signal to the nucleus to induce
selected stress responsive gene expression, including stress regulators salicylic acid (SA) and
N-hydroxypipecolic acid (NHP) biosynthesis genes, and ultimately resulting in their
production. Genetic suppressor screen on highly accumulating MEcPP seedlings has
identified a nucleus-encoded, plastid-localized, putative metalloprotease as one of the
signaling components that control SA production. Multi-omics and biochemical studies have
revealed a multicomponent signaling cascade targeting nucleus-encoded NHP biosynthesis
genes. These results demonstrated the unrecognized signal transduction that plastidial
retrograde signal MEcPP senses stress and transduces signal to nucleus, consecutively
induces stress regulators biosynthesis. Collectively, our work identifies plastids as a major
signaling initiation site to transduce environmental signal to the nucleus potentiating the
production of stress regulators in plant adaptive response.
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Different intensities of high temperatures affect the growth of photosynthetic cells in nature.
To elucidate the underlying mechanisms, we cultivated the unicellular green alga
Chlamydomonas reinhardtii under highly controlled photobioreactor conditions with
mixotrophic medium and revealed systems-wide shared and unique responses to 24-hour
moderate (35oC) and acute (40oC) high temperatures and subsequent recovery at 25oC. Heat
at 35oC promoted algal growth while heat at 40oC significantly reduced algal growth. Both
high temperatures induced non-photochemical quenching (NPQ), suggesting compromised
photosynthetic efficiency under both conditions. Heat at 35oC up-regulated
transcripts/proteins involved in acetate uptake/assimilation and gluconeogenesis/
glyoxylate-cycle for increased carbon uptake, while 40oC down-regulated transcripts/
proteins involved in these processes. Cells with 40oC treatment had reduced O2 evolution
rates and respiration rates, and distorted thylakoid/pyrenoid ultrastructure while these
changes were minor under 35oC. Despite of reduced photosynthetic efficiency, cells with
40oC treatment had increased chlorophyll accumulation, which may be attributed to the
increased production of reactive oxygen species (ROS) and up-regulated transcripts related
to ROS scavenging. Both high temperatures induced cyclic electron flows (CEF) around PSI
but with different dynamics and reversibility, suggesting different roles of CEF under these
two heat conditions. We propose that the induced CEF under 35oC may be mainly for
increased energy need for carbon metabolisms while the induced CEF under 40oC may be
mainly for the induction of NPQ. Our results provide potential engineering targets to increase
thermotolerance of photosynthesis in algae and crops.

bioRxiv: doi: https://doi.org/10.1101/2021.08.17.456552
49

Selected Speaker,
March 25th, 11.30am - 11.45am

Autophagosome Formation is Dispensable to Chloroplast Singlet
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Background: Chloroplasts respond to stress and changes in the environment by producing
reactive oxygen species (ROS) that have specific signaling abilities. The ROS singlet oxygen
(1O2) is unique in that it can signal to initiate cellular degradation including the selective
degradation of damaged chloroplasts. This chloroplast quality control pathway can be
monitored in the Arabidopsis thaliana plastid ferrochelatase two (fc2) mutant that
conditionally accumulates chloroplast 1O2 under diurnal light cycling conditions leading to
rapid chloroplast degradation and eventual cell death. The cellular machinery involved in
such degradation, however, remains unknown. Recently, it was demonstrated that whole
damaged chloroplasts can be transported to the central vacuole via a process requiring
autophagosomes and core components of the autophagy machinery. The relationship
between this process, referred to as chlorophagy, and the degradation of 1O2 -stressed
chloroplasts and cells has remained unexplored.
Results: To further understand 1O2-induced cellular degradation and determine what role
autophagy may play, the expression of autophagy-related genes was monitored in 1O2stressed fc2 seedlings and found to be induced. Although autophagosomes were present in
fc2 cells, they did not associate with chloroplasts during 1O2 stress. Mutations affecting the
core autophagy machinery (atg5, atg7, and atg10) were unable to suppress 1O2-induced cell
death or chloroplast protrusion into the central vacuole, suggesting autophagosome
formation is dispensable for such 1O2–mediated cellular degradation. However, both atg5
and atg7 led to specific defects in chloroplast ultrastructure and photosynthetic efficiencies,
suggesting core autophagy machinery is involved in protecting chloroplasts from photooxidative damage. Finally, genes predicted to be involved in microautophagy were shown to
be induced in stressed fc2 seedlings, indicating a possible role for an alternate form of
autophagy in the dismantling of 1O2-damaged chloroplasts.
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Phaeodactylum tricornutum is the model pennate diatom. This group of algae, particularly
dominant in the polar regions, are the primary producers of the world’s oceans. The major
light harvesting antennae of diatoms is the Fucoxanthin Chlorophyll a/c binding Protein
(FCP). The FCP is functionally similar to the LHCs of higher plants and green algae. They
increase the absorption cross section of light harvesting and are the main site of the
photoprotective mechanism non-photochemical quenching (NPQ). Whilst diatoms have
significantly higher NPQ capacity than plants, the genes responsible for the interconversion
of pigments responsible for NPQ have not been identified. The major reversible xanthophyll
cycle pigments are diadinoxanthin (Dd) and diatoxanthin (Dt) in the light harvesting vs NPQ
state, respectively. Here we report the discovery of the zep3 gene, which we show encodes
the diatoxanthin epoxidase and is responsible for NPQ reversal. Applying a reverse genetics
approach, we isolated zep3 knock-outs and subsequent complemented lines with the native
gene. HPLC results show that diatoxanthin epoxidation is inhibited in the zep3 mutants. The
maximal photochemical quantum yield (Fv/Fm) is constitutively lower (64% of WT) in
simulated oceanic and estuary light conditions. σPSII is reduced in zep3 mutants (60% of WT)
and lacks dynamic variability in situ during sinusoidal light conditions, in contrast to WT and
complemented lines. 77K spectroscopy measurements show that light harvesting is also
reduced between 450-600 nm in zep3 lines. This reduced light harvesting and permanently
quenched FCP results in significantly lower maximal photosynthetic rates in zep3 lines
compared to the WT, measured via oxygen evolution. Overall, this translates to significantly
reduced growth rates of zep3 compared to WT and complemented lines in variable light
conditions. Discovery of unique genes involved in the relaxation of photoprotection could
improve the biomass productivities of commercial algae in the future.
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Chloroplasts are key players in stress responses. We studied the structural and functional
changes that chloroplasts undergo under biotic or abiotic stress. The first one was
investigated in leaves from adult plants of Phaseolus vulgaris exposed to the non-host
pathogen Pseudomonas syringae pv. tomato. This evokes, as a defense response, a
programmed cell death (PCD) around the pathogen entry, avoiding its proliferation. Using
JIP test as a biophysical surrogate of PS II function, a progressive decrease of the
photosynthetic activity was observed. Measurement of modulated reflection of light at 820
nm indicated a disconnection between the electron carrier activities and the
oxido/reduction states of PC and P700. Accumulation of massive amounts of H2O2 was
associated to a vast disorganization of the thylakoid array and loss of photosynthetic
capacity. Thus, in this biotic stress, chloroplast programmed self-destruction contributes to
the defense response of obliged terminal death by shutting down the cell energy source. In
the abiotic stress, chloroplast role in cold acclimation was approached in Arabidopsis
thaliana adult plants exposed to above-freezing temperatures to acquire freezing tolerance.
Arabidopsis mutants lacking MPK3 and MPK6 kinases exposed to these conditions revealed
an extensive derangement of the chloroplast architecture that was contrasting with an
impressive preservation of the PS II functional parameters. Thus, in the abiotic stress, when
cold acclimation is needed as a sustained response in order to concede resistance to the
forthcoming freezing temperatures, the chloroplast fitness is fundamental to assure
surviving. In this case, the chloroplast compromises its structure but preserves its function.
Our results illustrate the plasticity of the chloroplast to react to different stresses showing
responses of death or survival that are coordinated with transducing networks in which
MAPKs are nodal components.
This work was financed by DGAPA, UNAM (PAPIIT IN222621) and Chemistry School,
UNAM (PAIP 5000 9115), México.
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Kinetics and Targeting of Vipp1 Aggregation in Cyanobacteria
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The kinetics of regulation of vesicle-inducing protein in plastids (Vipp1), an essential protein
in all oxygenic phototrophs, are not completely understood. Vipp1 is responsible for both
membrane maintenance and damage repair processes, aggregating at sites of damage
(proton leakage) or physical strain (responding to presence of anionic lipids). Herein we
spatiotemporally resolve exchange between inactive cytoplasmic Vipp1 and these two
functionalities. We demonstrate that Vipp1 can be aggregated to a specific site in the
thylakoid membrane by laser damage, but this behavior appears to be mediated by a rapidly
resolved secondary process, as cytoplasmic Vipp1 is rendered unresponsive to nearby
damage on a time scale three orders of magnitude faster than the aggregation process
itself. This response process is specific to certain wavelengths of light. We demonstrate that
blue light-induced Vipp1 recruitment is physical damage to the thylakoid membrane rather
than disruption of photosynthetic electron transport. Vipp1 aggregation requires the
existence of a proton gradient across the thylakoid membrane, favorable osmotic pressure
for proton release, and adequate mechanical stress on the thylakoids to force protons out
through sites of damage. Vipp1 aggregates acting near the thylakoid organizing center may
act on the cell membrane rather than the thylakoids, potentially resulting in ejection under
adequate mechanical stress of the Vipp1 aggregate or other contents of the cell. We posit
that scale of Vipp1 aggregation to a particular site on the thylakoid membrane is directly
proportional to local availability of protons and that rate of aggregation is diffusion-based.
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We placed photosynthetic productivity into the context of foliar anatomical features
associated with water and sugar transport for Arabidopsis thaliana ecotypes adapted to local
environments with different climates (a transect of over 2000 kilometers). Ecotypes that
evolved in habitats with more pronounced differences in light, temperature, or precipitation
enacted more pronounced developmental adjustments in response to contrasting light or
temperature regimes with respect to photosynthesis and transpiration as well as anatomical
traits underlying these processes. Despite these ecotypic differences, significant structurefunction relationships existed across all ecotypes and growth conditions between (1)
carbohydrate-export infrastructure (features of minor-vein sugar conduits) and
photosynthetic capacity, (2) water-transport infrastructure (features of minor-vein water
conduits) and transpiration rate, and (3) the relationship between the ratios of water to
sugar conduits in minor veins and of transpirational water loss to CO2 fixation. Specifically,
Arabidopsis thaliana ecotypes from different habitats were grown under seven combinations
of light intensity and temperature. Notably, plants that developed under moderate
conditions of 400 µmol photons m–2 s–1 and 25°C exhibited no differences among ecotypes.
However, when grown under extremes of growth light intensity (100 versus 1000 µmol
photons m–2 s–1), ecotypes from sites with the most pronounced differences in daylength
during their native growing season also exhibited the most pronounced differences in
photosynthetic capacity and dry mass per area. Likewise, when grown under temperature
extremes (8°C versus 35°C), ecotypes from native sites with the most pronounced
differences in growing-season temperature showed the most pronounced differences in
phenotypic plasticity in these same traits. Moreover, the ecotype from the native habitat with
the lowest precipitation showed the greatest plasticity in vein density, minor-vein ratio of
water to sugar conduits, and transpiration rate, whereas the ecotype from the site with the
highest precipitation exhibited the lowest plasticity in these features.
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The Type I photosynthetic reaction center (RC), Photosystem I (PS I), is an exquisitely tuned
pigment-protein complex that is comprised of multiple polypeptide subunits and proteinbound electron-transfer cofactors. Despite decades of research, the initial stages of charge
separation and electron transfer are not well understood, owed in large part to the ultrafast
(fs – ps) timescales in which they occur. While the properties of the intermediate and
terminal acceptors are fairly well characterized, the role of Chl2, Chl3, and the nature of A0Ÿ–
remains unclear. To investigate these cofactors, we employed a combination of 2D-HYSCORE
spectroscopy and advanced DFT calculations centered around the A0Ÿ– state. Analysis of the
hyperfine coupling constants revealed that A0, often considered a Chl a monomer, is better
described as a dimer. DFT calculations over an extended region of the electron transfer chain
show that A0 indeed functions as a dimer of Chl2/Chl3, with an asymmetric distribution of
electron density in favor of Chl3 by a factor of ~3. Further, dimerization occurs independent
of the axial ligand, as seen when the Met ligand to Chl3 is changed to His. The result was a
relatively minor deviation of the spin density distribution over the two rings. Comparing the
A0 structure in PS I with other primary acceptors in both Type I and Type II RCs suggests
that dimerization may occur in other Type I RCs but is unlikely to occur in Type II RCs.
Dimerization of this cofactor likely serves to ensure charge separation is energetically
downhill, and that subsequent recombination is slowed. Further, tuning the nature and
extent of this dimerization via the surrounding protein matrix likely helps RCs control their
electron transfer properties in a varying landscape of potential acceptors.
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Photosynthesis is remarkable, achieving near unity light harvesting quantum efficiency in
spite of dynamic light conditions, rapidly fluctuating molecular structure, and highly
intricate energy transfer pathways. The delicate interplay of quantum effects with molecular
mechanisms of energy management have been explored across highly diverse phototrophs,
giving unique insight for bio-inspired technologies. However, it remains unknown whether
there exists a fundamental organizing principle that gives rise to robust photosynthetic light
harvesting.
In this talk, I present a physicist’s perspective on photosynthesis, as laid out by several
pioneering quantum physicists including Erwin Schrödinger and George Gamow. I then
describe a new paradigm – based on classical noise cancelation – that attempts to describe
highly efficient light energy harvesting in complex networks. By understanding the
connection between electronic network structure and noise, I show how light harvesting
antennae can be finely tuned to maximize power conversion efficiency by passively
minimizing excitation noise, thus providing a unified theoretical basis for the experimentally
observed wavelength dependence of light absorption in green plants, purple bacteria, and
green sulfur bacteria. Our noise-canceling antenna model, which establishes the elementary
connection between highly efficient light energy harvesting and energetic fluctuations,
promises to have applications across various disciplines ranging from quantum nanoscience
and computing to bionanoscience and astrobiology.
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Harnessing Natural Variation of Photoprotection:
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Photosynthesis is a precarious process that brings excited chlorophylls into close proximity with
molecular oxygen, which can generate reactive oxygen species. Photosynthetic light harvesting
must be continuously regulated to adjust to changes in ambient light conditions in natural
habitats and crop canopies. High light exposure rapidly induces non-photochemical quenching
(NPQ) mechanisms that are important for photoprotection, but NPQ competes with
photochemistry and can require several minutes to relax after transitions back to low light. It has
been shown that accelerating the relaxation kinetics of NPQ can improve photosynthesis and
biomass productivity in a model crop. A pulse amplitude modulated (PAM) fluorometric survey
of over 100 species of land plants was conducted to identify species with rapid (<1 min) NPQ
relaxation. Three fern species were identified that exhibit nearly instantaneous induction and
relaxation of NPQ under fluctuating light conditions. They also have higher maximum NPQ
capacity than the model angiosperms Arabidopsis thaliana and Nicotiana benthamiana. These
results were corroborated by time-correlated single photon counting spectroscopy using similar
light regimes. High-performance liquid chromatography was used to analyze the levels of
chlorophyll and carotenoid pigments during dark acclimation, high light treatment, and recovery
in the dark. The fern species have 2-3x higher carotenoid content than leaves of model
angiosperms, and they specifically retain the photoprotective xanthophyll zeaxanthin in the dark,
prior to NPQ induction. This combined evidence suggests that the ferns are primed to induce pHdependent NPQ, known as qE, but relaxation is not dependent on the conversion of zeaxanthin
back to violaxanthin in the dark. These species, therefore, are excellent candidates for discovery
of new mechanisms of rapid NPQ relaxation that could lead to increases in crop productivity.
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Chlamydomonas reinhardtii has Shared and Unique Responses to
Moderate and Acute High Temperatures
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Cheng5, Kirk J. Czymmek1, Michael Schroda3, Timo Mü hlhaus3, Ru Zhang1,*
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Different intensities of high temperatures affect the growth of photosynthetic cells in nature.
To elucidate the underlying mechanisms, we cultivated the unicellular green alga
Chlamydomonas reinhardtii under highly controlled photobioreactor conditions and
revealed systems-wide shared and unique responses to 24-hour moderate (35oC) and acute
(40oC) high temperatures and subsequent recovery at 25oC. We identified previously
overlooked unique elements in response to moderate high temperature. Heat at 35oC
transiently arrested the cell cycle followed by partial synchronization, up-regulated
transcripts/proteins involved in gluconeogenesis/glyoxylate-cycle for carbon uptake and
promoted growth while 40oC disrupted cell division and growth. Both high temperatures
induced photoprotection, while 40oC decreased photosynthetic efficiency, distorted
thylakoid/pyrenoid ultrastructure, and affected the carbon concentrating mechanism. We
demonstrated increased transcript/protein correlation during both heat treatments and
hypothesized reduced post-transcriptional regulation during heat may help efficiently
coordinate heat tolerance mechanisms. During recovery after both heat treatments,
transcripts/proteins related to DNA synthesis increased while those involved in
photosynthetic light reactions decreased. We propose down-regulating photosynthetic light
reactions during DNA replication benefits cell cycle resumption by reducing ROS production.
Our results provide potential targets to increase thermotolerance in algae and crops.
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Phycocyanin Fusion Constructs for Heterologous Protein
Expression Accumulate as Functional Heterohexameric Complexes in
Cyanobacteria
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Overexpression of heterologous proteins from plants, bacteria, and human, as fusion
constructs in cyanobacteria is discussed. Heterologous proteins “P” are expressed as a fusion
with the abundant CpcB β-subunit of phycocyanin, which is placed in the leader sequence
position. The working hypothesis for such overexpressions is that CpcB*P fusion proteins
somehow accumulate, up to 30% of the total cell protein, in a soluble and stable form in
cyanobacteria, retaining the activity of the trailing heterologous “P” protein. The present
work revealed a substantially different and previously unobvious picture, comprising the
following properties of the above-mentioned CpcB*P fusion constructs: (i) The CpcB*P
proteins assemble as functional (α,β*P)3CpcG1 heterohexameric discs, where α is the CpcA
α-subunit of phycocyanin, β*P is the CpcB*P fusion protein, asterisk denotes fusion, and
CpcG1 is the 28.9 kDa phycocyanin disc linker polypeptide. (ii) The α-subunits contain one
open tetrapyrrole bilin co-factor, whereas the β-subunits contain two bilins. (iii) The
(α,β*P)3CpcG1 heterohexameric discs are functionally attached to the Synechocystis
allophycocyanin core cylinders and efficiently transfer excitation energy from the assembled
(α,β*P)3CpcG1 heterohexamer to the PSII reaction center, enhancing the rate of
photochemical charge separation and electron transfer activity in this photosystem. (iv) In
addition to the human interferon α-2 (IFN) and tetanus toxin fragment C (TTFC) tested in
this work, we show that enzymes such as the plant-origin isoprene synthase, β-phellandrene
synthase, geranyl diphosphate synthase, and the geranyl linalool synthase are also overexpressed, while retaining their
catalytic activity in the respective
fusion construct configuration. (v)
Folding
models
for
the
(α,β*P)3CpcG1
heterohexameric
discs showed the recombinant
proteins P to be radially oriented
with respect to the (a,b)3 compact
disc. Elucidation of the fusion
constructs
configuration
and
function will pave the way for the
rational design of fusion constructs
harboring and overexpressing multiple proteins of scientific and commercial interest.
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Acetic Acid Alters Photosynthetic Activities to enhance Drought
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The common bean (Phaseolus vulgaris) is one of the most popular beans in North and South
America; however, it is sensitive to abiotic stresses, especially drought. Generating the
drought-tolerant transgenic cultivars in common bean has had difficulties because of lacking
a regeneration method. Thus, chemical priming appears to be an alternative approach to
improve drought tolerance of common bean. It has been reported that acetic acid rescued
plants from abiotic stresses. In this study, we investigated the effect of acetic acid in
improving drought tolerance of common bean and their underlying physiological and
biochemical mechanisms. Our results showed that acetic acid-treated common bean plants
had the higher survival rates to drought compared with non-treated control. The chemical
treated-plants also exhibited greater chlorophyll and carotenoid contents, higher relative
water contents and lower rate of electrolyte leakage compared with water-treated plants
under drought. Additionally, the chemical-treated plants maintained higher photosynthetic
ability, as indicated by higher carbon assimilation rate and increased electron transport rate
in response to drought as compared with non-treated plants. In addition, the chemicaltreated plants had better antioxidant capacity and activities, which helped plants in
detoxifying drought-induced reactive oxygen species (ROS), thereby providing better
adaptation to drought. Collectively, our data indicate that acetic acid enhanced drought
tolerance in common bean by increasing the photosynthetic capacities and maintaining ROS
homeostasis. This study will open a promising avenue for agricultural application to mitigate
drought stress in this important legume crop.
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Dynamics of the Thylakoid Protein Landscape Control
Photosynthetic Energy Transformation
Hui Min Olivia Oung1, Haniyeh Koochak1.2, Helmut Kirchhoff1
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The protein arrangements and compositions in photosynthetic thylakoid membranes
respond dynamically to environmental changes. This structural flexibility provides a fast
regulation of energy conversion efficiency that prevents damages from excess light and
maximizes the energy use efficiency under fluctuation light conditions. In particular protein
landscape reorganizations in stacked grana thylakoid regions is expected to affect the
efficiency of light-harvesting and electron transport and might be also required for
photoprotection mechanisms like high-energy quenching (qE). To understand the dynamics
of protein landscapes for controlling light energy transformation, we aim to establish a highresolution protein landscape for stacked grana at different qE states in wild type, PsbS
protein overexpress (L17), and knockout (npq4) mutant plants. The PsbS protein is one of
the major proteins involved qE induction and is associated with protein reorganizations in
grana. Here, as a first step for generating detailed protein landscapes, we quantify
photosynthetic protein compositions such as LHCII, cytochrome b6f and photosystem I and
different structural subspecies of photosystem II in the stacked and unstacked areas of
thylakoid membranes in wild type and mutant plants under light (qE) and dark conditions.
We characterize the antenna size and LHCII connectivity of PSII from chlorophyll
fluorescence induction measurements. By combining functional analysis with detailed
protein maps derived from cryo-EM, electron tomography, and compositional analysis of
stacked and unstacked thylakoid regions at light and dark conditions, we expect a detailed
understanding how of the protein landscape dynamics regulates electron transport, light
harvesting, and qE induction.
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Map Kinase MPK3 and MPK6 Regulate Structural Chloroplast
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Plants from template regions prepare themselves to survive subzero temperatures through
cold acclimation, a period with cold non-freezing conditions. This process consists of a
genetic and metabolic reprogramming, that include the activation of mitogen-activated
protein kinase cascades (MAPKs), components of signaling pathways involved in stress
responses. The chloroplast is the largest and most rapidly affected organelle during cold
weather. With the purpose of understanding the role that MPK3/6 have in the chloroplast
function during cold acclimation, we used wild type (wt) Arabidopsis thaliana plants and
knocked-out MPK3 and MPK6 mutants. They were acclimated at 4 °C for one week (AC) or
kept at 22 °C (NA). We found that AC plants increased freezing survival compared to NA
plants, except in mpk6 mutant. Total chlorophyll levels were unchanged between treatments,
except in the AC wt plants, where a slight increase was found. Ultrastructure analysis showed
chloroplasts with normal fusiform shape under NA conditions, compared to a spherical
shape in NA mpk6. Acclimation exposure of wt and mpk3 plants revealed normal chloroplast
morphology with their two distal parts attached to the plasma membrane, however, some
chloroplasts disclosed quasispheroidal shape and tilted grana stacks internalizing into the
central vacuole. Acclimated mpk6 showed marked spherical-shaped chloroplasts, and total
loss of thylakoid organization poorly immersed into the vacuole. These results suggest that
MPK6 is involved in a chlorophagy process during cold conditions. Furthermore, COR15A
(Protein Cold-Regulated 15A, with a suggested chloroplast-protecting role) transcripts,
showed a large increase after AC in wt and mpk3 plants but a 3-fold lower increase in mpk6.
This suggests that COR15A is related to the deformation of mpk6 chloroplasts. Altogether,
these results indicate a crucial role of MPK6 in the chloroplast ultrastructure during cold
acclimation.
This work was financed by DGAPA, UNAM (PAPIIT IN222621) and Chemistry School (PAIP
50009115), México.
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Transcriptomic Analysis of Chloroplast 1O2-signaling in the
Arabidopsis plastid ferrochelatase two Mutant
Snigdha Rai1, Matthew D. Lemke1 and Jesse D. Woodson1
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Chloroplasts respond to stress and changes in the environment by producing reactive
oxygen species (ROS) that have specific signaling abilities. The ROS singlet oxygen ( O ) is
unique in that it can signal to initiate selective degradation of damaged chloroplasts and then
cell death. O signals can be conditionally induced in the Arabidopsis mutant plastid
ferrochelatase two (fc2). Under diurnal light cycling conditions, fc2 mutants accumulate O
in their chloroplasts leading to changes in nuclear gene expression, chloroplast degradation,
and cell death. A genetic suppressor screen identified PUB4, a cytoplasmic E3 ubiquitin ligase
necessary for O -dependent cellular degradation. Understanding such O -signaling
mechanisms will be important in identifying how plant growth and metabolism are balanced
under stress.
To understand O transcriptional response, we analyzed transcriptomes of fc2 and
fc2pub4 mutants under diurnal light cycles ( O -producing conditions). A differential gene
expression analysis revealed 1093 and 204 genes were induced and downregulated,
respectively, in fc2 compared to wild type. Gene categories of “response to stress” and
senescence were induced while categories photosynthesis, cell growth, and development
were downregulated in fc2 mutants. The pub4-6 mutation reversed the expression of >50%
of O responsive genes. Genes encoding Jasmonic acid (JA) and Salicylic acid (SA)
biosynthetic enzymes were upregulated in stressed fc2. While fc2 had higher JA and SA
content in cycling light, fc2pub4 had higher than wild type SA irrespective of light conditions.
We also tested physiological responses to O stress. Compared to fc2, fc2 pub4 exhibited
higher lipid peroxidation and anthocyanin content irrespective of O , suggesting it may be
primed for defense. Selected photosynthesis proteins were also more abundant in fc2pub4,
indicating increased stress resilience.
Together, our results suggest plants respond to O through large-scale changes in
their transcriptomes, triggering the production of stress hormones. PUB4 may be involved
in regulating a basal defense against such stress through the cellular ubiquitination system.
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Inducing Trehalose Synthesis Under Heat Stress Protects PSII and
Tillering in Wheat Seedlings
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Heat stress is one of the most damaging types of abiotic stress to plants because its effects
over the photosynthetic apparatus. Young plants are especially sensitive since even short
periods of heat can affect their establishment and vegetative growth. Some osmolytes, like
trehalose, a non-reducing sugar, can play an important role in protecting cellular structures
against heat-induced damage. The most widely distributed pathway for trehalose synthesis
in nature is the trehalose phosphate synthase (TPS)-trehalose phosphate phosphatase (TPP)
pathway, which is present in yeast, bacteria, and resurrection plants. Here we studied how
increasing trehalose synthesis in wheat seedlings ameliorates the effects of heat stress. Twoweek old transgenic wheat seedlings overexpressing a bifunctional TPS-TPP enzyme under
the stress-response promoter rd29A, and non-transformed (NT) wheat were subjected to
heat shock (HS; 32 °C/6 h). Gas interchange parameters and chlorophyll fluorescence were
measured before and after the HS with a LI-6400/XT instrument. The recovery of the wheat
seedlings was analyzed in the weeks following the HS by registering tiller number. The
photosynthetic rate was reduced in NT seedlings 24 h after HS and remained unchanged in
the transgenic lines. Analysis of the non-photochemical quenching (qN) showed that the
transgenic lines had an efficient dissipation of excess energy during HS and a faster
relaxation of qN after HS, whereas this parameter continued increasing in NT wheat in the
following hours. Tillering was reduced in NT plants compared to transgenic lines even eight
weeks after HS. These results show that inducing trehalose synthesis in wheat seedlings
protects the photosynthetic apparatus from heat stress and promotes recovery after the
stress.
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Towards the Architecture of the TOC Protein Complex
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Protein translocation across the chloroplast outer membrane is essential for photosynthesis
in all green plants. This is because most chloroplast proteins (over 90%) are encoded in the
nucleus, translated in the cytoplasm, and must be imported into the chloroplasts to perform
their functions. The translocon on the outer chloroplast membrane (TOC) complex
orchestrates this vital translocation process and consists of three components: Toc75,
Toc33/34 and Toc159 with unknown stoichiometries. Our lab seeks to elucidate the
structural architecture of the TOC complex to gain mechanistic insights into protein
translocation in chloroplasts. Toc75 is a β-barrel membrane protein that forms the channel
of the TOC translocon and our lab has previously reported a crystal structure of the Nterminal polypeptide transport-associated (POTRA) domains. In this work, we demonstrate
the generation of antigen-binding fragments (Fabs) that specifically recognize the POTRA
domains from both Arabidopsis thaliana and Pisum sativum. Further, we characterize this
interaction using size exclusion chromatography coupled with small angle X-ray scattering
(SEC-SAXS), isothermal titration calorimetry (ITC), and X-ray crystallography. We also show
that we are able to use these fabs to pull down part of the TOC core complex from pea leaves
bought at a local grocery store. Future directions include testing if the Fab fragments can pull
down the full TOC complex which may then be used for structural elucidation using cryo
electron microscopy.
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Interplay between LHCSR Proteins and State Transitions during
Photoprotection under Fluctuating Light
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Photosynthetic organisms use light energy as the primary energy source to fix CO2. However,
in the environment, light energy fluctuates rapidly and often exceeds saturating levels for
periods ranging from seconds to hours, which can lead to detrimental effects for cells. Safe
dissipation of excess light energy occurs primarily by non-photochemical quenching (NPQ)
processes. In Chlamydomonas reinhardtii, photoprotective NPQ is mostly mediated by pHsensing light-harvesting complex stress related (LHCSR) proteins and redistribution of lightharvesting complexes between the photosystems (state transitions). Although each
mechanism underlying NPQ has been documented, their relative contributions to the
dynamic functioning of NPQ under fluctuating light remains unknown. Here, by monitoring
NPQ throughout multiple high light-dark cycles with fluctuation periods ranging from 1 to
10 minutes, we show that the dynamics of NPQ depend on the frequency of light fluctuations.
Mutants impaired in the accumulation of LHCSRs (npq4, lhcsr1, and npq4 lhcsr1) showed
significantly less quenching during light phases, demonstrating that LHCSR proteins are
responsible for the majority of the NPQ during light fluctuations. Surprisingly, activation of
NPQ was also observed in the darkness and this was exacerbated in mutants lacking LHCSRs.
By analyzing 77K chlorophyll fluorescence spectra and chlorophyll fluorescence lifetimes
and yields in a mutant impaired in state transitions (stt7), we show that this phenomenon
arises from state transitions. Finally, we quantified the contributions of LHCSRs and state
transitions to the overall NPQ response, finding that interactions between STT7 and LHCSR3
during darkness may underlie the larger role of state transitions in NPQ for green algae
compared to plants. These results highlight the dynamic functioning of photoprotection
under fluctuating light and open a new way to systematically characterize the photosynthetic
response to an ever-changing light environment.
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Dynamic Lateral Cytochrome b6f Complex Distribution in Plant
Thylakoid Membranes
Vaclav Svoboda1, Helmut Kirchhoff1
1Institute

of Biological Chemistry, Washington State University. PO Box 647411
Pullman, WA. vaclav.svoboda@wsu.edu

Sudden changes in light energy flux require rapid responses directly on the thylakoid
membrane level to minimize photooxidative irreversible damage. Chloroplasts of higher
plants contain a highly organized continuous thylakoid membrane system consisting of
tightly stacked cylindrical grana interconnected by unstacked stroma thylakoids. Main
protein complexes carrying out photosynthetic electron transport are laterally
heterogeneously distributed in thylakoid membranes: Photosystem (PS)II and light
harvesting complex II are concentrated in stacked thylakoids whereas PSI and ATPase are
mainly localized in unstacked regions. The cytochrome b6f (cyt b6f) complex,
interconnecting electron flow between the photosystems is found in both stacked and
unstacked regions. In contrast to green algae consensus about the exact lateral distribution
of cyt b6f complex and its dynamics in higher plants is missing. The lateral distribution of the
cyt b6f complex has multiple functional consequences for photosynthesis, most significant is
the fine-tuning of energy flow between linear and cyclic electron transport (LET and CET,
respectively). It is assumed that LET takes place in stacked thylakoids, involves all protein
complexes, and produces both NADPH and ATP. CET likely takes place in unstacked
thylakoids and recycles electrons from PSI back to cyt b6f complex, producing higher proton
motive force (pmf) utilized for ATP generation. The CET-dependent change in pmf is
assumed to adjust the ATP/NADPH ratio needed for carbon fixation and for pmf-dependent
regulatory processes. Thus, specific information about dynamicity and regulatory factors
controlling the lateral cyt b6f complex distribution in thylakoid membranes is crucial. In this
work, we studied the light-dependent redistribution of cyt b6f complexes from stacked to
unstacked thylakoids membranes. A special focus is on the role reversible protein
phosphorylation catalyzed by STN7/STN8 kinases and PPH1/TAP38 phosphatases for the
light-triggered cyt b6f redistribution and thylakoid ultrastructural dynamics. The functional
consequences of the cyt b6f complex reorganization will be discussed.
Acknowledgement: DOE-BES grant (#DE-SC0017160), Franceschi Microscopy & Imaging
Center at Washington State University.
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Formally Exact Simulation Mesoscale Linear Absorption
Elliot J. Taffet1, Jacob K. Lynd1, Doran I. G. Bennett1
1Department

of Chemistry, Southern Methodist University. P.O Box 750314, Dallas, TX. etaffet@smu.edu

The first step of photosynthesis—the absorption of light—is coordinated by an intricate
network of pigments anchored in protein scaffolds. The interactions within photosynthetic
aggregates invites spectroscopies, from linear absorption to two-dimensional infrared, to
serve as powerful probes of both the static electronic structure and dynamic process of
electronic energy transfer. Yet spectroscopic simulations of photosynthetic pigment protein
complexes, belonging to the broad ‘intermediate regime’ where perturbative
approximations break down, are challenging, particularly for large aggregates. In this work,
we demonstrate that a formally exact method - the adaptive hierarchy of pure states
(adHOPS) - can be used to simulate spectroscopic signals such as linear absorption in
mesoscale molecular aggregates. We begin by demonstrating that we can efficiently simulate
both the monomeric and trimeric Photosystem I core complex from Thermosynechococcus
elongatus. We then use these calculations to re-optimize a previously constructed electronic
Hamiltonian to provide better agreement with linear absorption and linear dichroism
measurements. Finally, we demonstrate that this method is extensible to mesoscale
molecular aggregates, such as those found in self-assembled dyes and the chlorosome of
green sulfur bacteria.
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

Byrdin, M. et al. Biophys. J. 2002, 83 (1), 433–457.
Kramer, T. et al. J. Comput. Chem. 2018, 39 (22), 1779–1794.
Kramer, T. et al. Chem. Phys. 2018, 515, 262–271.
Hartmann, R.; Strunz, W. T. J. Phys. Chem. A 2021, 125 (32), 7066–7079.
Chen, L.; Bennett, D. I. G.; Eisfeld, A. arXiv:2111.01089 [quant-ph] 2021.
Varvelo, L.; Lynd, J. K.; Bennett, D. I. G. Chem. Sci. 2021, 12 (28), 9704–9711.
Canfield, P. et al. J. Chem. Phys. 2006, 124 (2), 024301.
Scholes, G. D. et al. J. Phys. Chem. B 1999, 103 (13), 2543–2553.

68

Poster Presenter on March 25th

Chloroplast Singlet Oxygen Signaling is Controlled by Multiple
Pathways
David W. Tano1, Marta Kozlowska1, Robert A. Easter1, Jesse D. Woodson1
1University

of Arizona, Tucson, USA. dwelsh625@email.arizona.edu

Chloroplasts respond to stress and changes in the environment by producing reactive
oxygen species (ROS). Aside from being cytotoxic, ROS have specific signaling capabilities
to control cell physiology. The ROS singlet oxygen (1O2)is naturally made during
photosynthesis and is able to induce the expression of hundreds of nuclear genes,
chloroplast degradation, and cell death. To unveil the complexities behind the involvement
of 1O2 in stressed chloroplasts, researchers use several conditional 1O2-producing
Arabidopsis thaliana mutants. Two of these genetic mutants, plastid ferrochelatase two (fc2)
and fluorescent in blue (flu), accumulate intermediates of the chlorophyll biosynthesis
pathway. These photosensitized molecules absorb light energy and react with ground state
oxygen to produce 1O2. Another mutant, chlorina 1 (ch1), cannot convert chlorophyll a to
chlorophyll b and thus does not form the antenna complex of photosystem II. The reaction
center is unprotected, becomes over-reduced, and leads to 1O2 production. Finally, the
accelerated cell death two (acd2) mutant accumulates chlorophyll breakdown products that
lead to 1O2 accumulation in both chloroplasts and mitochondria. Here, we compare these
1O -producing mutants to elucidate if they utilize the same 1O signaling pathways. From
2
2
publicly available transcriptomic data, we show fc2, flu, and ch1 share a core response to
1O stress, yet at the same time maintain unique responses, potentially tailoring
2
transcriptomic changes to the specific stress. Furthermore, we performed genetic analyses
of these 1O2-producing backgrounds by introducing suppressor mutations of one
background into another. We found the flu mutant signals solely through EXECUTER
proteins whereas fc2, ch1, and acd2 employ the protein PLANT U-BOX 4. Our work
illustrates the complexity of 1O2-signaling and how the origin of the 1O2 might report on
specific environmental conditions and affect distinct responses.
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Allosteric Regulation of Phosphoenolpyruvate Carboxylase: A
Key Enzyme Driving C4 Photosynthesis
Ryan L. Wessendorf1, Asaph B. Cousins1
1Washington

State University, Pullman, WA, USA. ryan.wessendorf@wsu.edu

With an exponentially growing human population, further understanding the evolution of C4
photosynthesis may provide insights into bioengineering enhanced photosynthesis in
biofuel and food crops. Phosphoenolpyruvate (PEP) carboxylase (PEPC) is found in all
terrestrial plants and carboxylates PEP with bicarbonate (HCO3-) to form the four-carbon
acid oxaloacetate. This reaction is essential for supplying intermediates to the tricarboxylic
acid cycle (TCA) cycle, which balances the carbon and nitrogen pools within plants. In C4
plants, gene duplication facilitated PEPC’s neofunctionalization from its anaplerotic function
to operate as the first committed and non-reversable step of the carbon-concentratingmechanism (CCM) that defines C4 photosynthesis. The C4 PEPC enzyme is a key rate limiting
enzyme of the CCM and has evolved a high sensitivity to its allosteric activator Glucose-6Phosphate (G6-P), compared to the ancestral non-photosynthetic PEPC isoform. The large
amount of the C4 PEPC in leaves requires it to be tightly regulated to keep it from disrupting
primary metabolism. Previous research has identified a plant-specific-loop, amino acids 349369, that hydrogen bonds and stabilizes the interaction with G6-P. However, the mechanism
controlling PEPC’s sensitivity G6-P is not well understood. To investigate the sensitivity of
PEPC to G6-P we have used a PEPC-less E. coli cell line to overexpress and purify PEPC
isozymes from the two C4 grasses Oropetium thomaeum and Paspalum vaginatium. These
PEPC isozymes display different levels of sensitivity to G6-P and we used single amino acid
and domain swaps to generate chimeric PEPCs to test how the enzymes structure influences
its G6-P regulation. This research provides valuable information that identifies one
mechanism that controls PEPC’s sensitivity to G6-P in P. vaginatium but not O. thomaeum.
These data provide new insights into the complicated mechanisms controlling the allosteric
regulation of PEPC by G6-P.
Support for this research was provided by the Office of Basic Energy Sciences, Department
of Energy (grant no. DE-SC0001685).
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Light-Induced Self-Assembly Process of the Oxygen-Evolving MnCluster in Photosystem II
Miao Zhang1, Asmit Bhowmick1, Ruchira Chatterjee1
1Lawrence

Berkeley National Lab, One Cyclotron Rd, Berkeley, USA. mimiz-zhg@lbl.gov

Photosystem II (PSII) is a multisubunit protein complex, which is embedded in the thylakoid
membrane of cyanobacteria, algae and higher plants. The catalytic center of PSII is the socalled oxygen evolving complex (OEC). Recent crystallographic studies showed that the
structure of the OEC is an inorganic Mn4CaO5 cluster, that advances through five
intermediate S states (S0 to S4), producing oxygen, electrons and protons from water by using
solar energy. The Mn4CaO5 cluster is unstable upon light illumination and highly prone to
changes in protein environment. To cope with oxidative damage, a remarkable feature of
photosynthetic organisms is their ability to undergo a self-repair cycle. During this cycle, the
PSII complex is partially disassembled, and particularly the damaged D1 core subunit is,
every 30 minutes, replaced by a new D1. This is required as this core protein provides most
of the Mn4CaO5 cluster coordinating ligands. Importantly, the self-repair also involves the
complete disassembly and reassembly of the Mn4CaO5 complex. Despite the recent progress
in elucidating the dynamics of the mechanism of the photosynthetic water oxidation, the
long-standing question of how the catalytic Mn4CaO5 complex is assembled, from the
dissolved metal ions driven by light, is still not clear. In this poster we show an apo PSII
crystal structure fully depleted of the Mn4CaO5 cluster which served as a starting stage for
the reconstitution of this metal complex. Further initial experiments to reassemble the
Mn4CaO5 cluster into apo PSII and a possible model for the reconstitution are shown and
proposed, respectively. By using optimized experimental conditions during reconstitution,
we were recently able to demonstrate that 9 nano-second laser flashes are sufficient to
photoactivate our apo PSII microcrystals as is revealed by the observation of the first oxygen
yield after the 9th flash.
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