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Foreword

This volume is a record of the fourth biennial meeting of the principal investigators funded by
Photosynthetic Systems, a program offered by the Chemical Sciences, Geosciences, and Biosciences
(CSGB) Division in the Office of Basic Energy Sciences (BES), U.S. Department of Energy (DOE).
CSGB supports basic biological research relevant to energy technology through two complementary
programs: Photosynthetic Systems and Physical Biosciences. These, along with the Solar Photochemistry
program, comprise the CSGB Photochemistry and Biochemistry Team, a coordinated group of programs
that support areas of basic research that have been central to the science mission of the DOE since its
earliest days.

The abstracts in this volume describe research at the leading edge of understanding natural
photosynthesis, a process that exhibits great structural and chemical diversity across the biological world
but that uniformly captures and stores solar energy with unmatched efficiency. The high caliber of the
research in these abstracts reflects the talent, dedication, and industry of the principal investigators who
make Photosynthetic Systems a vibrant, innovative funding program with growing relevance to many of
the challenges facing our nation now and in the future.

The purpose of this meeting is to report research accomplishments made in recent years and to foster the
exchange of scientific knowledge among all participants. Accordingly, the meeting is designed to
promote sharing of new ideas and methodologies; facilitate cooperation and collaboration among research
groups; challenge old paradigms with new; and provide opportunities to interact with program managers
and staff of the DOE. In keeping with this purpose, questions and ideas from meeting participants are
welcome at all times.

We thank Diane Marceau of DOE BES and Connie Lansdon and Tim Ledford of Oak Ridge Institute for
Science and Education (ORISE) for their invaluable work planning and successfully executing the
logistics of this meeting. Without their help, the meeting would not have occurred.

Stephen K. Herbert, Program Manager, Photosynthetic Systems, DOE BES
Robert J. Stack, Program Manager, Physical Biosciences, DOE BES
B. Gail Mclean, Team Lead, Photochemistry and Biochemistry Team, DOE BES
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Energy Transfer and Radiationless Decay in Light-Harvesting Proteins

Warren F. Beck, Principal Investigator

Department of Chemistry, Michigan State University, 578 S. Shaw Lane, Room 3,
East Lansing, Michigan 48824-1322 USA

Email: beckw@msu.edu; Web: http://www.chemistry.msu.edu/faculty/beck

Harry A. Frank, Co-Principal Investigator

Department of Chemistry, University of Connecticut, 55 North Eagleville Road, U-3060,
Storrs, Connecticut 06269-3060 USA

Email: harry.frank@uconn.edu Web: http://frankgroup.uconn.edu

Overall research goals: This project employs two-dimensional electronic spectroscopy (2DES) and
transient-grating (TG) spectroscopy with optical heterodyne detection to determine the structural
and physical mechanisms that control and optimize the excitation energy transfer channels involved
in photosynthetic light-harvesting. The work focuses on the structurally well-characterized
peridinin—chlorophyll a protein (PCP). The research plan compares the photophysics of peridinin in
solution with that of the PCP complex in order to distinguish the effects of the protein/chromophore
environment on excited-state motions and nonradiative decay mechanisms.

Figure 1. Left: Trimeric complex of the peridinin—chlorophyll a protein from Amphidinium carterae (1PPR.pdb).
Right: Space-filling rendering of the chromophores in a single subunit: peridinin (magenta) and chlorophyll a (yellow).
Lower right: structure of peridinin.

Significant achievements 2013-2015:

» Heterodyne TG signals from peridinin were obtained in a range of solvents. The results suggest
that the decay of the optically prepared S, (1'B,") state and the recovery of the ground state So
(11Ag‘) involve formation and decay of a strong intramolecular charge-transfer (ICT) character.

* Full nonlinear optical simulations of the heterodyne TG signals from B-carotene and peridinin
after optical preparation of the S, state were performed with the response function formalism and
the multimode Brownian oscillator model. These simulations enabled us to make a direct
comparison of the observed and modeled absorption and dispersion components of the third-
order signal for the first time. The results of the simulations indicate that the dispersion signal
definitively reports the ultrafast (<15 fs) decay of the S, state in carotenoids to a dark intermediate
state, Sx (4). We also find that the dispersion signal allows a clear distinction to be made between



nonradiative decay of the S; (21Ag‘) state and conformational relaxation on the Sy potential
surface.

* A new hypothesis (1) for the structural dynamics involved in the nonradiative decay of
carotenoids in light-harvesting proteins was developed. It is proposed that torsional motions are
activated after an initial vibronic excursion in the S, state along Franck—Condon active, bond-
length alternation coordinates of the conjugated polyene backbone. These motions lead to an ICT
character, which may be enhanced in the S; state due to pyramidalization.

» We have installed and characterized a new femtosecond 2DES spectrometer that employs a high-
repetition rate YD laser, a noncollinear optical parametric amplifier (NOPA), and two channels of
adaptive pulse shaping. This system permits us to obtain broadband 2DES spectra with <10 fs
pulses for the first time and to exploit amplitude- and phase-shaped excitation pulses to probe
excited-state vibrational dynamics.

Science objectives for 2015-2016:

 Broadband TG spectra from peridinin will be obtained in a range of solvents in order to further
test the hypothesis that twisted and/or pyrimidal conformations with ICT character are formed
due to ultrafast motions on the S, potential-energy surface.

* Broadband 2DES spectra will be recorded with the PCP complex in order to observe electronic
coupling between peridinin chromophores in a given protein domain.

 With red-shifted broadband excitation, 2DES spectra will also be obtained to determine the states
that mediate energy transfer from peridinin to Chl a in the PCP complex.

* Preparations with Chl b substituted for Chl a will be prepared for use in broadband 2DES
experiments that assess the mechanism of energy transfer between peridinin and Chl in the PCP
complex.

References to work supported by this project 2013-2015:

(1) Beck, W. F.; Bishop, M. M.; Roscioli, J. D.; Ghosh, S.; Frank, H. A. Excited state
conformational dynamics in carotenoids: dark intermediates and excitation energy transfer. Arch.
Biochem. Biophys. 2015, 572, 175-183. DOI: 10.1016/j.abb.2015.02.016.

(2) Bishop, M. M.; Roscioli, J. D.; Ghosh, S.; Mueller, J. J.; Shepherd, N. C.; Beck, W. F.
Vibrationally coherent preparation of the transition state for photoisomerization of the cyanine dye
Cy5 in water. J. Phys. Chem. B 2015, 6905-6915. DOI: 10.1021/acs.jpcb.5b02391.

(3) Bishop, M. M.; Roscioli, J. D.; Ghosh, S.; Mueller, J. J.; Shepherd, N. C.; Beck, W. F. Probing
hydrogen-bonding dynamics and friction in the hydration shell on the 100 fs timescale: Photon echo
peak shift and vibrational coherence of the cyanine dye Cy5 tethered to Zn"-substituted

cytochrome c. J. Phys. Chem. Lett., submitted.

(4) Ghosh, S.; Bishop, M. M.; Roscioli, J. D.; Mueller, J. J.; Shepherd, N. C.; LaFountain, A. M.;
Frank, H. A.; Beck, W. F. Femtosecond heterodyne transient grating studies of nonradiative decay
in B-carotene: Contributions from dark intermediates and double quantum coherences. J. Phys.
Chem. B, submitted.




Regulation of Thylakoid Lipid Biosynthesis in Plants

Christoph Benning (Principal Investigator)

Kun Wang (Graduate Student); Rebecca Roston (Postdoctoral Research Associate); Hope Hersh
(Undergraduate Student), Patrick Horn, (Postdoctoral Research Associate)

Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing, MI 48824
Email: benning@msu.edu; Web: http://www.bmb.msu.edu/faculty/benning.htm

Overall Research Goal: The overall goal is to gain a mechanistic understanding of the assembly and
maintenance of the photosynthetic membranes in plants with a strong focus on its lipid constituents.
Establishment and maintenance of the photosynthetic membrane is a dynamic process throughout the life
cycle of the plant and involves finely tuned mechanisms to adjust synthesis and breakdown of polar
lipids. Currently, the focus is on the turnover of the principal membrane lipid of the photosynthetic
membrane, monogalactosyldiacylglycerol (MGDG). Two different processes are investigated that involve
recently discovered enzymes SENSITIVE TO FREEZING2 (SFR2) and PLASTID GALACTOLIPID
DEGRADATION 1 (PGD1), which catalyze the recycling of MGDG derived diacylglycerol or acyl
moieties, respectively, into triacylglycerol following the exposure to abiotic stresses. The specific aims
are (1) to determine the activation mechanism of SFR2, (2) to determine the function of SFR2 in lipid
remodeling in response to different abiotic stresses, and (3) to determine the function of plant PGD1-like
proteins in lipid remodeling and abiotic stress responses.

Significant Achievements (2014 —2015):

1. SFR2 structure-function studies and activation mechanism. We completed a molecular model of
Arabidopsis SFR2, and used site-directed mutagenesis in combination with activity assays to determine
the relationship between protein structure and function (Roston, et al 2014).SFR2 has no hydrolase
activity even though its active site residues are identical with those of glycosyl hydrolase family 1
proteins. We identified several structural features required for its activity. The analysis of temperature
dependence of SFR2 activation in Arabidopsis in planta shows that it is activated posttranslationally
between -2 to -8 ‘C. At the chloroplast level, SFR2 is activated by a precise combination of pH decrease
and MgCl, increase at physiologically relevant levels of KCl. Using transgenic lines producing a
fluorescent in vivo marker, a drop in cytosolic pH following freezing in vivo was identified. At the tissue
level, decrease of the pH by infiltration of leaves with weak organic acids also activates SFR2. Thus, it is
proposed that this drop in cytosolic pH in combination with an increase in the concentration of MgCl, on
the cytosolic face of the outer envelope due to release of MgCl, from the chloroplast following freezing
injury leads to an activation of SFR2.

2. Function of SFR2 in lipid remodeling in response to different abiotic stresses. SFR2 is present in the
chloroplast envelopes of all land plants. It is hypothesized that SFR2 plays roles in drought and salt stress
tolerance in non-freezing tolerant plants. We generated tomato sf2 RNAI lines to determine the role of
SFR2 in a cold/salt stress sensitive plant. The transgenic lines are more salt and drought sensitive. We
produced active tomato SFR2 in yeast enabling us to compare its activity and activation to Arabidopsis
SFR2 in vitro.

3. Function of plant PGD1-like (PGDL) proteins in lipid remodeling and abiotic stress responses. In
initial experiments PGDL3 caused a strong lipid phenotype when produced at low levels in E. coli
suggesting it to be a lipase. The purification protocol for recombinant PGDL3 produced in E. coli was
optimized and the protein was obtained at near homogeneity in its active form. Development of a lipase
assay for PGDL3 recombinant protein allowed characterization of the protein’s activity in vitro. The
enzyme is specific for the sn-1 position of monogalactosyldiacylglycerol and also acts on different
phosphoglycerolipids. Using different methods, the protein was shown to be located in the chloroplast.
Following transient expression of PGDL3 in tobacco or stable over expression in Arabidopsis, a specific
lipid phenotype was observed: The ratio of 16:14™ over 16:0 fatty acids in phosphatidylglycerol was
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decreased. The first fatty acid, 16:1 , 1s specific to the sn-2 position of phosphatidylglycerol found
only in the thylakoid membranes. The function of this specific lipid species, although present in all
chloroplasts, is not yet known. It should be noted that PGDL3 overexpressing plants were smaller and
their leaves more yellow hinting at a problem in chloroplast development or photosynthesis. This will be
a focus of further studies.

PGDL1 was also produced in recombinant form in E. coli. Lipase activity was confirmed in
microsomes from the transgenic E. coli. The PGDLI activity profile is similar to that of PGDL3 and it is
also located in the chloroplast. This was surprising as the protein does not contain a typical stromally-
targeting transit peptide. It is hypothesized that this protein, like other chloroplast envelope proteins does
not need a transit peptide, and may therefore be associated with different chloroplast membranes than
PGDL3, which does have a transit peptide. Transient expression of PGDLI in tobacco caused a similar
lipid phenotype as described for PDGL3 above. In addition, PGDL1 also seems to act on
phosphatidylcholine, which showed altered fatty acid composition. As phosphatidylcholine is present in
chloroplast mostly in the outer envelope membrane, this difference in phenotype between PGDL1 and
PGDL3 transient expression lines supports a different suborganellar location of the two enzyme isoforms,
with PDGL1 being associated with the outer envelope and PGDL3 with thylakoid membranes. This
hypothesis will have to be further corroborated.

PGDL2 is also present in the chloroplast confirmed by two independent methods. The lipid phenotype
following transient expression of PGDL2 in tobacco leaves was similar to that of PGDLI. Studying pgd|
single and double mutants and transgenic RNAi and overexpression lines it was observed that
germinating seedlings of pgd! lines are more sensitive to ABA. In addition, pgd/ mutants have less
triacylglycerol in their mature seeds and the fatty acid composition of seed oil in the pgdl3 mutants is
altered. It seems possible that these enzymes play a particularly important role during seedling
establishment following germination as plantlets transition from heterotrophic to photoautotrophic
growth, a time when chloroplasts and their photosynthetic membranes rapidly develop.

Science Objectives for (2015-2016):

1. Before the end of 2015 we plan to wrap up work on SFR2 activation by submitting work for
publication.

2. We plan to conclude the analysis of SFR2 function in tomato before the end of 2015.

3. We will continue our analysis of PGDLI1,2,3 proteins in Arabidopsis. We will continue to explore
phenotypes of the pgd/ mutants under different environmental conditions and at different stages of
development. In particular, we will explore the hypothesis that these proteins are associated with
different chloroplast suborganellar membranes where they act on specific chloroplast lipid species.

4. To better understand the PGDL overexpression lipid phenotypes, we will develop a new objective
focused on chloroplast phosphatidylglycerol biosynthesis and function. The initial focus will be on
identifying the phosphatidylglycerolphosphate phosphatase and novel chloroplast proteins related to
changes 16:1°*™™ content in the respective mutants.

References to Work Supported by this Project 2014-2015:

1. Lipid trafficking in plant cells. 2014. Hurlock AK, Roston RL, Wang K, Benning C. (2014) Traffic.
15:915-32

2. Roston RL, Wang K, Kuhn LA, Benning C. 2014. Structural determinants allowing transferase
activity in SENSITIVE TO FREEZING 2, classified as a family I glycosyl hydrolase. J. Biol. Chem.
289:26089-106. (on the cover)



Molecular Mechanism of Action of the Cyanobacterial Orange Carotenoid Protein

Robert E. Blankenship, Principal Investigator
Departments of Biology and Chemistry, Washington University in St. Louis, Campus Box 1137,
St. Louis, MO 63130, USA

Overall Research Goals: All photosynthetic organisms contain a light-harvesting antenna system,
which expands the solar spectrum utilization and supplies excitations to reaction center
complexes where photochemistry takes place and the energy is stored ultimately in reduced
carbon of biomass. Photosynthetic antenna complexes are extremely diverse, both in terms of
structural organization and type of pigment utilized. Equally diverse are the photoprotection
mechanisms through which the excitation energy transfer from light harvesting complexes to the
reaction centers is modulated to cope with fluctuating light and other environmental conditions.

This project centers on the Orange Carotenoid Protein (OCP) that is found in cyanobacteria and
guenches excited states in the phycobilisome (PBS) antenna complex. The OCP is a soluble
photoactive protein and the first identified photoactive protein that binds a carotenoid molecule
as the pigment. The OCP is found in an inactive orange form in the dark but is converted into a
red form by excess light. The red form binds to the PBS and quenches excited states of the bilin
chromophores, providing photoprotection.

The goal of this research project is to give us a much-improved understanding of the
photoactivation and mechanism of action of this important photoprotection process at the
molecular level and also improve our understanding of its physiological roles in cyanobacterial
adaptation to changing environmental conditions. A working model of OCP conformational
changes is shown in Fig. 1.

Significant Achievements 2014-2015:. We have carried out a variety of structural and
mechanistic studies on the isolated OCP derived from both wild type and genetically modified
strains as well as examining its interaction with the phycobilisome. These studies have involved
ultrafast spectroscopy and mass spectrometry of the protein in both orange and red forms, as well
as chemical labeling and cross linking studies. The results are being synthesized into a molecular
mechanism of how the OCP functions to regulate energy transfer in cyanobacterial antennas.
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Fig. 1. Working model of OCP photoinduced conformational changes.



In the course of this research we have developed a method that makes use of isotopically labeled
chemical labeling reagents to obtain quantitative information about the conformation changes
induced in the OCP by the orange to red transition (Fig. 2). In this new method, isotope-coded
'heavy' and 'light' glycine ethyl ester (GEE) are used to label separately the two states of the
OCP. Carbodiimide-mediated GEE coupling reaction is used to introduce modification. Two
samples digested with trypsin, were mixed (1:1 ratio) and analyzed in a single LC-MS/MS
experiment. The difference in labeling extent between the two states was determined by the ratio
of the abundances of the 'heavy' and 'light’ peptides. Conformational changes were elucidated by
comparing ratios of the 'light' and 'heavy' isotopologues. A paper describing this work was
recently published (1).

Inactive OCP (Orange OCP)
' Orange OCP
~ | Light Labeling -
, Pigastion B | RedOCP
Active OCP (Red OCP) 1:1 mixing
LC-MS

\

'v Heavy Labeling

Fig. 2. Logic of the isotope-assisted quantitation of chemical labeling in the OCP protein in the
orange and red forms. The orange form is labeled with isotopically light reagent, while the red
form is labeled with isotopically heavy reagent. The samples are mixed, digested and analyzed
using LCMS. The amplitude difference of the light and heavy peptides directly reflects the extent
of labeling in the orange and red forms of OCP.

Science Objectives for 2015-2016: We are continuing our analysis of the conformational changes
in the OCP that take place upon the orange to red transition and are also investigating the
interaction and detachment mechanisms of the OCP with the phycobilisome. Techniques used
include biochemical analysis, site-directed mutagenesis, chemical modification, mass
spectrometry, ultrafast spectroscopy and neutron scattering.

References to Work Supported by This Project 2014-2015:

1. Zhang H, Liu H, Blankenship RE and Gross ML (2015) Isotope-encoded Carboxyl Group
Footprinting for Mass Spectrometry-based Protein Conformational Studies. Journal of the
American Society for Mass Spectrometry, In Press DOI: 10.1007/s13361-015-1260-5



Photosystem |1: Structure and Function

Terry M. Bricker, Principal Investigator

Laurie K. Frankel, Co-Pl

Manjula Mummadisetti, graduate student

Department of Biological Sciences, Division of Biochemistry and Molecular Biology, Louisiana State
University, Baton Rouge, LA 70803.

Email: btbric@Isu.edu

Overall research goals: The principal research objective is to study the structure and function of
Photosystem II (PS I1). These studies include: (1) identification of the principal sites responsible for
reactive oxygen species generation in PS |1, (2) determination of the structural arrangement of the
extrinsic proteins of PS Il in higher plants, and, (3) the use of protein crosslinking to examine
components which interact with PS 1 in vivo (Synechocystis 6803) and in organello (Arabidopsis)

Significant achievements 2014-2015: Significant progress has been made: (1) Using protein
crosslinking and synchrotron radiation radiolysis, the structural interaction between PsbP and PsbQ
(Fig. 1) has been determined in higher plants (ref. 4). Additionally, we have determined that
significant differences exist between the structure of the cyanobacterial PsbO protein and that of
higher plants. (2) We have determined that the N-terminal post-translational lipid modification of
CyanoQ is required for stability/assembly (ref. 1). (3) In other experiments we have determined
that the PPD1 protein is an assembly factor for the lumenal domains of PS | (ref. 6) and have
developed a non-detergent isolation method for the isolation of the PS I — LHC Il supercomplex
(ref. 3).

Figure 1. Interaction of PsbP and PsbQ in Higher Plant PS Il. A. Proposed structural interaction between PsbP
(pale-green) and PshQ (pale-blue). The distances between the crosslinked residues are labeled. B. Proposed structure of
the higher plant PsbQ-PsbQ dimer with one subunit shown in light blue and the other in blue. The distances between the
inter-PsbQ crosslinked residues are labeled. These structures were proposed in Ref. 4.

Science objectives for 2015-2016:

 Protein crosslinking studies are ongoing examining the interaction of the higher plant extrinsic
proteins with each other and intrinsic core subunits.

» Ongoing experiments are designed to establish the Kkinetics of oxidative modifications which
occur during the photoinactivation of PS II, using both H,*0 to probe oxidizing-side
modifications and *°O, to probe both reducing-side modifications and modifications produced by
singlet oxygen. Additionally, under chloride-depleted conditions, mild heat treatment leads to
the generation of °*OH at or near the manganese cluster. Identification of the location of




oxidative modification under these conditions should help to establish the pathway of ROS
and/or dioxygen out of the photosystem.

We have identified a number of in vivo and in organello crosslinked products involving PS Il
using an isotopically encoded, affinity isolatable membrane permeate crosslinker. We have also
identified crosslink products within PS 1, the cytochrome be/f complex and ATP synthase. We

are currently attempting to identify these crosslinked species.
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Overall research goals: The goal of our proposed research is to better understand the catalytic
mechanism of the 4Mn-Ca water oxidizing/oxygen evolving center of Photosystem II. This multimetal
center carries out the four electron oxidation of two water molecules, producing bio-activated electrons
and protons, with molecular oxygen released as a byproduct. Each of the four oxidation steps in the
catalytic cycle is driven by photon induced electron transfer, which allows us to step through the
successive intermediates of the S-state cycle using saturating laser flashes. We need to understand the
electronic structure of this complex metal cluster and its ligand environment as it advances through the
cycle in order to determine how this unique natural catalyst carries out this crucial chemistry.

Significant achievements 20014-2015: High-resolution X-ray structures of Photosystem II reveal several
potential sub- strate binding sites at the water-oxidizing/oxygen-evolving 4MnCa cluster. Aspartate- 61
of the D1 protein hydrogen bonds with one such water (W1), which is bound to the dangler Mn4A of the
oxygen-evolving complex. Comparison of pulse EPR spectra of 14NH3 and 1 NHj; bound to wild-type

Synechocystis PSII and a D1-D61A mutant lacking this H-bonding interaction demonstrates that
ammonia binds as a terminal NHj at this dangler Mn4A site, and not as a partially deprotonated bridge

between two metal centers. The implications of this finding on identifying the binding sites of the
substrate and the subsequent mechanism of dioxygen formation are discussed, as will details oncovered
by new *>Mn ENDOR experiments on native and ammonia-bound forms (1).
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Abstract: Photosystem 11 (PSII) catalyzes sunlight-driven OX|dat|on of water during photosynthesis,
supplying nearly all the O, in our biosphere. The photosynthesis *20 kinetic isotope effect (KIE) is
used in global Dole-effect models to explain the ISOtOEIC composition of O, in the atmosphere, but
there is ambiguity in both the magnltude of the PSII **0 KIE, and its relevance to proposed water-
splitting mechanisms. We find that the **0 KIE of PSII is 1.002 + 0.001 in thylakoid membranes
and PSII membrane fragments when assayed under standard laboratory conditions, which is
explained because plastoquinone exchange is the rate-limiting step during steady-state turnover of
PSII. When this rate limitation is removed by usi ng high exogenous gquinone concentrations (2,5-
dichloro-p-benzoquinone, DCBQ) and low pH, the ~“O KIE of 1.022 + 0.003 associated with water
oxidation is unveiled. This value is consistent with proton-coupled electron transfer being the rate-
determining step in photosynthetic water oxidation.
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Figure 1. Measured *®0 KIE of PSII. The 80 KIE increases as the [DCBQ]:[PSII] ratio is changed in the reaction
mixture. Data represent the means of 3-5 independent experiments with standard error.

Overall research goals: The objective of this project is to characterize the water-oxidation
chemistry catalyzed by the MnsCaOs cluster in the oxygen-evolving complex (OEC) of
photosystem Il (PSII) by using biophysical and spectroscopic methods to analyze the effects of
point mutations, isotopic composition and inhibitors. Goals of the research are to determine how
the local protein environment facilitates the water-oxidation activity. EPR spectroscopy and isotope
effect measurements will be used to characterize the structure of the OEC and the mechanism of
water oxidation. The effects of point mutations near the OEC that are hypothesized to perturb the
mechanism of water oxidation and/or the hydrogen-bonding network surrounding the OEC will be
determined, and ammonia inhibition studies will be carried out to gain insight into the substrate
(water) binding sites.




Science objectives for 2015-2016:

We aim to probe the mechanism of O-O bond formation by measuring *°0/*®0 kinetic isotope
effects (KIE) of OEC turnover. These values will be measured when OEC turnover is limiting,
in selected point mutants with slow O,-release kinetics, and in the presence of D,O.

We will also determine and compare the effective pK,’s and H/D KIE’s of point mutants in the
hydrogen-bonding network surrounding the OEC to determine bottlenecks in proton release.

The effect of the D1-N87A point mutation on the equilibrium between the two spin isomers of
S, will be determined. Spinach PSII typically shows both the S, g=2 “multiline” and g=4.1 EPR
signals, while cyanobacterial PSII only shows the g=2 signal. This difference may be connected
to the change from D1-A87 in plants to D1-N87 in cyanobacteria.

Ammonia binds in two sites in the OEC: Site A directly on Mn and a second-shell site that is
competitive with CI™ and stabilizes the g=4.1 S, state (Site B). We will investigate the “Site B”
ammonia-binding site in point mutants that prevent CI™ binding (D2-K317A and D1-N181A).
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Abstract

Cyanobacteria are considered as ideal vehicles for numerous bioengineering
applications ranging from CO, mitigation to the production of biofuels and chemicals.
The acquisition of inorganic carbon (Ci=CO,+HCO5") very often limits photosynthetic
performance in natural systems, including cyanobacteria. This limitation is likely to be
even more acute in engineered systems that may have even higher demands for inorganic
carbon, due for example, to the release of hydrocarbons.

To overcome Cj-limitation, cyanobacteria naturally possess a complex CO,-
concentrating mechanism (CCM) that is capable of utilizing cellular energy to acquire
and concentrate CO, and bicarbonate from the environment. However, much remains to
be understood regarding the structure and regulation of the CCM. Accordingly, the
overall objective is to better understand the cyanobacterial high affinity CCM and its
integration with the reactions of oxygenic photosynthesis using the model organism
Synechocystis sp. PCC6803. Our main questions:

1.) How is the CCM regulated vis-a-vi the oxygenic photosynthetic mechanism?

2.) What is the mechanism of the fascinating redox-powered membrane-bound CO,-
hydration enzymes that are central to the cyanobacterial CCM?

Significant Achievements 2014-2015:

1. Regulatory mechanisms of the CCM and its integration with metabolism and
cyclic electron transfer (CET). Our earlier DOE-supported work led to the
identification of metabolites and transcriptional regulators that act in concert to
control the transcriptional expression of the inducible high affinity CCM. These
metabolites were shown to modify the DNA binding activities of LysR-type
regulatory proteins and revealed a homeostatic regulatory mechanism that adjusts the
CCM to changes in the demand for CO, based upon internal metabolic cues that are,
in turn, responsive to C; availability in the environment. More recently, we have
performed an analysis of cells experiencing C; limitation. Cells experiencing C;
limitation exhibited systematic changes associated with physiological adjustments
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and a trend towards the plastoquinone and NADP pools becoming highly reduced
prior to adaptation followed by a return to normal levels upon adaptation to the low C;
regime. The results are consistent with the proposed regulation of the CCM and
provide new information on the nature of the Chl and NADPH fluorescence induction
curves (1). These experiments are now being extended to strains obtained from
NREL test hypotheses regarding the operation of photosynthesis and the CCM in
model strains engineered for biofuel production.

2. Structure/Function of CO,-uptake (CUP) proteins of NDH-13,4 complexes. The
unique CO; uptake enzymology remains to be clarified, although it is known to
involve variants of the Type-1 NAD(P)H dehydrogenase (NDH-1) complexes that
have additional subunits. A mutagenesis system is being developed to probe the
structure-function relationships of the NDH-13,4 complexes regarding their CO,-
hydration activity. This enhances the on-going effort to use synthetic techniques to
manipulate the cyanobacterial CCM. Progress is being made in the direction of
engineering an expression platform for the full-length cup4 operon
(ndhF3/ndhD3/cupA/cupS).  This is being developed to enable site-directed
mutagenesis for probing structure-function relationships in vivo and to introduce
affinity tags to purify membrane complexes for in vitro analysis. Other parts of the
work involved the heterologous expression of the putative carbonic anhydrase
(CupA) subunit. However, that approach has proven difficult since the protein is
highly sensitive to unfolding and aggregation once it is liberated from the stabilizing
affinity tag (maltose binding protein).

3. Additionally, an optimization computer model for autotrophic cyanobacterial growth,
the autotrophic replicator model (ARM), was developed (3). The present model
describes autotrophic growth in terms of the allocation protein resources among core
functional groups including the photosynthetic electron transport chain, light
harvesting antennae, and the ribosome groups. This model will help us connect our
molecular genetic and physiological analyses with the metabolomic studies of our
NREL collaborators.

Scientific Objectives: 2016-2017

During the previous funding periods, our focus has been on the regulation of the
inducible, high affinity CCM where we were able to decipher the key elements in its
transcriptional activation. We will now turn our attention to the structure-function
relationships of the most enigmatic components of the CCM: CO,-uptake (Cup) enzymes
associated with NDH-13,4 complexes. These are poorly understood membrane protein
complexes that use redox energy from cyclic electron flow to drive CO;-hydration by
unique carbonic anhydrases. The hypothesis is that the proton pumping activity of the
NDH-1 complexes is coupled to the evacuation of protons from the active site of a
carbonic anhydrase moiety within the Cup protein or from the interface with the proton-



pumping subunits and the interacting Cup subunit. This is an opportune time to perform
this investigation given the significance of the activity and the fact that good structural
models are available for the highly conserved underlying core NDH-1 complex, yet the
structure and function the Cup subunits remain obscure. We will present our efforts to
develop an experimental system to investigate the structure-function relationships of the
enigmatic of these NDH-13,4 complexes.
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Overall research goals: Chloroplasts of higher plants contain about 3000 proteins of which more
than 95% are encoded by nuclear genes. This necessitates a tight coordination of gene expression
that involves two-way signaling between these spatially separated genomes. Thus, while plastid
differentiation and development are largely under nuclear control, developmentally arrested or
damaged plastids can regulate expression of a subset of nuclear genes via retrograde signaling
pathways. Multiple retrograde signals have been proposed, but almost nothing is known of their
signaling pathways. In previous years of this DOE-funded study, we performed a number of genetic
screens that implicated the chloroplast-localized tetrapyrrole biosynthesis pathway as the source of
both positive and stress-related retrograde signals. However, the mechanisms by which these
molecules regulate nuclear gene expression or cell physiology are mostly unknown.

Very recently, we have discovered a new pathway that involves the selective
degradation of singlet oxygen (*0,) stressed chloroplasts though the ubiquitination system. The
major goal of our renewal proposal is to define the 5|gnal(s) and signaling pathways involved in
this process. Specifically, we will: (1) Explore how 10, accumulation leads to chloroplast
protein ubiquitination and chloroplast degradation; (2) Determine what role the E3 ubiquitin
ligase PUB4 plays in this chloroplast quality control pathway. The successful completion of the
proposed projects should allow us to begin to engineer these crucial pathways. Since heat, cold,
and high light stress share at least some common signaling elements, generation of new
genotypes will ultimately influence our abilities to manipulate plant growth and development,
and will aid in the understanding of the developmental control of photosynthesis.
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Significant achievements 2011-2015:

» High light stress screen: We used a reporter gene fusion to identify mutants defective in the
response to high light stress, and found genes involved in both early and late phases of the
response. Early on, 3 heat shock factors (HSFs) of greater than 20 in Arabidopsis play an
important role (ref 5). We have identified mutations in 4 genes involved in later phases of light
stress; these include: cryptochrome, two RNA processing enzymes, and a co-activator. Yeast 1-
hybrid analysis identified a subset of AP2-type transcriptional regulators as part of the network.




Heme as a positive chloroplast signal. A genetic screen identified plastid ferrochelatase | (FC1),
which encodes one of the two conserved plant enzymes that produce heme, as playing a role in
retrograde signaling. Characterization of this gene suggested that chloroplast-produced heme
could act as a retrograde signal to coordinate plastid and nuclear gene expression (Ref 1). This
was further supported by the analysis of sigma factor mutants that are defective in the
transcription of defined sets of plastid genes. Some of these mutants triggered a retrograde signal
to the nucleus to reduce photosynthesis gene expression, which could be altered by increasing
heme synthesis (Ref 4). Together this work supports earlier conclusions that retrograde signals
do represent biologically important signaling pathways for coordinating chloroplast biogenesis
with nuclear transcription.

Discovery of a chloroplast quality control pathway. Our analysis of the Arabidopsis fc2 mutant
suggested that chloroplast-produced 'O, can lead to the ubiquitination of chloroplast outer
membrane proteins. This can subsequently lead to the selective degradation of these severely
stressed chloroplasts (see figure above). A large forward genetic screen identified the E3
ubiquitin ligase PUB4 as being necessary for removal of damaged chloroplasts (Ref 6).

Science objectives for 2015-2016:

A major research goal is to understand how chloroplast produced ‘O, has the ability to lead to
the ubiquitination of chloroplast proteins and the selective removal of stressed chloroplasts. As
'0, has an extremely short half-life, it is expected that second messengers are involved (see
figure). In collaboration with Dr. Alan Saghatelian at the Salk Institute, we plan to use targeted
and untargeted metabolite profiling to identify potential second messengers created by
chloroplast 'O, damage. Candidate molecules will be tested for their ability to signal and induce
ubiquitination of chloroplast proteins and/or chloroplast degradation.

To understand how selective chloroplast degradation is triggered, it will be necessary to uncover
the identities of the proteins being ubiquitinated. We plan to use a proteomic approach to identify
the chloroplast proteins being modified during stress. Genetic and molecular biology tools can
then be applied to understand what role these modified proteins play in this pathway.

Our genetic screen identified the E3 ligase PUB4 as being essential for chloroplast degradation.
As E3 ligases impart specificity of the ubiquitination system by binding specific protein
substrates, we expect the targets of PUB4 to be directly involved in the chloroplast signaling
pathway. As such, we will take several approaches to identify the protein substrate target(s) of
PUBA4. At the same time, we will begin the characterization of closely-related PUB family
members that may also be important for removal of defective plastids.
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Overall research goals

» The overall objective of this proposal is to determine how changes in the capacity of the C; and C,4 cycles
and bundle sheath cell wall properties determine the photosynthetic efficiency of the CO, concentrating
mechanism in C,4 plants in response to changes in light and temperatures.

» Our central hypothesis is that the efficiency of the CO, concentrating mechanism in C4 plants is optimized
through balancing the activity of the C; and C,4 cycles with bundle sheath properties.

» Qur specific aims are 1) Determine the mechanisms that disrupt the metabolic coordination of C, photo-
synthesis in response to changes in leaf temperature and 2) Determine how changes in the capacity of the
Cs and C,4 cycle control the photosynthetic efficiency of C, photosynthesis in response to changes in leaf
temperature and light availability.

Significant achievements 2012-2013

Temperature response in Zea mays and Setaria viridis. We compared measured and modeled C4 photosyn-
thesis and CO, isotope exchange to constrain the rate limiting steps of C4 photosynthesis and the CO, con-
centrating mechanism between 10 and 40 °C. This more accurately determined the rate limiting steps of C4
photosynthesis and the CO, concentrating in response to temperature. Measurements have been conducted,
data analyzed and we are currently preparing for publication (Ubierna et al., In prep).

Biochemical temperature response in S. viridis. Phosphoenolpyruvate carboxylase (PEPC), carbonic anhy-
drase (CA) and Rubisco potentially catalyze rate-limiting steps of C, photosynthesis in response to tempera-
ture. However, there are few reports of the temperature response of these enzymes from C,4 plants. We
measured with membrane inlet mass spectrometer the in vitro temperature responses of CA, PEPC, and Ru-
bisco from the C, model plant S. viridis (Boyd et al., 2015). These parameters were incorporated into theo-
retical models of C, photosynthesis to constrain the rate limiting steps of C4 photosynthesis and the CO,
concentrating mechanism in response to temperature (Gandin et al., In prep).

Carbonic anhydrase and C4 photosynthesis. The importance of CA for C4 photosynthesis is unclear but po-
tentially limits rates of photosynthesis. Therefore, measurements of leaf gas exchange were made in Z. mays
mutants with <2% of wild-type CA activity. Net CO, assimilation under sub-ambient CO, concentration was
lower in the CA mutant; however, at ambient and above CO, there was no effect of on photosynthesis. This
suggests that CA in Z. mays is essential for maximum of CO, assimilation only under limited CO, availabil-
ity (Studer et al., 2014).

Growth light and leaf structure The goal of this research was to determine how growth under limited light
affects leaf structure and C, photosynthesis. We grew Miscanthus x giganteus under two light treatments and
three nitrogen levels to determine how these conditions influence leaf development and photosynthetic effi-
ciency (Ma et al., In review). Additionally, we published a paper on the influence of growth light conditions
on the efficiency of the single-cell C4 system (Stutz et a., 2014).

Antisense reduction in PEPC and Rubisco We synthesized eight RNAI constructs using Gateway technolo-
gy to target genetic reduction in PEPC and Rubisco content in S. viridis. We have genotyped and pheno-
typed two knockdown lines for both PEPC and Rubisco. These plants are currently being used to study how
these changes influences the temperature response of C,4 photosynthesis.

Science objectives for 2015-2016
RNAI reduction in PEPC and Rubisco The RNAI plants have been generated and are being screened for low
PEPC or Rubisco activity. These plants will be used to determine how changes in the relative capacity of the




C; and C,4 cycles influence the efficiency of C, photosynthesis in response to temperature. Unfortunately,
these plants took much longer to generate than we anticipated but we are now conducting the experiments.

References for work supported by this project 2014-2015:

1. Boyd RA, Gandin A, Cousins AB (2015) Temperature response of C4 photosynthesis: Biochemical analy-
sis of Rubisco, Phosphoenolpyruvate Carboxylase and Carbonic Anhydrase in Setaria viridis. Plant Phys-
iology doi: http://dx.doi.org/10.1104/pp.15.00586 *Entirely support by current BES support.

2. Gandin A, Koteeva N, Voznesenskaya E, Edwards G, Cousins AB (2014) Temperature response of the
photosynthetic machinery in the C;-C, intermediate Salsola divaricate. Plant Cell and Environment
37:2601-2612 *Collaborative project: all gas exchange, isotope analysis, biochemistry and growth exper-
iments funded by current BES support.

3. Sun W, Ubierna N, Ma JY, Walker B, Kramer D, Cousins AB (2014) The coordination of C, photosyn-
thesis and the CO, concentrating mechanism in Zea mays and Miscanthus x giganteus in response to tran-
sient changes in light quality. Plant Physiology 164:1283-92 *Research and data generation during pre-
vious BES grant; however, writing, data analysis and manuscript preparation during current funding.

4. Stutz SS, Edwards GE, Cousins AB (2014) Single-cell C4 photosynthesis: efficiency and acclimation of
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tion during previous BES grant; however, writing, data analysis and manuscript preparation during cur-
rent BES support.

5. Walker B, Strand D, Kramer DM, Cousins AB (2014) The Response of Cyclic Electron Flow around Pho-
tosystem | to Changes in Photorespiration and Nitrate Assimilation. Plant Physiology 165:453-462
*Collaborative project: supported by both NSF and current BES funds.

6. Studer A, Gandin A, Kolbe A, Cousins AB, Brutnell T. (2014) Carbonic anhydrase does not limit photo-
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*Collaborative project: mutants from collaborators but all gas exchange, isotope analysis and growth ex-
periments funded by current BES support.

7. Koteyeva, N, Voznesenskaya E, Cousins AB, Edwards GE(2014) Differentiation of C4 photosynthesis
along a leaf developmental gradient in two Cleome species having different forms of Kranz anatomy
Journal of Experimental Botany 65:3525-3541 *Collaborative project: all gas exchange experiments
funded by current BES support

8. von Caemmerer S, Edwards GE, Koteyeva N, Cousins AB (2014) Single Cell C4 photosynthesis in aquat-
ic and terrestrial plants: a gas exchange perspective Journal of Aquatic Botany 118:71-80 *Review arti-
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9. von Caemmerer S, Ghannoum O, Cousins AB (2014) Carbon isotope discrimination as a tool to explore
C, photosynthesis. Journal of Experimental Botany 65:3459-3470 *Review article: PI supported by cur-
rent BES funding.

10. Kromdijk J, Ubierna N, Cousins AB, Griffiths H. (2014) Bundle sheath leakiness in C4 photosynthesis: a
careful balancing act between CO, concentration and assimilation. Journal of Experimental Botany
65:3443-3457 *Review article: Pl supported by current BES funding.
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Thylakoid Assembly and Folded Protein Transport by the Chloroplast Twin Arginine
Translocation (cpTat) Pathway
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OH 45056

Email: smithacs@miamioh.edu

Overall research goals: The research objectives are to study the mechanisms of protein transport into the
lumen of thylakoids by the chloroplast Twin Arginine Transport (cpTat) pathway by: (1) identifying the
cpTat component(s) that interact with the mature domain of the precursor during transport; (2) determine
the organization of the cpTat translocon; and (3) compare topology of cpTat component, Tha4 in
thylakoids during active transport and at rest. This particular protein transport pathway is predicted to
translocate ~50% of the lumen proteins. Understanding cpTat system mechanism in chloroplasts will
lead to a better understanding of the biogenesis and assembly of photosynthetic membranes potentially
providing a means to engineer photosynthetic complexes into synthetic membranes for energy
production.

Significant achievements 2013-2015: Proteins destined for the thylakoid lumen of chloroplasts are
nuclear-encoded, synthesized in the cytoplasm, and must cross three membranes en route to their final
destination. The chloroplast Twin Arginine Translocation (cpTat) system facilitates transport of about
half of all proteins that cross the thylakoid membrane in chloroplasts. Known mechanistic features of the
cpTat system are drastically different from other known translocation systems, notably in its formation
of a transient complex composed of thylakoid
proteins cpTatC, Hcfl06, and Tha4 to
transport fully folded proteins utilizing only
the protonmotive force (pmf) for energy.
cpTat and Hcf106 form a receptor complex,
which binds the signal sequence on the
precursor and Tha4 is thought to play a role in
generating the point of passage for the
precursor during the transport process.
However, key details such as the structure
and composition of the translocation pore are
still unknown. We hypothesize that the
receptor complex protein Hcfl106, acts as a
nucleator for Tha4 assembly in the presence
of precursor and a pmf. Yet, little is known
Figure 1. Apalysis of .precur.sor-Hcf106 interaction. A, Hcf106 about cpTatC-Hcf106 interactions or
e on e s e ol o e || precursormature  domain-Hcf106
precipitate Hcfl06 with the indicated Cys substitution. B, A interactions, which are expected if Hcf106
(sjc_helrpgticbof dHcfl_(iﬁ iﬁmmarizing Cﬁ SLIJ(bet_iltlut(;m e}ble t% foFrm serves as part of the receptor and a nucleator
cclerﬁp:irieson?r; sscr:Ae’:naticzfﬁﬁzzrzmnr(naficzinglceys scl:[Jcst?faiion’s th?i; '_fOF Tha4 ass?mbly' First, ~we ~present
interact with precursor (filled circles) adapted from (Pal et al. 2013). interaction studies of Hcfl06 and mature
domain of the precursor via cysteine disulfide
bond formation (Fig. 1). A cysteine (Cys) placed in the mature domain of the precursor to the 17 kDa
subunit of the oxygen evolving complex (pOE17J99C or PsbQK99C) was able to interact with Cys
placed in the N terminus of Hcf106 as well as regions throughout the amphipathic helix. By comparison,
a Cys in the same location on the precursor predominantly interacts with the C-proximal portion of the
APH of Tha4. Second, we have been able to map interactions between cpTatC and Hcf106. cpTatC has
six transmembrane domains (TM1-M6) connected by three stromal loops (S1-S3) and three lumen loops
(L2-L3). Our data show that Cys placed in the TMD of Hcf106 preferentially interacts with Cys placed
in TM5 of cpTatC. Likewise Cys placed in the APH of Hcf106 preferentially interacts with the stromal
loops (S1~S2>S3) of cpTatC (Fig. 2). We have therefore established that we can use in vitro expressed




exogenous forms of cpTat proteins in native thylakoid to query the organization of the cpTat receptor

and translocase.

Science objectives for 2016-2017:

We do not know when the
interaction occurs between the
precursor mature domain and Tha4
or Hcf106. Is the interaction prior to
transport, during transport, or post
transport? Is the interaction timing
dependent upon the position of the
Cys residue on Hcfl06 or Tha4?
For example, does the timing of the
precursor mature domain interaction
change if the Cys is on the N
terminus (presumably the trans side
of the membrane) or the C-proximal
portion of the APH (cis side of the
membrane)? Further investigations
with modified assays will allow us
to investigate the nature and timing
of the interaction.

We are currently investigating the
use of doubly Cys-substituted cpTat
components to crosslink Tha4,
Hcf106 and cpTatC into the same
complex, which has not been
demonstrated to date.

Biochemical analysis of Tha4 and

Hcf106 topology suggests a Nou-Cin topology but we do consistently see topologies that suggest a
mixed population of orientations. We are currently using EPR spectrometry to probe the environment

Figure 2. Mapping Hcf106 interactions with cpTatC. [3H]-pre-cpTatC
(hot) with the indicated Cys substitution (X.C) was imported into
isolated chloroplasts, which were subject to osmotic lysis and the
thylakoids harvested. Unlabeled Hcf106 (cold) was integrated into the
isolated thylakoids and the oxidant CuP was added to promote disulfide
bond formation. Upper panel, The APH of Hcf106 can interact with the
stromal loop regions of cpTatC. Middle panel, the N-proximal portion of
the transmembrane domain of Hcf106 preferentially interacts with the
lumen proximal portion of TM5 on cpTatC. Lower panel, the N-proximal
portion of the APH of Hcf106 preferentially interacts with the stromal-
proximal portion of TM5 on cpTatC. Taken together, Hcf106 TMD sits
along TM5 on cpTatC and the APH stretches across the stromal loops.
Cartoon representations of the interactions between Hcf106 (green) and
cpTatC (blue) are depicted to the right of each panel.

and topology of the cpTat components, Tha4 and Hcf106, in model membranes.

References to work supported by this project 2013-2015:
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Springer New York. doi:10.1007/978-1-4939-1136-3_10.
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Membrane-attached Electron Carriers in Photosynthesis and Respiration:
Cytochrome ¢ maturation (Ccm-system 1) in a facultative photosynthetic bacterium
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Overall research goals: Our long term aim is to contribute to a comprehensive
characterization of major energy transducing pathways like Photosynthesis and Respiration. We
investigate the molecular nature, mechanism of function and biogenesis (maturation and
assembly) of cytochromes (cyts) and cyt complexes. Cyts are ubiquitous electron transfer
proteins that act as key components in energy production. They are matured by the Cyt ¢
maturation (Ccm)-system | found in bacteria, archaea, mitochondria of plants and red algae. We
use mainly phototrophic bacteria (of Rhodobacter species), which are excellent models for these
studies. Ccm is composed of nine membrane-associated proteins (CcmABCDEFGHI), which
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Figure. Ccml-apocyt ¢ interactions in the presence and absence of
heme during Ccm. A. shows the “Ccm machine” and its two substrates,
apocyt ¢ and heme, forming holocyt c. B. depicts the interactions
between Ccml and a class | apocyt ¢ in the presence and absence of
heme. The periplasmic Ccml-2 domain of Ccml binds tightly the C-
terminal helix of apocyt ¢, bringing its heme binding site close to
CcmE. Upon availability of heme (via CcmE), the apocyt ¢ binds heme
noncovalently to form a b-type cyt intermediate that interacts less
tightly with Ccml-2. Thioether bonds formation between heme and
apocyt ¢, via currently unknown steps is catalyzed by the remaining
components of Ccm, to vield holocvt c.

carry out the covalent ligation of
heme b to the conserved heme-
binding site (CXXCH motif) of
apocyts. They form three different
functional units, performing apocyt
(1) and heme (2) delivery to the
central ligation (3) module. Our
current focus is on the interactions
between the Ccm components and
the Ccm substrates (heme and
apocyts c¢). We employ protein
biochemistry, Kinetics and
spectroscopic approaches. Our goal
is to define the molecular basis of
substrate recognition (heme and
apocyts ¢) by the Ccm apparatus,
which is now emerging.

Significant achievement 2014-
2015: We are interested in specific
interactions between the apocyt ¢
chaperone  Ccml, the heme
chaperone CcmE and the apocyt ¢
substrates: a- Using a multi-prone
approach, including co-purification
assays, bio-layer interferometry and
CD spectroscopy, we showed that
the apocyt ¢ chaperone Ccml in the
absence of heme recognizes apocyts
¢ from different classes with




remarkably different affinity constants (nM Ky for class | and uM Ky for class Il apocyts c).
Consistent with this finding, we showed that the class I, and class Il apocyts ¢ have different
structures. b- We found that, the presence of heme induces conformational changes in class |
apocyts c, and this decreases their affinity towards Ccml. These findings suggest that Ccml holds
the class | apocyts c tightly until their non-covalent heme-containing b-type cytochrome-like
intermediate is formed prior to covalent heme ligation (Figure). c- Using a similar approach, we
also established that the heme chaperone CcmE is able to differentiate between different classes
of apocyt ¢, by recognizing them with different affinities. d- Our previous data showed that both
Ccml and CcmH from the CcmFHI core complex form together with CcmE and apocyt ¢ a multi
subunit complex, and that apoCcmE interacts with the CcmABCD components to receive heme
(i.e., to become holoCcmE). Based on these findings, we developed a model proposing that
CcmABCD together with CcmFHI-CcmE-apocyt ¢ complexes might form a large
macromolecular supercomplex (“Ccm machine”).

Science objectives for 2015-2017: The following specific aims are being pursued:

+ Elucidation of how the Ccm components recognize and interact with different types of
apocyt ¢ substrates, expanding current studies to class 111 multiheme c-type cyts, such as
a pentaheme cyt ¢ (e.g., R. capsulatus DorC) and compare with classes | and 11 apocyts.

« Initiate and pursue actively at atomic scale the molecular nature of the interactions
between the apocyt ¢ chaperone Ccml and class | and class 1l apocyts ¢ (e.g., apocyts c;
and c’, respectively, and related peptides) using isotope labeling and solution NMR.

« Investigation of the sequence of thioreduction events that involve CcmG, CcmH and
apocyt ¢ during Ccm, in order to define the precise role of CcmH as parts of the heme
ligation complex and the thioredox reactions.

References to the works directly related to Ccm studies supported by this project 2014-2015

» Andreia F. Verissimo and Fevzi Daldal. (2014) Cytochrome c biogenesis System I: an intricate
process catalyzed by a maturase supercomplex? B.B.A-Bioenergetics 1837, 989-998.

» Andreia F. Verissimo, Namita P. Shroff and Fevzi Daldal. (2015). During Cytochrome ¢
Maturation Ccml Chaperones the Class | Apocytochromes until the Formation of Their b-Type
Cytochrome Intermediates. J.Biol.Chem. 290, 16989-17003.

» Bahia Khalfaoui-Hassani*, Andreia F. Verissimo*, Namita P. Shroff, Seda Ekici, Petru-lulian
Trasnea, Marcel Utz, Hans-Georg Koch and Fevzi Daldal (2015). Biogenesis of Cytochrome ¢
complexes: from Insertion of Redox Cofactors to Assembly of Different Subunits. In:
Cytochrome Complexes: Evolution, Structures, Energy Transduction and Signaling. Edited by
Cramer W and Kallas T, in press (* both authors contributed equally).

Our ongoing studies related to other aspects of the biogenesis of cyt ¢ complexes, in particular,
those on the discovery and ongoing studies of the novel bacterial copper importer CcoA, which is
a Major Facilitator Superfamily type transporter, are not listed.
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Overall research goals: The project’s primary aims are to (i) further delineate the dominant water
access and proton egress pathways that link the Mn,CaOs cluster in Photosystem 1l with the
thylakoid lumen and (ii) characterize the influence of specific residues on the water molecules that
serve as substrate or as participants in the networks of hydrogen bonds that make up the water
access and proton egress pathways. FTIR difference spectroscopy is being employed to analyze
mutant Photosystem 1l core complexes representing residues identified crystallographically or
computationally as interacting with the Mn,CaOs cluster and the water molecules in its immediate
environment, as well as altered wild-type Photosystem Il core complexes.

Significant achievements 2014-2015: FTIR difference spectroscopy is a powerful tool for studying
the structural changes of H-bonded H,O molecules (1). The O-H stretchlng mode of H,O
molecules having relatively weak H- bonds can be monitored near 3600 cm™, the D-O-D bending
mode can be monitored near 1210 cm™, and highly polarizable networks of hydrogen bonds can be
monitored as broad features between 3000 and 2000 cm™. We have been exploring the
consequences of substituting Sr for Ca and mutating D1- V185, Of all the cations that can
competitively replace Ca in PSII, only Sr is capable of supporting O, evolution. The substitution of
Sr for Ca slows the S state transitions and alters the positions of some of the water molecules
located near the Mn,CaOs cluster The substitution of Sr for Ca has Ilttle effect on the broad feature
between 3000 and 2000 cm™ (Figure 1) or the features near 3600 cm™ in any of the Sp+1-minus-S,
spectra. These observations imply that the highly polarizable networks of hydrogen bonds whose
polarizability or protonation state increases during the individual S state transitions do not include
the Ca ion and that the H,O molecules that deprotonate or have their H-bond strengths increased
during the S state transitions do not interact with the Ca ion. We reached a similar conclusion
regarding D1-N181 from examination of the mutants D1-N181S and D1-N181A in collaboration
W|th G. W. Brudwg and coworkers at Yale (2). The substitution of Sr for Ca slightly perturbs the
D,'°0-minus-D,™0 double difference spectrum of the S; to S, transition (Figure 3). “Although the
amplitudes of several features are increased or decreased by Sr, none of the major features is
eliminated, implying that the H,O molecules whose H-O-H bending mode changes during the S; to
S, transmon do not interact dlrectly with the Ca ion.
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Figure 1. The FTIR difference spectra of PSIl core Figure 2. The S,-minus-S; D,*°O-minus-D,**0 double
complexes contalnlng Ca (black) and Sr (red) between difference spectra of PSII core complexes containing Ca
3100 and 2150 cm™ in response to four successive flash  (black) or Sr (red) in the D-O-D bending region.
illuminations applied at 0°C
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The residue D1-V185 contacts numerous water molecules located between tyrosine Yz and D1-
D61, the initial residue in a dominant proton egress pathway linking the Mn,CaOs cluster with the
lumen. The mutation D1-V185N decreases the efficiency of O, formation and dramatically
decreases the rate of O, release, features in common with mutations of D1-D61. These features
have been attributed to mutation-induced alterations to the H-bond network that facilitates proton
egress. To determine if the water molecules perturbed by the D1-V185N mutation can be identified
spectroscopically, we are examining the FTIR properties of D1-V185N PSII core complexes in
collaboration with R. L. Burnap and coworkers at Oklahoma State University. In common with
mutations of residues interacting with H-bond networks near the Mn,CaOs cluster (1), the D1-
V185N mutation alters features in the symmetric and asymmetric carboxylate stretching regions of
the FTIR difference spectra, but perturbs the protonated carboxylic acid carbonyl stretching region
differently than any other mutant yet examined. Instead of eliminating or decreasmg the amplitudes
of features in this region, the D1-V185 mutation shifts features by 5-9 cm™. These shifts imply that
the mutation alters the environments of the carboxylate groups whose pKa values change in
response to the S; to S, and S; to Ss transitions.

T — Wild-type — Wild-type
D1-V185N D1-V185N

1760 1750 1740 1730 1760 1750 1740 1730

Frequency [cm™] Frequency [cm™']

Figure 3. The protonated carboxylic acid v(C=0)
regions of the FTIR difference spectra of wild-type
(black) and D1-V185N (red) PSII core complexes.

In collaborative investigation of D1-D61A PSII core complexes, conducted with R. D. Britt and
coworkers at UC Davis, it was determined that ammonia, a substrate water analogue, coordinates to
the dangling Mna, ion of the Mn,CaOs cluster in place of W1, eliminating W1 as one of the two
substrate H,O molecules (3).

Science objectives for 2015-2016:

e Complete FTIR studies on Sr-substituted samples and the mutant D1-V185N and extend these
studies to other mutations at this site such as D1-V185A and D1-V185S.

e Begin static FTIR measurements of proton release by mutants such as D1-D61A and D1-V185N

¢ Initiate time-resolved IR measurements of proton release by mutants such as D1-D61A and D1-
V185N.

References to work supported by this project 2014-2015:

1. Debus, R. J. (2015) “FTIR Studies of Metal Ligands, Networks of Hydrogen Bonds, and Water
Molecules near the Active Site Mn,CaOs Cluster in Photosystem 1, Biochimica et Biophysica
Acta 1847, 19-34.
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Overall research goals: Our focus is on use of modern, high-resolution EPR spectroscopy to explore the
catalytic domains trapped in states with semiquinone (SQ) as an intermediate. The catalytic sites we
propose to study, - the Q4 and Qg sites of the bacterial reaction center (RC), the Qy site of the bo; quinol
oxidase, and the Q; site of the bc; complex, - all operate using ubiquinone, but have different electron
transfer partners, and different operating potentials. EPR probes interactions between the electron spin of
SQ and local magnetic nuclei, which provide direct information about spatial and electronic structure of
the SQ and the immediate protein and solvent environment. The main question to be addressed is that of
how the protein environment modifies the spatial and electronic structure of the SQ in different sites to fit
the physiological function.

Significant achievements 2014-2015:

Nuclear tensors of nitrogen H-bond donors to SQa or SQg. Our previous studies of SQ, and SQg by X-
band 2D ESEEM revealed interactions with His-M219 N; and Ala-M260 peptide nitrogen (N,) and His-
L190 N; and Gly-L225 N, H-bonded to the QA and Qg carbonyls,

25 | respectively, based on both estimated quadrupole coupling constant of
y “| nuclear quadrupole interaction (ngi) and a comparison of the
2 s experimental and calculated isotropic hyperfine (4fi) couplings.
@ Continuing this work, multifrequency pulsed EPR and DFT
1.5 ‘4 calculations were used with the aim to determine complete Afi and ngi
3 4 Figure. Correlation between a('*N) and # for His N3 H-bonded with SQ: 1.
::‘f' Qa Rb. sphaeroides, 2. Qu Rp. viridis, 3. Qa PSII, 4. Qg Rb. sphaeroides,
s f 5. Qp NarGHI .
, tensors, i.e. principal vales and principal directions in the g-tensor
S R R . coordinate system, for the nitrogens indicated above. The Afi and ngi
n tensors for His-M219 N; and Ala-M260 N, were evaluated through

simultaneous simulation of the Q-band '’N Davies ENDOR, X- and Q-
band 2D '“"°N ESEEM, and X-band "N three-pulse ESEEM spectra. Estimates of the tensors for His-
L190 N; and of Gly-L225 N, were obtained from simulations of 1D and 2D 15N X-band and three-pulse
"N S-band ESEEM spectra. The agreement between our ESEEM data and DFT calculations of the
nitrogen Afi and ngi tensors justifies their use in theoretical investigations for an understanding of the
relationship between tensor characteristics and the geometry and strength of H-bonds. By applying the
Townes-Dailey model to the SQs, we find the ngi asymmetry parameter # to be a sensitive probe of the
His Ns—SQ hydrogen bond strength. This is supported by a strong correlation observed between # and the
isotropic coupling a('*N) (Figure), and is consistent with our own and previous SQ-His model
calculations. The empirical relationship between a('*N) and 5 will provide an important structural
characterization tool in future studies of SQ-binding proteins.

Hydrogen bond network around the Qg site semiquinone. By utilizing a combined pulsed EPR and DFT
approach, a full characterization of the hydrogen bond network around the Qg site semiquinone (SQg) was
determined. The development of such a technique is crucial toward an understanding of protein-bound
semiquinones on the structural level, as (i) membrane protein crystallography typically results in low
resolution structures, and (ii) obtaining protein crystals in the semiquinone form is rarely feasible. The
SQg hydrogen bond network was investigated with Q-band (~34 GHz) 'H ENDOR and X-band (~9.7
GHz) HYSCORE on fully deuterated reactions centers from Rhodobacter sphaeroides in an H,O solvent.


mailto:dikanov@illinois.edu

Three protons were detected in HYSCORE and ENDOR spectra, one with an anisotropic tensor
component, 7 = 4.6 MHz, assigned to the histidine N;H of His-L190, and two others with similar
anisotropic constants 7 = 3.2 and 3.0 MHz assigned to the peptide N,H of Gly-L225 and Ile-L224,
respectively. The principal values of the 'H hyperfine tensors and their orlentatlons with respect to the
SQg g-tensor reference frame are obtained by least-squares fitting of the simulations to the orientation
selective Q-band 'H ENDOR spectra. The Euler angles describing the series of rotations that bring the
hyperfine tensors into the SQp g-tensor reference frame show the locations of the hydrogen bonded
protons with respect to the semiquinone. These Fuler angles are found to be in agreement with our
geometry optimized DFT model of SQg providing the foundation for future joint pulsed EPR and DFT
semiquinone structural determinations in other proteins.

Science objectives for 2015-2016:

e C couphngs provide insight into the SQ binding to the protein. We will apply a biochemical approach for
selective "°C labeling of ring carbons in the SQy. The quinones biochemically labeled in bos enzyme will
also be used in studies of bacterial reaction center and bc; complex.

e We will investigate the influence of H subunit removal on the interaction between the primary
semiquinone and the LM protein environment, using a combination of site-specific isotope labelling
techniques, pulsed EPR, and DFT calculations.
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Overall research goals: Oxygenic photosynthesis is the dominate lifeform on Earth and sustains
most non-photosynthetic life. It is powered by redox and protonic energy produced within the
photosystem II (PSII) reaction center and its integral water oxidizing complex (WOC). PSII-WOCs
from only a few model organisms have been investigated thus far, as isolated complexes, in
sufficient detail to compare intrinsic performance and regulation. Our goals are to extend this
knowledge more broadly to include PSII-WOCs from phylogenetically diverse aquatic phototrophs
and using native (intact) cells where regulation can be investigated. This knowledge is needed for
understanding the physico-chemical principles of operation of native PSII-WOCs, and for
contributing to advances in artificial photosynthesis.

Significant achievements 2013-2015: We have made progress in understanding the kinetic
and energy efficiency metrics of PSII-WOC:s: 1) in native cells from six phylogenetically
diverse species of aquatic phototrophs including biotechnologically important strains; 2) natural
isoforms and targeted mutants of the D1 reaction center subunit of a cyanobacterial PSII; 3) a
WOC inorganic mutant: strontium replacement for calcium in 7. elongates; 4) new
mathematical solutions to the water oxidation cycle (Kok-Joliot cycle); and 5) fluorescence
method development for measuring turnover kinetics of intermediates (S states) in whole cells.

We have developed data acquisition and simulation tools (STEAMM) to observe and interpret the
physical meaning of flash-induced oscillations of O yield and Chl variable fluorescence yield
(Fv/Fm) initiated by charge separation in PSII'. These tools allow both model-dependent (Kok &
VZAD models, 1A) and model-independent (Fourier transformation, 1D) descriptions of kinetic
performance and efficiency as a function of flash rate/light intensity. The new VZAD algorithm
(1A) enables solutions to Markov models using fewer adjustable parameters and uses least-squares
fitting to experimental data sets (1B, C), yielding higher accuracy and precision than Kok models.

wo
e

These tools reveal that the PSII photochemical quantum yield (Fv/Fm) is comprised of two
contributions: quenching of primary charge separation by recombination (photoprotection), and
energy conversion (S state dependent water oxidation). The relative contributions vary with PSII
phylogeny, the PSII-D1 isoform that is expressed, and the rates of clearing of photoproducts (PQH>
pool and luminal protons), resulting in different efficiencies of light-to-chemical energy conversion
in vivo®. Our experiments show: 1) two differentially expressed PSII-D; subunits are designed either
to achieve photoprotection at high light by charge recombination at the cost of decreased efficiency
of WOC operation, or more efficient water oxidation at low light flux by long-lived intermediates
(S states) at the cost of greater photoinhibition?; 2) Nine mutants of these D; isoforms confirm a
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continuous trade-off of these two properties’; 3) removal of the kinetic chokepoint limiting PSII
turnover rate in cells -between the PQ pool and cyt-bsf complex - by addition of membrane-
permeable benzoquinone derivatives, allows assessment of the upper limit to water oxidation yield
and PSII turnover rate independent of downstream regulation (see 2A,2B). This method enables
quantification of the extent of regulation of water oxidation for any cell type, as well as which S
states are the sources of regulation and photoinhibition. Applications to biotechnologically
important strains will be given (4rthrospira sp., Picochlorum sp. (2A,2B)°, Nannochloropsis sp.);
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4) Strontium substitution for calcium in the WOC inorganic core (MnsCaOs) has been widely
studied previously in isolated PSII complexes. Here we show novel results demonstrating that Sr
significantly increases the efficiency of water oxidation at low light flux in native cells (7.
elongates, see 1C, 1D) as a result of slowing charge recombination reactions. Important insights
into the chemical mechanism of water oxidation have been learned.

Science objectives for 2015-2016:

e Apply our quantitative modelling software (STEAMM) across the full solar intensity profile to
deduce how the kinetic turnover efficiencies change and differ among various PSIIs.

o Identify the molecular mechanisms for the PSII inefficiency parameters.

e Physico-chemical explanation for the Sr**/Ca®" replacement effect on PSII kinetic performance.

e Development of fluorescence induction “long-pulse” experiments to determine S-state lifetimes
and turnover rate of PSII in native cells via direct, rapid survey across many clades.

¢ Investigation of the role of non-heme iron as a key regulator of electron flow through PSII.

e Characterization of Picochlorum sp. and other novel microalgae as potential crop species for
biotechnology.

e Expressing cyanobacterial D1 isoforms in a higher plant for application to biomass production.
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Overall research goals: This program seeks to understand and model the fundamental underpinnings
of natural photosynthetic systems through the construction of well-defined and tailorable
experimental systems. The central approach involves the attachment of a variety of synthetic
chromophores to specific sites on self-assembled protein scaffolds through conformationally
constrained linkages. Using this approach, the distances and angles between the individual
chromophores in the arrays can be varied systematically. A key advantage of the approach is its
ability to compare isolated chromophores on protein surfaces to those that are present in extended
arrays. This can allow the effects of the protein environment to be studied separately from electronic
coupling behavior. New time-resolved spectroscopy techniques are being applied to study exciton
transfer in these systems, as are new computational methods to model the effects of conformational
fluctuations on the systems. It is anticipated that the models and approaches developed through this
program will inform the design of new artificial systems, and elucidate some of the features
responsible for the high quantum efficiencies exhibited in natural photosynthesis.

Significant achievements in FY 2015:

e Three self-assembling protein scaffolds have been developed for the construction of pigment
arrays with different geometries and multiplicities. These are (1) a new C,-symmetric double
disk structure based on the tobacco mosaic virus coat protein, (2) a trimeric assembly with deep
surface grooves based on the thermostable MTH1491 protein, and (3) an extended rod structure
based on a salmonella needle protein assembly. In each case, chemistry has been developed to
attach a variety of chromophores to different positions on the protein surfaces.

e Ginsberg, Francis, and Geissler showed that hydrated nanoscale protein cavities are a promising
new way to mimic the tight protein pockets for chromophores in natural light harvesting
systems. Time-resolved spectroscopic data showed that interior pigments experienced hindered
chromophore motion to allow for more prolonged and efficient energy transfer (publication 1).

e Francis has developed new method for the purification of protein assemblies labelled with
different numbers of chromophores. This new tool will be essential for the future preparation of
well-defined models of light harvesting systems (publication 2).

e Francis has completed a systematic study of the ability of conformationally constrained linkers
to direct the orientations and restrict the motions of protein-bound chromophores.

e The electronic structures of unique chromophore monomers and dimers have been studied using
GW/BSE and TDDFT. Additionally, Neaton has completed the first study benchmarking the
GW?/BSE approach against higher-level quantum chemistry methods (publication 3).

e Using computer simulations, Geissler helped to rationalize the complex dynamics observed (by
Ginsberg and Francis) in a protein-chromophore complex by ultrafast spectroscopy. Specifically,
they found that solvent dynamics inside a protein complex vary strongly with location in ways
that mirror experimental measurements.

e Using theory and simulation, Geissler has explored several fundamental issues of driven
nonequilibrium dynamics in mesoscale systems, with general implications for energy transfer
kinetics in protein-chromophore systems driven by irradiation (publications 5-7). This work has



shown that the thermodynamic efficiency in such systems can be a strongly fluctuating quantity
with statistics that have interesting and general features. Dynamical phase transitions have also
been found to occur in such systems even with very simple underlying kinetic rules.

Science objectives for FY 2015-2016:

Work will continue to test the hypothesis that conformational constraints can lead to substantial
efficiency improvements to energy transfer systems.

Using a combination of synthetic chemistry and computational modelling, the display angles of
chromophores will be tuned and optimized to achieve ideal transfer efficiencies.

Isolated chromophores on protein surfaces will be compared to to fully-substituted chromophore
rings that have the potential for electronic coupling. This is anticipated to provide a unique new
opportunity to explore the effects of the protein environment on energy transfer.

A new attachment strategy is being developed to allow the generation of chromophore arrays
that are fully embedded within the protein structure. Once prepared, amino acid mutations will
be used to explore the effects of the protein environment on their energy transfer properties.

We will continue to prepare additional protein assemblies that allow chromophore attachment in
different locations. This will allow the distances between the pigments to be changed
systematically. In combination with our synthetic efforts for the preparation of new dye
molecules, an unprecedented library of synthetic light harvesting systems will soon be available.

Neaton will be continuing his work on understanding the excited states of chromophore
monomers and dimers to explain measurements of strongly absorbing excited states on
chromophores synthesized by Francis and transient absorption spectra collected by Ginsberg. He
will also work with Geissler to benchmark low-level calculations of chromophore excited-state
energies, which will provide critical input into reduced models of excited-state evolution in
chromophore environments.

Geissler has already made progress in developing molecular dynamics simulations that
characterize energy gap fluctuations in a model protein-chromophore complex. In the next year,
this study will determine whether statistics of these fluctuations are consistent with the simple
quantum mechanical models often assumed for such systems.

Geissler will explore the implications of our findings on the statistics of thermodynamic
efficiency out of equilibrium, specifically what they suggest about the ability of natural systems
to switch between different modes of dynamical behavior in energy harvesting.
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Overall research Goals: The research goals are focused on defining the mechanism of the heme-
copper quinol oxidases. These enzymes are variants of the predominant family of proton-
pumping respiratory oxygen reductases. Whereas most of these enzymes utilize cytochrome c as
substrate, the quinol oxidases use either menaquinol or ubiquinol as substrates. These enzymes
are found exclusively in microorganisms and they are members of the A-family of heme-copper
oxygen reductases. As such, the quinol oxidases are related to the mitochondrial aas-type
cytochrome c oxidase. The quinol oxidases, however, lack the binding site for cytochrome ¢ as
well as the Cux redox center. The best studied quinol oxidases are the cytochrome bo; ubiquinol
oxidase from E. coli and the cytochrome aa3-600 menaquinol oxidase from Bacillus subtilis.
These two enzymes are close homologues but utilize different substrates- ubiquinol vs
menaquinol, and contain different heme prothetic groups- heme B and heme O vs Heme A. Our
primary tools in the past few years have been site-directed mutagenesis and pulsed EPR
spectroscopy of the semiquinone species that are stabilized at the high affinity quinone binding
sites of these enzymes. The EPR spectroscopy is performed as part of a collaboration with Dr.
Sergei Dikanov, who is also funded by the Office of Basic Energy Sciences.

Significant Achievements 2014-2015: We have used pulsed EPR to define the hydrogen bonding
to the proteins that stabilize the semiquinone species of both the ubiquinol oxidase and the
menaquinol oxidase. The residues that are observed define the high affinity quinone binding site
or Qy site. The enzymes isolated in the detergent dodecyl maltoside contain one equivalent of
quinone bound to this site. Because the quinone appears to be tightly associated with the protein,
this quinone has been viewed as a cofactor component of these enzymes. A second binding site
has been postulated to exist where the quinone can rapidly bind and dissociate during catalytic
turnover. This is referred to as the low affinity quinone binding site or Q. site.

One aspect of our studies revealed significant differences in the interactions of the quinones
bound at the Qg sites of the two enzymes. In particular, we found that R71 in the E. coli
ubiquinol oxidase forms a strong hydrogen bond to the ubisemiquione and that mutants at this
site eliminate enzyme catalytic function. In contrast, the equivalent R70 residue in the
menaquinol oxidase has a weaker interaction with the menasemiquinone species and the
equivalent mutations that are lethal for the ubiquinol oxidase does not substantially reduce the
catalytic function of the menaquinol oxidase.

We have made substantial progress in the past year to address the question of whether the quinol
oxidases have one or two quinone binding sites. It has been thought that there are two sites, one
high affinity site which binds a non-exchanging quinone that functions as a cofactor, and a
second low affinity site which is in rapid equilibrium with the pool of quinone species in the
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membrane bilayer. Although the residues defining the Qy site are well defined, particularly from
our EPR studies with Dr. Dikanov, efforts to locate the Qy site have not been successful. We
have carried out an exhaustive search for the Qy site of cytochrome bos, following claims of
locating this site based on a new X-ray structure and also claims based on bioinformatics studies.
Despite examining the properties of many mutants, we have failed to locate this site and have no
evidence that either of the suggested locations is correct. We have been forced to consider that
the low affinity Qp site may not exist, leaving us with a one-site model. Supporting this model,
we have now shown that several mutations at the Qy site show behavior expected for
perturbations at the exchangeable Q site. Furthermore, we have demonstrated that the quinone
that is isolated bound to the Qy site actually can exchange with exogenously added quinones.
Hence, we now favor a model of a single quinone binding site for the quinol oxidases.

Science objectives for 2015-2016: Our priority next year will be to test the one-site model which
we are now proposing for the quinol oxidases. Enzyme from which UQg has been removed by
treatment with Triton X-100 will be titrated with UQ; to determine if there is one or if there are
two binding sites. It may be possible to do this experiment using saturation-transfer NMR.
Alternatively, we can engineer the enzyme so we can place a fluorescent probe near the binding
site and use fluorescence quenching to monitor binding of the quinone. In addition, we will
characterize mutants in the Qy site of the cytochrome aa3-600 menaquinol oxidase from B.
subtilis to determine whether these mutants also show characteristics of a perturbation to the
exchangeable quinone binding site. In addition, pulse EPR experiments will characterize the
semiquinone forms of both menaquinone and ubiquinone in the binding sites of the two quinol
oxidases.

References to work supported by this project 2014-2015:

1. Yi, S.M., et al., Plasticity in the High Affinity Menaquinone Binding Site of the
Cytochrome aa3-600 Menaquinol Oxidase from Bacillus subtilis. Biochemistry,
2015. 54(32): p. 5030-5044.

2. Hong, S., et al., The Semiquinone at the Qi Site of the bcl Complex Explored Using
HYSCORE Spectroscopy and Specific Isotopic Labeling of Ubiquinone in
Rhodobacter sphaeroides via 13C Methionine and Construction of a Methionine
Auxotroph. Biochemistry, 2014. 53(38): p. 6022-6031.

3. Szundi, L., et al., Kinetics and Intermediates of the Reaction of Fully Reduced
Escherichia coli bo3 Ubiquinol Oxidase with O2. Biochemistry, 2014. 53(33): p.
5393-5404.



Photobiological Solar Fuels Program

Maria L. Ghirardi, Principal Investigator
National Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO 80401
Email: Maria.Ghirardi@nrel.gov.

Overall research goals: The overarching goal of the Photobiology project under the
Photobiological and Photobiohybrid Solar Fuels NREL Program is to investigate the regulation
of photosynthetic reductant partitioning between H; evolution, biomass and other storage
molecules that accumulate under different stress conditions. The objective is to understand the
interplay between stress sensing, signal transduction, and transcriptional regulation of specific
genes that determine the fate of photosynthetic reductant. This, in turn, will allow one to
manipulate and change the metabolic state of the cells under controlled conditions. We are
particularly interested in the mechanism of the interaction between different signal/sensor, and
sensor/transducer molecules, and the complex networks between different signal and the
expression of specific genes at the mechanistic level. This project consists of two subtasks that
address, respectively, (a) factors required for the regulation of photosynthetic reductant
partitioning between CO, fixation and H, production under anaerobic conditions; and (b) factors
required for regulation of reductant and carbon partitioning between biomass and carbon storage
molecules under N and other stresses.

Significant achievements 2014-2015:

Subtask 1: Regulation of photosynthetic reductant partitioning between CO, fixation and
H, production under anaerobic conditions. We identified a mutant attenuated in H, production
as interrupted in the 3’ UTR of a prolyl 4-hydroxylase (P4H) gene. Characterization of the
mutant shows decreased rates of H, photoproduction, decreased accumulation of fermentative
H,, and decreased levels of acetate, formate, and ethanol production. Complementation with the
wildtype version of the P4H gene restores H, and fermentative metabolites production.
Characterization also shows decreased levels of accumulated starch under aerobic conditions,
although not fully restored upon complementation. Due to the use of two different strains of
Chlamydomonas for the initial random mutagenesis library (strain 4C-) and the performance of
genetic crosses used to confirm segregation of the mutation (strain R3+), all data were repeated
with each of the strains and the phenotype is being confirmed. Our results up to date suggest that
the mutant phenotype may be due to decreased starch substrate available for H, production,
which may result from the hydroxylation of one or more starch synthesis enzymes. P4Hs
hydroxylate structural or transcription factor proteins under aerobic conditions, requiring O, as a
substrate. The O,-dependence of P4Hs may play a role in C. reinhardtii’s ability to respond to
varied O, levels, thus facilitate the regulation of photosynthetic reductant during transitions
between aerobiosis and anaerobiosis.

Subtask 2: Regulation of carbon partitioning in Synechocystis mutants altered in carbon
storage. A Synechocystis 6803 mutant that was engineered to be (1) unable to synthesize
glycogen, a major carbon storage compound, and (2) able to grow on xylose, a previously
unusable carbon source for this cyanobacterium was employed for the study of carbon
partitioning. Under either N starvation and/or mixotrophic xylose utilization conditions, carbon
flux was redirected to the synthesis and excretion of acetate, in addition to pyruvate and alpha
ketoglutarate (AKG) that were previously identified. We hypothesized that acetate was
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synthesized via a pathway that bypassed pyruvate dehydrogenase, and found a functional
phosphoketolase pathway in this model cyanobacteria. This pathway carried one third of carbon
flux in the central carbon metabolism under mixotrophic conditions with xylose, and is
hypothesized to help balance carbon and energy metabolism. In addition, we found that energy
charge (ATP levels) was higher in the glycogen synthesis mutant than in the WT in the light, and
was lower in the dark, indicating that glycogen synthesis serves as energy buffer. Multiple
changes in the light reaction and in carbon metabolism have been observed in this mutant that
indicate adaptation to high energy charge.

Science objectives for 2015-2016:

e Subtask 1: Concluding work will finalize a manuscript in-progress, which will be submitted
for publidation. Additional work will use pull-down protein assays to identify proteins
hydroxylated by this prolyl 4-hydroxylase, and confirmation of interactions using
biochemical assays, which will result in a second publication. The overall project will be
transitioned to a different and more integrated approach with the Photobiohybrid Component
of the Program, and the prolyl 4-hydroxylase work will not be included in it.

e Subtask 2: The hypothesis that energy balance (both ATP and NADPH charges) is
maintained by multiple mechanisms in the light reaction and carbon metabolism will be
further tested by measurement of these metabolites and photosynthetic parameters in mutants
affecting various carbon storage pathways as well as alternative electron flow pathways such
as Flv1/3.
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Overall research goals: We have little information that provides insights into the functions and regulatory
features that uniquely govern metabolism in photosynthetic organisms in the light relative to the dark.
Filling in this landscape is critical if we are to understand the energetics of day/night metabolism, and then
ultimately use photosynthetic organisms (particularly algae) for the efficient generation of bio-products.
The focus of our work is to explore the energetics of photosynthetic organisms in the light and dark, and
elucidate the different electron carriers, supramolecular complexes and alternative electron transport
pathways required for respiratory and fermentative dark metabolism, and how these pathways interface
with photosynthetic processes, which dominate during the day.

Significant achievements 2014-2015: Photosynthetic microorganisms typically have multiple isoforms of
the electron transfer protein ferredoxin, although we know little about their exact functions. We discovered
that a Chlamydomonas reinhardtii mutant null for the ferredoxin-5 gene (FDX5) completely ceased growth
in the dark, with both photosynthetic and respiratory functions severely compromised. Growth in the light
was essentially unaffected. Furthermore, analyses of this mutant demonstrated an increased accumulation
of triacylglycerol in the dark, with thylakoid membranes becoming severely disorganized concomitant with
a marked decrease in the ratio of monogalactosyldiacylglycerol (MGDG) to digalactosyldiacylglycerol
(DGDG), major lipids in photosynthetic membranes. An image of the membranes from the dark grown
wild-type cells and the fdx5 mutant are show in Figure 1. FDX5 was shown to physically interact with the
fatty acid desaturases CrA4FAD and CrFADSG,
likely donating electrons for the formation of the
desaturated fatty acids that stabilize MGDG.
Our results clearly establish that specific
electron mediators sustain dark metabolism,
with little impact on daytime growth, likely
reflecting the tailoring of electron carriers to
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Figure 1. Comparison of thylakoid membranes in
wild-type C. reinhardtii cells (upper right and left)
and the fdx5 mutant (lower left and right), both in
the light (upper and lower left) and dark (upper and
lower right). Note the membrane aberrations in the
fdx5 mutant after 48 h in the dark (lower right).

The concept that FDX5 is an electron carrier required for dark metabolism and growth was tested in a
number of ways. FDX1 was proposed to assume at least some of the roles of FDX5 in the light as it
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associates with at least one of the FDX5-interacting desaturases. Therefore in an attempt to rescue the fdx5
mutant in the dark, we performed random mutagenesis of FDX1, introduced it into the fdx5 strain, and
screened for transformants able to restore the dark growth phenotype. The premise was that the mutated
FDX1 would only be able to rescue the phenotype if its midpoint potential was made positive enough to be
able to accept electrons from NADH/NAD(P)H (and therefore be able to donate electrons to the key FDX5-
driven dark reactions). We now know that wild-type FDX1 has a midpoint potential of about -400 mV (it
will not readily accept electrons from NADH/NAD(P)H) (Terauchi et al., 2009), while FDXS5 has a
midpoint potential of about -215 mV (readily accepts electrons from NADH/NAD(P)H)
(D’Adamo/Posewitz et al., unpublished data). Specific transformants of fdx5 harboring the randomly
mutated fdx/ were able to grow in the dark (but generally the growth is slower than that of wild-type cells
and the rescued strains are bleached to some extent); the lesions and midpoint potentials of the mutant fdx/
proteins in these transformants are presently being analyzed.

Additionally, we hypothesized that we would also be able to rescue the fdx5 mutant for dark growth if
we were able to transfer electrons to FDX1 in the dark. This was attempted by bubbling fdx5 cells in the
dark (in a medium containing acetate) with a gas mixture containing low O (0.5%) plus H, (if the
hydrogenase is working under these conditions the H> would donate electrons to FDX1). Indeed, the fdx5
mutant was able to grow in the dark under these conditions, although again the growth was slower than that
of wild-type cells and it also exhibited reduced chlorophyll levels.

Finally, we have isolated additional mutants that do not grow in the dark. One mutant is in the ACK/
(acetate kinase) gene. This finding suggests that under some dark conditions the cells need ACK1 (but not
ACK2) to utilize acetate.

Science objectives for 2015-2016

o Examine interactions of FDXS5 and FDX1 with other electron acceptors and begin to probe the functions
of the various other FDXs in dark and light metabolism (we already have some additional mutants in
the other ferredoxin isozymes).

e Analyze other key hubs of metabolism and determine if enzymes central to these hubs interact with
other proteins forming macromolecular complexes (which might streamline metabolic pathways and
their regulation); at this point we are beginning to explore protein-protein interactions of alcohol
dehydrogenase (ADHI1), pyruvate formate lyase (PFL1) and pyruvate ferredoxin oxido-reductase
(PFR1).

e Optimize growth of the fdx5 mutant in the dark in the presence of H» and explore the oxyhydrogen
reaction; attempt to elucidate its mechanism and determine whether it causes a ‘tailoring’ of the
thylakoid electron transport system, especially photosystem I.
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Overall research goals: The goal is to establish a research program for fundamental studies of natural
photosynthetic proteins and biomemetic systems, incorporating Classical Electrostatics with Monte
Carlo (MCCE) simulations for calculations of pK,s and electrochemical midpoints (Gunner, CCNY);
gquantum mechanics and quantum mechanics/molecular mechanics (QM/MM) analysis (Batista, Yale
Univ, USA); and large-scale molecular dynamics (MD) of photosynthetic reaction centers (Bruce,
Brock Univ, Canada). Our efforts have been focused on the analysis of the structure and reactions of
the Oxygen Evolving Complex (OEC) of Photosystem Il (PSII) and the proton transport pathways
from the OEC and to the quinones.

Significant achievements 2013-2015

- Recently, femtosecond X-ray diffraction provided the first high-resolution structural model of
the OEC that is free of radiation-induced manganese reduction (Protein Data Bank
entries 4UB6 and 4UB8). We assessed the accuracy of this structure using combined QM/MM,
extended X-ray absorption fine structure (EXAFS) and electron density maps analysis. This structure
does not match the EXAFS and QM/MM data for the S; state. We attributed this to uncertainty about
the positions of oxygen atoms next to the heavy manganese centers that remain partially unresolved,
even at 1.95 A resolution. In addition, the photosystem Il crystals may contain significant amounts of
the S, state, because of extensive dark adaptation prior to data collection. (ref. 8)

- Having reliable structures of the OEC in S; and S, states allowed us to explore binding of
ammonia to the OEC. Ammonia binds directly to the OEC upon formation of the S, intermediate, as
evidenced by EPR spectroscopy but does not inhibit oxygen evolution, showing it does not compete
with substrate water binding. We explored the binding mode of ammonia with QM/MM methods and
simulations of EXAFS spectra. We find that NH3 binds as an additional terminal ligand to the dangling
Mn4, instead of exchanging with a terminal water. Since water and ammonia are electronic and
structural analogues, these findings suggest that water binds analogously during the S,—S; transition,
leading to rearrangement of ligands in a carrousel around Mn4. (ref. 9)

- We have used a new method for tracking the changes in the OEC structure through QM/MM
simulations combined with the experimental electron density maps analysis for the S; to S, transition.
This transition does not involve the transfer of a proton to the lumen and occurs at cryogenic
temperatures. Therefore, it is thought to involve only Mn oxidation without significant structural
change. We analysed structural changes as revealed by QM/MM methods and the isomorphous
difference Fourier method applied to low-resolution serial femtosecond X-ray diffraction data to show
the main structural change in the OEC is in the position of the dangling Mn and its coordination
environment. This procedure shows how valuable structural information can be extracted from low-
resolution electron density maps. (ref. 4)

- The protonation changes through the S state cycle were investigated using structures of the DFT
optimized OEC docked into the whole PSII using the MCCE classical electrostatic — Monte Carlo
method. Two possible S, (Mn(111);Mn(1V)5) states are found depending on the OEC geometry. If O5 is
closer to Mn4, S, has Mn4(I1V) with a proton lost from a terminal water (W1) trapped by the nearby
D1-D61. If O5 is closer to Mn1 S; has Mn1(1V), with partial deprotonation of D1-H337 and D1-E329.
In Sz, the OEC is Mn(1V), with W2 deprotonated. The S1/S; and S,/S; Ers range from +0.7 to +1.3 V,
enabling oxidation by Peg,", the primary electron donor in PSII. (ref. 7)




- Prior to each new S state Y7 is oxidized by Pego’, leaving a positive H190"Y;" complex as the Tyr
proton is transferred to the His. The proton release on formation of H190" in S, to S; states was
calculated with MCCE. In each S state the proton donor is the group that is poised to become
deprotonated when the OEC is oxidized, which is likely to be H337, D61 and E329. Thus, the proton
loss from the protein prepares the system for the transition to the new S state. (in preparation).

Science objectives for 2015-2017:

e The affects of ammonia and CI" on the protonation states of the OEC and surrounding residues, the
S state transitions and the proton transfer pathways will be studied by combined QM/MM and MCCE
calculations. The binding of ammonia directly to the OEC and to secondary sites near the OEC will be
explored.

e The pathways and barriers for proton release for various S states will be investigated using
community network analysis and MCCE pathway and energetic analysis based on the MD trajectories.
e Structure of the S; state will be investigated using QM/MM combined with EXAFS analysis as
well as the analysis of experimental electron density maps

e Possible mechanisms of O-O bond formation in the S, state will be investigated by locating
intermediates and transition states using the QM/MM approach.

» The effects of oxidation of Yz and proton trapping on H190 on the protonation states of the OEC
and surrounding residues will be explored to determine the source of the lag phase for electron transfer
from the OEC to Y3.
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Overall research goals: Thiol oxidation into disulfides and the reverse reaction, i.e. disulfide
reduction to free thiols are under the control of dedicated catalysts in vivo, which are required for
the biogenesis of all energy-transducing membrane systems. This research aims to elaborate the
catalysis of thiol-disulfide chemistry in the thylakoid lumen of the chloroplast. Our long-term
objectives are to discover the molecular identity of the enzymes defining the thiol-metabolizing
pathways in the lumen, their relevant targets of action and to understand how they control or
regulate photosynthesis.

Preliminary data: In a former NSF-funded project, we discovered that both disulfide bond formation
and disulfide bond reduction in the thylakoid lumen are catalyzed reactions under the control of
dedicated components, whose activities are essential for the biogenesis of the photosynthetic
complexes (Fig. 1). Two disulfide-reducing pathways control plastid cytochrome ¢ assembly
through the reduction of a disulfide at the CXXCH motif on apocytochrome f, a biochemical step
necessary for heme attachment onto the apoprotein. One pathway is defined by the CCDA thiol-
disulfide transporter and the CCS5/HCF164 thioredoxin-like protein (1) while the other pathway is
dependent on CCS4/HCF153, a thylakoid membrane protein whose activity remains to be
deciphered (2). Operation of theses pathways is required for the assembly of cytochrome bgf
complex. The disulfide bond forming pathway is defined by LTOI, a membrane protein
functionally equivalent to the bacterial DsbAB catalysts and necessary for PSII assembly through
sulfhydryl oxidation of the PsbO subunit in the oxygen evolving complex (3)
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Science objectives for 2015-2018:

We will continue to explore -catalyzed thiol-disulfide
chemistry in the lumen compartment with a particular focus
on photoprotective responses mediated by VDE and TRLI.

reducing (CCDA, CCS5/HCF164,
CCS4/HCF15 and TRLI, in light
gray) and  disulfide-forming
pathways (LTO1, in dark gray) and
some of their known (purple) or
suspected targets (light blue) are
represented. Cysteines are in blue.
Electrons (€) routes are indicated
by arrows. CCS5/HCF164 is a
membrane anchored lumen-facing
thioredoxin-like  protein. LTOI
contains a VKOR-like membrane
domain and a lumen-facing
thioredoxin-like domain. The final
electron acceptor of the LTOI-
dependent pathway is not known
(X?). The reductant transported by
TRLI is not known but GSH is a
candidate substrate.
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Violaxanthin de-epoxidase (VDE), a key enzyme required to dissipate excess light energy in the
form of heat contains six disulfide bonds. Preliminary results indicate the disulfide bond
forming cysteines are critical for VDE enzymatic activity and under the control of the disulfide
bond forming catalyst LTO1. We will assess the importance of disulfide bonds for VDE activity
in vivo using an Arabidopsis VDE-deficient mutant expressing disulfide bond less VDE
variants Arabidopsis and in vitro by testing if LTO1 can catalysed the oxidative folding of
VDE.

TRLI1 (Transporter of Reductant in the Lumen) is a thylakoid membrane protein defining a
novel thiol-based reducing pathway required for protection against light-generated reactive
oxygen species. Preliminary findings support the involvement of TRL1 in the transport of a
reductant from stroma to lumen. This will be experimentally tested in vitro using everted
vesicles from a bacterial strain expressing Arabidopsis TRL1 and assessing the importance of
key residues for the transport of reductant in vitro.
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Overall research goals: Chloroplasts move within leaf cells to optimize light levels, maximizing
their interception of light under limiting light conditions (accumulation) and minimizing
interception under excess light conditions (avoidance). Our project explored the roles of the
actin cytoskeleton and two protein families in positioning of chloroplasts. We investigated the
hypothesis that chloroplast move to maximize solar energy utilization and to promote acquisition
of CO;, and efficient exchange of substrates with other compartments within the plant cell. We
examined the role of the plant myosin XI and 14-3-3 protein families in chloroplast movement.
Plants were studied in which one or more of the genes were silenced or mutated, localization and
interactions of proteins were probes by fluorescent protein technology.

Significant achievements 2013-2015:
Myosin X1 Family:_A 42 amino-acid region of Arabidopsis myosin XI, the “PAL” domain, is
homologous to the yeast myo2p tail region known to be essential for vacuole and mitochondrial
inheritance. We found that 7 YFP::PAL sub-domain fusions decorate Golgi and 6 localize to
mitochondria; only XI-F PAL labels chloroplast envelopes. Simultaneous transient expression of
the PAL sub-domains of myosin XI-H, XI-1, and XI-K resulted in inhibition of movement of
mitochondria and Golgi, likely due to a dominant negative effect (1).

Stromule Protein Flow: A paper appeared from a Canadian group (Schattat et al. 2012, Plant
Cell 24:1465-77) that claimed our prior DOE-funded work demonstrating flow of proteins from
one plastid to another was incorrect. We obtained the Arabidopsis line containing the
photoconvertible GFP from the Canadian group to determine why they failed to observe transfer
of protein from one plastid to another. We could demonstrate movement of both the
photoconvertible GFP and standard GFP between plastids, provided that low laser power was
used to perform the photoconversion (2). We believe that the use of high levels of irradiation for
photoconversion by the Canadian group resulted in
photodamage that prevented them from observing movement
of fluorescent protein

Method Development: First, we provided a methods paper
that describes how to label plastids with fluorescent proteins - .
to study dynamic morphology and movement (3). Second, s R
while training a visiting student in GFP photobleaching, Dr.
Sattarzadeh accidentally discovered that GFP itself could be
photoconverted from green to red (Fig. 1). This observation
was further investigated by further analysis of multiple cell | 4.007 min 4.007 min
types as well as in vitro. This finding will allow the use of '
existing transgenic lines expressing standard forms of GFP
(plant or animal) to be used in photoconversion experiments
to follow protein and organelle dynamics (4).
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Chloroplast movement. We have obtained data
indicating that the high fluence avoidance response
should not be attributed entirely to photoprotective
processes. First, we have observed that the transition
from accumulation to avoidance occurs at light
intensities far below those that saturate
photosynthesis, typically closer to the light
compensation intensity than to Iy, the intensity at
which saturation of photosynthesis occurs (Fig 2).
Second, the published light intensities required to
induce significant photodamage in plants with
impaired chloroplast movement are always 1500
umol photons m2 s™ or more. Further experiments allowed us to support the hypothesis that the
function of chloroplast movement to the anticlinal walls during avoidance is to decrease the
mesophyll resistance to CO, diffusion.

Protein Interactions. Bimolecular Fluorescence
Complementation (BiFC) assays were implemented to
observe interactions between 14-3-3 proteins and other
proteins known to be involved in chloroplast movement.
16 different combinations were tested, and five 14-3-3
proteins are positive in BiFC tests for interactions with
proteins that are part of the signaling pathway for
induction of responses of chloroplast to high or low light.
For example, the YFP signals (Fig. 3) indicate
interactions between 14-3-3 lambda and PHOT2 and 14-3-3 ph| and PHOTL.

Science objectives 2015 Completion of publications concerning chloroplast movement and 14-
3-3 proteins. (Project on no-cost extension).
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Overall research goals: The research objectives are to understand protein interactions and structural
changes in LHCP targeting/insertion components that provide the necessary order and timing of events
in the chloroplast for efficient thylakoid accumulation of light harvesting complexes: In this context,
our original aims were to (1) Identify Alb3 insertase-induced structural changes in the chloroplast signal
recognition particle (cpSRP) that promotes transfer of LHC from cpSRP to the insertase; (2) Use a non-
hydrolysable GTP analogue (GMP-PNP) to examine association of radiolabeled LHCP with a thylakoid-
bound targeting complex comtaining the insertase, cpSRP and its receptor; (3) Determine whether LHC
binding to cpSRP prevents GTP hydrolysis by cpSRP and its receptor in the absence of the insertase.

Significant achievements 2013-2015: Recent studies utilizing a combination of structural modeling, small-
angle X-ray scattering (SAXS), isothermal calorimetry (ITC), and single molecule FRET (smFRET) along
with assays that reconstitute LHCP targeting events have demonstrated that cpSRP43 binding to cpSRP54
raises the affinity of cpSRP43 for LHCP to promote formation of a cpSRP-LHCP targeting complex.
Moreover, while cpSRP54 alone shows no ability to interact with LHCP targeting substrates, amino acids in
cpSRP54 predicted from structural modeling to interact with hydrophobic signal sequences were found
critical to form cpSRP-LHCP targeting complex. The loss of LHCP targeting complex formation using
cpSRP54 M-domain point mutants was partially reversed using LHCPATM3, which lacks the third
transmembrane domain. These data suggest that interaction between the cpSRP54 M-domain and TM3 of
LHCP is required for cpSRP-LHCP targeting complex formation and that this interaction is modulated by
cpSRP43 binding to cpSRP54. Additionally, studies to understand the role of GTP hydrolysis by
cpSRP/cpFtsY at the membrane demonstrate that GTP hydrolysis takes place afterel(i release from  Time (min
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of soluble cpSRP targeting components. 0.04 T 0.04
05] ] 02
_..;‘0-10 —m B -0.41
— P2 + 100 nM cpSRP54 RID q
g 0.081— P2+ 100 "M cpSRP54__ |||||| ‘+C‘pSAI%‘5ﬂ§ep
- 2 P2+ 100 uM cpSRP54,__ .. 1 4 ;.%-6-8-
Groove 2 0.06" g ) ‘% 8] ‘ -1.041
> £ i SR 1]
\ =Y - (¢38m)| £ 0
a = 201 o)
3 Groovel! @ g2l sg Q05 10 15 20 25 00 05 100’5 %] 2.
N (wthL18) O - Z = _3070Iar Ratio] MolalrEa' 4
: O 0.00h e ‘ S 0 LHCP/ K8y > @BBRMUIE 16|
o 00 0.5 10 T " (£38 nv)| 2
’ r ' -50+— ‘ ‘ ‘ ‘ ‘ :
FRET 0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5

Figure 1. cpSRP54 binding to cpSRP43 reduces structural flexibility of cpSRPYSIGAGARes its affinity ~ Molar Ratio
for LHCP targeting substrate. (a) CD1-Ank4 region of cpSRP43 highlighting the relationship between the

FRET labels in P2 and P5 with groove 1 to which the LHCP-L18 motif binds. (b) smFRET histograms for

the FRET pair P2 in the absence (red) and presence of different concentrations of cpSRP54pep (green, 100

nM; orange 100 M) and 100 nM cpSRP34 (blue). (¢) ITC data showing the binding of cpSRP43 to the

LHCP-derived L18 peptide in the absence (left) and presence (right) of cpSRP54pep.

Science objectives for 2015/2016:

e An original goal in our structural studies was to identify high-resolution structural changes in cpSRP43
that result at the membrane upon interaction with the Alb3 C-terminus. We now know that a likely
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change in cpSRP43 upon Alb3 interaction will be re-structuring of groove 1 in cpSRP43 (see Fig 1) to
enable release of LHCP from cpSRP43. We have recently overcome a considerable hurdle in our NMR-
based structural studies to examine cpSRP43-Alb3 C-term structure, which is the production of both
proteins in a form that is stable for days at room temperature over the time required for NMR data
collection. We will continue to move forward on this front, which will reveal changes to the LHCP
binding site (groove 1) and also reveal amino acids in both proteins that form the binding interface.

e QOur current data (and previous publications from DOE support) indicate that protein interactions along the
LHCP targeting pathway are used to regulate the affinity of cpSRP43 for the Alb3 insertase. For
example, cpSRP43 alone binds to thylakoid Alb3 with nM affinity, but neither cpSRP heterodimer nor the
LHCP-cpSRP targeting complex bind efficiently to Alb3. In this context, it is anticipated that additional
cpSRP43 structural changes take place when cpSRP-LHCP targeting complex binds the cpSRP receptor
(cpFtsY) at the membrane, an interaction that can be stabilized in the presence of non-hydrolysable GTP.
In this context, we will work to develop liposomes that enable formation of a stabilized cpSRP-cpFtsY
complex in order to then examine cpSRP43 structural changes at the membrane with smFRET constructs
of cpSRP43 developed with our current funding. These studies are expected to reveal gross structural
changes in cpSRP43 at the membrane that are required for high-affinity binding to Alb3.

References to work supported by this project during 2013-2015:
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Overall research goals: The research objectives are to advance our knowledge about
delveopment, assembly and maintenance of the photosynthetic membrane in higher plant
chloroplasts, by: (1) defining the mechanisms of protein targeting within the chloroplast, (2)
elucidating the significance of oxidative protein folding in the thylakoid lumen, and (3)
obtaining mechanistic insights into assembly and quality control of photosynthetic machinery.
These goals have been developed based on our findings about plastidic type | signal peptidase 1
(PIspl) in the model plant Arabidopsis, supported by DOE since 2008. Our results have
revealed that PIspl is located in both the envelope and thylakoid membranes and its disribution
appears to follow the development of thylakoids from the envelope, and that Plspl is required
for proper assembly of photosynthetic machinery. The outcomes of the research will uncover
the link between assembly and functionality of photosynthetic machinery. The long-term goals
are to enhance fundamental understanding of the dynamics of natural photosynthetic systems,
and to help develop technology that enables efficient capture and utilization of solar energy.

Significant achievements 2013-2015: Theare are two key achievements. The first is about in
vitro characterization of the signal peptidase activity of Plspl. We have demonstrated that
recombinant Plspl catalyzes hydrolysis of a peptide bond between the C terminus of a signal
peptide and the N terminus of a mature domain within precursors of various thylakoid proteins
as well as the envelope protein Toc75. These data together with the results of previous genetic
studies establish that Plsp1l is the main thylakoidal processing peptidase. Quite interestingly,
Plsp1 homologs from angiosperms, but not from others, carry two Cys residues (Cys166 and
Cys286) away from the catalytic site. Our results showed that they are redox active and
disulfide-formation between them is needed for the peptidase activity in vitro (Fig. 1). This
makes Plspl as a new member of redox-dependent enzymes in the thylakoid lumen.
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Figure 1. A. His-tagged Plspl produced by E. coli was treated without (-) or with (+) 10 mM DTT, separated by
non-reducing SDS-PAGE, and analyzed by immunoblotting with the anti-His tag antibody. The oxidized form (ox)
migrates faster than the reduced form (red) due to its compact folding. B. The recombinant proteins prepared in
panel A were incubated with a radiolabeled Plsp1l substrate (PsbQ precursor, pr), and the reaction products were
separated by SDS-PAGE and visualized by autoradiography. Oxidized Plspl converted the substrate to mature
PsbQ (m) efficiently, while reduced Plspl showed much less processing activity. C. Recombinant Plsp1l wihout
(wt) or with Ala substitution for conserved Cys166 (C166A) or Cys286 (C286) at the concentration indicated at
right was incubated with the radiolabeled PsbQ precursor and the reaction products were analyzed as in panel B.
The substitution of either Cys residue within Plspl decreases the processing activity by >99%.

The second achievement is about the mechanism of Plspl targeting. Results of two in vitro
assays, one using intact chloroplasts and another using chloroplast membranes, have shown that
1) Plspl can insert into the membrane in an incorrect orentation; ii) this mis-sorting is prevented
by the stromal chaperone Cpn60 and the cpSecl machine (Fig. 2). This finding adds to our
understanding of the importance of stromal components in photosynthetic membrane assembly.
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Figure 2. Plspl is synthesized in the cytosolic ribosome with an N-terminal extension (blue box). This extension
acts as an import signal which directs the protein to the general import via TOC/TIC at the outer and inner
envelope membranes (OEM and IEM), respectively. Mature Plspl carries a signle transmembrane domain (brown
box). Its correct topology is N-stroma and C-lumen. The C-terminal portion contains the catalytic site and is
predicted to form a -sheet which presents a hydrophobic surface that associates with the membrane from the
trans-side. Our transport data suggest that (i) the B-sheet can fold spontaneously and insert into the membrane from
the cis-side (dotted arrows at right, including “spontaneous insertion™), and (ii) this mis-targeting is prevented by
association with CPN60 in the stroma (solid arrows at left), keeping Plspl in an unfolded state and ensuring its
proper transport by the cpSecl machinery comprising the cpSecAl ATPase motor and the cpSecYEL channel.

Science objectives for 2015-2016:

To identify amino acid residues or domains within Plspl and/or molecular components required
for targeting of Plspl to each of the two membranes using in vitro assays.

To define molecular bases for interaction of Plspl and Cpn60.

To test if and how oxidative folding plays a role in the Plspl’s function in vivo by using the
genetic complementation assay.

To characterize the 400-kD complex that incorporates non-mature PsbO. PsbO is a 33-kD
subunit of OEC and is a Plspl substrate. When the thylakoid-transfer signal could not be
removed by mutation around the processing site, the non-mature PsbO protein was found in the
400-kD complex both in vitro and in vivo. Interestingly, DTT-treatment dissociates non-mature
PsbO from the complex, suggesting that its assembly depends on either inter- or intra-molecular
disulfide formation. We will test its biological significance by identifying its components.
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Overall research goals:

Fundamental research in photosynthesis where high-resolution spectroscopic techniques, as well as
excitonic calculations and modelling studies, are used to provide more insight into the relationship
between excitonic structure, function, and dynamics. The following photosynthetic complexes (PCs) and
issues are of interest to this project: i) B800-B850 LH2 antenna from Alc. vinosum, in this case the key
goal is to provide more insight into an unusual splitting of the B800 band and hole-burning mechanisms
(i.e., a possible proton transfer); ii) bacterial reaction centers (bRCs); here we focus on the upper exciton
level Py, of the BChl @ dimer via modelling of the linear absorption and frequency dependent (resonant)
transient P'Q, " hole-burned (HB) spectra; iii) chlorosome/baseplate complexes to shed more light on the
excitonic structure and excitation energy transfer (EET) dynamics of baseplate chromophores; iv) water
soluble chlorophyll proteins (WSCP) to explain the nature of photochemical HB focusing on possible
electron exchanges between Chl a cofactors and protein; and v) FMO complexes; the key objective is to
provide the Hamiltonians that can simultaneously describes all linear and nonlinear optical spectra. To
further advance the description of high-resolution spectroscopies, we continue developing improved
algorithms to describe simultaneously various types of optical spectra at different temperatures and
develop improved models to describe resonant HB/FLN spectra (and information they provide) in
excitonically coupled systems. Finally, we aim to show that HB/FLN spectra can be extracted from the
low-temperature two-dimensional electronic spectroscopy (2DES) frequency maps.

Significant achievements 2014-2015:

o Low-T techniques such as HB and FLN are commonly used to extract the spectral density for a given
electronic transition from experimental data. We showed that the lineshape function formula reported in.[J.
M. Hayes et al., J. Phys. Chem. 98, 7337 (1994)], in the mean-phonon approximation and frequently applied
to analyzing HB data, contained inconsistencies in notation, which led to incorrect expressions for moderate
and strong electron-phonon (el-ph) coupling strengths. A corrected lineshape function L(w) was given in [2].
Although the corrected lineshape function could be used in modeling studies of optical spectra, we suggested
that it is better to calculate the lineshape function numerically, without introducing the mean-phonon
approximation. New theoretical fits of the P870 and P960 absorption bands and frequency-dependent
resonant HB spectra of Rb. sphaeroides and Rps. viridis RCs were provided as examples to demonstrate the
importance of correct lineshape expressions. The new fits lead to different el-ph coupling strengths and
frequency of the special pair marker mode, wy,, for Rb. sphaeroides, which are currently being used in
calculations of various low-T optical spectra obtained for bRCs and their mutants (manuscript in
preparation).

e Two-dimensional electronic spectroscopy (2DES) at cryogenic- and room-T reveals excitation energy
relaxation and transport, as well as vibrational dynamics, in molecular systems. These phenomena are related
to the spectral densities of nuclear degrees of freedom, which are directly accessible by means of HB and
FLN approaches at low-T (few K). We showed that 2DES can reveal more details about the fluctuating
environment than the 1D approaches due to peak extension into the extra dimension. By studying the
spectral line shape of monomers and dimeric aggregates at low-T, we demonstrated that 2DES spectra have
the potential to reveal the fluctuation spectral densities for different electronic states, the interstate correlation
of static disorder and, finally, the time scales of spectral diffusion with high resolution [4].

e We offered a new insight into the assignment of emission spectra reported on PSII-core complex (PSII-cc)
from different organisms [5]. Previously reported spectra were compared with data obtained at different
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saturation levels of the lowest energy state(s) of spinach and T elongatus PSIl-cc via HB in order to provide
more insight into emission from bleached and/or photodamaged complexes. We showed that typical low-T
emission spectra of PSII-cc (with closed RCs), in addition to the 695 nm fluorescence band assigned to the
intact CP47 complex [M. Reppert et al., ] Phys Chem B 114, 11884 (2010)], can be contributed to by
several emission bands, depending on sample quality. We suggested that recently reported emission of single
PSII-cc complexes from 7. elongatus may not represent intact complexes, while those obtained for 7.
elongatus presented in [5] most likely represent intact PSIl-cc, since they are nearly indistinguishable from
emission spectra obtained for various PSII-membrane fragments.

e In the photosynthetic green sulfur bacterium C. fepidum, the baseplate mediates EET from the light
harvesting chlorosome to the FMO complex and subsequently towards the reaction center (RC). Literature
data suggest that the baseplate is a 2D lattice of BChl &—CsmA dimers. However, recently it has been
proposed, using 2DES at 77 K, that at least four excitonically coupled BChl a are in close contact within the
baseplate structure [J. Dostal et al., J. Phys. Chem. Lett. 5, 1743 (2014)]. This finding was tested via HB
spectroscopy (5 K) [6]. Our results demonstrated that the four excitonic states identified by 2DES likely
correspond to contamination of the baseplate with the FMO antenna and possibly the RC. In contrast, HB
revealed a different excitonic structure of the baseplate chromophores; where excitation is transferred to a
localized trap state near 818 nm via exciton hopping, which leads to emission near 826 nm [6].

Science objectives for 2015-2016:

The key goals are: 1) provide additional insight into photoconversion, EET pathways, and conformational
complexity in the B800-B840 and B800-B820 complexes from Alc. vinosum; 2) continue exploring
(theoretically) the Frenkel exciton parameters for optical spectra of bRCs and their mutants while tracing
the high-energy excitonic component of the special pair; 3) explain the origin of femtosecond processes
observed via resonant HB spectroscopy in the mutated bRCs; 4) provide an uniform description of HB
data and femtosecond pump-probe data obtained recently for various WSCP; 5) continue studies of
electron exchanges in various photosynthetic proteins; 6) complete the manuscripts on: i) the modeling of
resonant HB spectra in weakly coupled dimers in the presence of uncorrelated EET; ii) the effects of
different shapes of spectral densities on the dynamics observed in PCs; and iii) the excitonic structure and
dynamics observed in various FMO complexes.
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Overall research goals:

A long-term objective of this project is to understand the mechanisms of how photochemical energy
generated by light-harvesting molecules is converted to chemical bonds by redox enzymes.
Semiconducting nanoparticles saturate at high photon intensities, can be controlled to absorb over a
wide spectral region, and can be directly coupled to enzymes via formation of molecular complexes to
drive catalytic transformations. Photochemically driven energy transduction in nanomaterial-enzyme
complexes can be used to help establish the principles controlling electron transfer across interfaces. A
reaction of interest for this project has been the photochemical production of H, by hydrogenases. In
photosynthetic microbes hydrogenases couple to low potential reductant pools to help maintain
electron flow under anaerobic-aerobic transitions. The ubiquitous role of H, as an energy carrier in
microbial systems is underscored by significant structural-functional diversity among the different
hydrogenase enzyme classes. We are investigating active site coordination environment, substrate
transfer pathways and cofactor compositions of hydrogenases towards understanding enzyme catalytic
function, and integration with different charge-transfer reactions and molecules.

Significant achievements (2013-2015):

Biophysical analysis of [FeFe]-hydrogenase and the catalytic mechanism. The [FeFe]-hydrogenase
from the green alga Chlamydomonas reinhardtii
(CrHydAl), consisting of the catalytic H cluster, has
been analyzed using electron paramagnetic resonance
(EPR) and Fourier transform infrared (FTIR)
spectroscopy of samples under various reducing and
oxidizing conditions towards developing a model of
catalytic H, activation. In an effort to isolate hydride
intermediates, we studied a Cys-to-Ser (C169S) variant
of CrHydA1 that decouples proton and electron transfer
at the H cluster. Compared to native CrHydAl, the

FTIR and EPR of reduced C169S showed differential
5ol o enrichment of transient reaction intermediates. This

. (, it included a higher population of [4Fe-4S]'" subcluster
@,, ,, o o@,;.:_j,v;.ﬁu that correlated with the presence of a 2Fe subcluster
WY ; e with high frequency vCO modes (Figure 1). DFT

. o ovees optimized catalytic site models suggest assignment to a
Figure 1. Magnified view of the CrHydAl [FeFe]- [4Fe-4S]'"-Fe(Il)Fe(ID)-[H] state. This agrees with
hydrogenase prqton-transfer relay and catalytic site H—D exchange combined with IR that showed a shift
ELZp)ént(; )0 ;r;l%a;ljgse (éfﬂf EIARI ?p e;:et;z; ((I)Bfotg) IH?)9 S in the 2Fe subcluster £~CO IR band, which is consistent

g Y & with a trans-effect on p-CO from a terminally bound
hydride (designated as “H” in [4Fe-4S]'"-Fe(IT)Fe(II)-[H] state) on Fep,.

Computational modeling of proton-transfer in [FeFe]-hydrogenase. The free energies along proton-
transfer (PT) pathways in [FeFe]-hydrogenase were investigated using QM/MM and umbrella
sampling techniques. Key residues, including an H cluster proximal Cys were identified, along with
pK, estimations from a thermodynamics integration method, and were used to model the PT profiles to
the H cluster showing preference for the Cys/Water/Glu/Ser/Glu pathway identified in Figure 1.

Gep




Solar energy conversion and catalysis in photobiohybrid complexes. We have shown that the [FeFe]-

hydrogenase Cal from Clostridium acetobutylicum -
self-assembles with mercaptopropionic acid capped 10 b (AGer + A)?
CdTe and CdS nanoparticles (NP) to form 10"‘1 logker =15 -0.6R ~3.1=—"7—
photocatalytic complexes. Under illumination, NP 10° *
light absorption and charge-separation leads to J H
interfacial electron transfer into Cal at a surface | — 01 e
localized [4Fe-4S]-cluster. Ultrafast measurements | £ 10"1 ,? T |
showed photoexcited electron transfer from NP’s | «° 10°4 e
occurs at rates of 10’ We investigated how 1P A T
altering NP diameter, Wthh changes both the  J— - Ker=Kea | O
charge recombination kinetics and the free energy 10y
(AGgr) of electron-transfer (Figure 2), affects 10°4 :
electron-transfer rates and H, production in NP-Cal 10° i . ||
complexes. Surprisingly, the rate of the NP—Cal -1.5 1.0 0.5 0.0 0.5
electron-transfer step was minimally affected by \G_, (eV)
lowering AGgr, suggesting a gated, or chemically Figure 3. Interfacial electron transfer rates (kgr)
coupled, interfacial electron-transfer process. As a .

. i versus AGgr for Cal-CdTe (blue, 2.0; green, 2.2,
result, H, production was controlled by competition orange, 2.8: red 3.2 nm)
between electron transfer and recombination, where g% 25 - i

slower recombination in larger NPs allowed for higher photon-to-H, conversion and yields.
Science objectives for 2015-2016:

Apply both steady-state and time-resolved cryo-FTIR of [FeFe]-hydrogenase, and [FeFe]-
hydrogenase/NP complexes to resolve the electronic properties of H cluster reduced states.

Determine the mechanism of electron injection from NP—Cal, and the function of His-ligation to the
distal [4Fe-4S] cluster in interfacial electron-transfer to Cal.

Mossbauer spectroscopy (with Dr. Y. Guo at Camegle-Mellon University) of the reduced CrHydAl
C169S variant showed a s1gmﬁcant population of a [4Fe-4S]""-Fe(I)Fe(Il) H cluster, with hyperfine
sublevel correlation EPR 'H and *D spectra (with Dr. S. Dikanov at the University of Illinois) indicating
the presence of exchangeable protons. Further spectroscopic analysis of reduced CrHydA1l will be
completed to verify assignment(s) of H cluster hydride states.
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Overall research goals: Photosynthetic reaction centers (RCs)
are protein-cofactor complexes that convert light energy into B patway ) , P Apathway
chemical energy in a series of extremely efficient

transmembrane electron transfer (ET) reactions. The X-ray A \’.
structures of RCs reveal two pseudo-symmetrical branches of
cofactors (Fig. 1) that are functionally asymmetric; bacterial

RCs use the A pathway exclusively. The goal of the project is £
to identify a mutant RC that utilizes the B pathway for \“‘3\7 :

quinone (Qp) reduction with the same high yield as that of the
A pathway in the native complex, thereby gaining
fundamental insight into the factors necessary for de novo o fé—
design of efficient multistep ET. Previous attempts at rational Fe Qy
design have provided neither the means nor understanding Flg 1 A” rangement of cofactors
necessary to engineer efficient B-branch ET. in the bacterial RC.

Towards this end, we have developed both semi-directed

PBs’ pr P'Ba” molecular evolution approaches that streamline mutagenesis

./ka i kep P8~ and RC isolation and high-throughput time-resolved

B+HB_ i ‘;' spectrosjcopic screening assays. By design, a larg+e numb.er' of

Keis ': : b RC variants can be examined for the yield of P'Qp™ arising

o ke Kea e from exclusive use of the B-side cofactors. The experimental
P'Qs i : ;' vehicles are the RCs from Rhodobacter capsulatus and
i i ;’ Rhodobacter sphaeroides. Our goal is to find mutant(s) that

Triplets & ! Triplets & unlock efficient, transmembrane, B-side charge separation and

Ground State Ground State

limit competing charge-recombination reactions (Fig. 2).

<

Ground State Polarizable residues near Bg were identified in an initial
Fig. 2. States, target processes, screening of mutants as one means to enhance B-side ET. A
and key P"Hy~ branching point. set of these mutants was the kernel of our first publication.l

Significant achievements 9/2013 — 9/2015: Improvements to our mutagenesis and screening
methods have enabled the preparation of ~625 mutants with ~550 RCs screened. Fig. 3 shows
the results of the millisecond assay for the yield of P"Qg" relative to wild type (~100%, via Q4)
for a subset of nearly 400 mutants. The colors of the bars reflect different RC templates used
and different residues targeted for saturation mutagenesis. Most mutants utilize a scaffold
(YFHV; Fig. 3, left inset) that displays substantial B-pathway activity in the assay (Fig. 3; main,
yellow bar). The new mutant sets recently developed and screened add to the list of constructs
that show significantly improved utilization of the B-side cofactors compared to the initial
YFHYV template. The sets have targeted additional residues in the vicinity of the B-side cofactor
Bp to further enable B-side activity and near B, to handicap the A path. Expansion of
mutagenesis targets into other regions of the RC revealed that a single residue near Hpg
significantly increases the efficiency of secondary ET from Hg to Qg in some cases.” Forward
ET to Qg (~7.5 ns) becomes the favorable decay pathway for P'Hg~ in a mutant RC where M131




is changed from Val to Glu, largely due to slowing the competing charge-recombination process
from ~4.5 ns to ~10 ns. On the A side in wild-type RCs, the time constant for the analogous
P'H,~ charge recombination process is ~10 ns and, most interestingly, the residue near Hy that is
related by C, symmetry to M131 near Hp is a Glu (at L104). Combining this favorable result on
secondary electron transfer (Val to Glu at M131 near Hg) with mutations near Bg that enhance
primary electron transfer to the B side (such as Phe to Asn at L181) has not yet led to
improvements in both steps simultaneously.
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Fig. 3. Yield of P' Qs relative to wild type in 375 mutants of two species as assayed by a millisecond
screening assay using 7-ns excitation flashes (main panel), the YFHV template RC (top right).
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The efficient (measurement and analysis time, sample requirements) millisecond screen
was further validated by ultrafast time-resolved studies on a set of eight mutants to obtain the
rates and yields of the primary and secondary events. Such work anchors the continued use of
the high-throughput screen for identifying promising mutants. Papers are currently being drafted
on these studies and additional sets of mutants, including analogous sets that demonstrate marked
differences in functional consequences of substitutions depending on the species studied. Our
overall approach is clearly bearing fruit, providing unanticipated insights into how to control the
directionality of charge separation and the efficiencies of the electron-transfer processes.

Science objectives for 2015-2016 and beyond:
e [terate combinations of mutations, pairing favorable substitutions with those in new regions.
e Mine datasets to correlate properties of substituted residues with observed photochemistry.
e Refine photochemical screens to detail intricacies of events in a larger sampling of mutants.
e Select photocompetent, phenotypic revertants that grow via B-side cofactors exclusively.
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Overall research goals:

The project goals focus on understanding how photosynthesis balances its energy
budget, matching the output of energy in NADPH and ATP to precisely meet
biochemical demands. Our specific aims concern the mechanisms of 1) cyclic electron
flow (CEF) which acts to generate ATP to balance the chloroplast energy budget; 2) the
transport and sharing of ATP among the chloroplast, cytoplasm and mitochondria; 3) the
partitioning of proton motive force into ApH and Ay.

Significant achievements 2013-2015:

1) There are two distinct types of CEF, one through the NDH complex, which is
analogous to Complex I of respiration, that the other through ferredoxin:quinones
reductase, FQR, which in higher plants FQR is thought to involve the PGRS and PGRL1
proteins. We show that these two pathways are distinct in their energetics and regulation
and likely serve distinct metabolic and regulatory functions (1, 2).

2) The mechanisms of CEF regulation are not well understood. We provide
evidence that that H2O2 is a missing link between environmental stress, metabolism, and
redox regulation of NDH-linked CEF in higher plants (3).

3) We showed that, in contrast to the NDH pathway, the FQR pathway is rapidly
regulated by the redox status of regulatory thiols (4), and this mode of regulation
probably operates in Chlamydomonas (5).

4) We demonstrated that the chloroplast NADPH dehydrogenase complex (NDH),
a homolog to respiratory Complex I, pumps approximately two protons from the
chloroplast stroma to the lumen per electron transferred from ferredoxin to plastoquinone,
effectively increasing the efficiency of ATP production via CEF by two-fold compared to
the FQR- pathway. This proton pumping activity also allows a (new) non-canonical mode
of photosynthetic electron transfer, allowing electron transfer from plastoquinol to
NADPH to be driven by the thylakoid proton motive force possibly helping to sense or
remediate mismatches in the photosynthetic budget.

5) CEF needs to be tightly regulated to prevent accumulation of excess pmf. Work
on this grant also contributed significantly to our recent observations that large extents of
the Ay component of pmf accelerates the production of singlet O, by PSII leading to
photodamage, possibly explaining a large fraction of the sensitivity of photosynthesis to
fluctuating illumination.

6) We reinvestigated a widely-used fluorescence signal previously used to assess
CEF, and show that it has been misinterpreted (6). Our reassessment led us to reassess a
large fraction of past literature, especially those on the PGRS pathway, suggesting that a
major effect of pgrJ is on regulation of the chloroplast ATP synthase rather than on CEF.

7) Isolation of novel mutants that activate CEF in vivo. In order to understand the
mechanism and control of CEF, we isolated, mapped and/or characterized a series of
mutants that display high CEF, i.e the scef mutants. Recently, we have mapped several
more mutations with high CEF. One of these, hcef3, appears to have high FQR-linked



CEF. Another, hcef6, is a nonsense mutation Q334 (889C>T) in a protein of unknown
function that is localized to the chloroplast. The Acef4 mutation is in an enzyme of the
Calvin-Benson cycle, suggesting that futile cycling of chloroplast metabolism can lead to
increased ATP demands, as we previously proposed.

8) Finally, we presented a new model for how cytochrome bc complexes tame

reactive intermediates to conduct the Q-cycle (7).

Science objectives for 2013-2014:

Determine the mechanisms Acef mutants

Determine if the chloroplast nucleotide transporter acts to balance ATP/NADPH
budget during fluctuations in metabolic demands

Test the hypothesis that PSI damage is regulated by the pmf, and indirectly by CEF
and the ATP synthase.
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All photosynthetic organisms rely on antenna complexes to support sufficient light capture for
phototrophic growth and net carbon fixation, but biosynthesis of these antennae requires a large
investment of energy and fixed carbon. Such investments are particularly problematic for
photosynthetic microbes, which lack large reserves of stored chemical energy. This collaborative
research project seeks to expand the knowledge base of cyanobacterial photoreceptor proteins that
enhance the efficiency of solar light energy capture and carbon fixation. We focus on the GAF-
domain biliprotein photoreceptors, phytochromes and cyanobacteriochromes (CBCRs). Such bilin-
based light sensors regulate a broad range of dynamic adaptive responses, including shade
avoidance in land plants, complementary chromatic acclimation (CCA) and far-red-light-induced
photoacclimation (FaRLiP) responses in cyanobacteria, and induction of light-harvesting complexes
in nonoxygenic photosynthetic bacteria. Phytochromes and CBCRs comprise the largest family of
cyanobacterial photoreceptors and span a broad spectral range from the near ultraviolet to the near
infrared.

Overall research goals: Our ongoing studies examine how representative members of this family
function and elucidate the biological processes that they regulate. This project combines approaches
ranging from ultrafast characterization of photochemical processes through biochemical analysis of
signal transduction and genetic examination. A longer-term goal of these studies is to use these
light-sensing proteins as synthetic tools for regulating the expression of arbitrary target genes in
response to the color or intensity of ambient light. Such tools can be used to tailor cyanobacteria and
other photosynthetic species for more efficient, sustainable, and carbon-neutral biological capture of
sunlight and conversion and storage of that light as chemical energy.

Significant achievements 2013-2015: By combining transient and solution NMR spectroscopy with
biochemical analysis of wild-type and mutant recombinant sensors, our studies have yielded new
insights into how these sensors see specific colors of light, how chromophore-binding GAF
domains transmit photophysical cues (light absorption) to biological outputs elsewhere in the same
molecule, and how these molecules interface with the rest of the cell to trigger photobiological
responses. We have discovered and elucidated four CBCR tuning mechanisms that explain much
of their photosensory diversity, provided the first explicit biochemical model for CBCR signaling,
characterized the intrinsic heterogeneity of chromophore-protein photodynamics of CBCRS that
underlie their diverse quantum efficiencies, and genetically identified the CBCR photoreceptor that
regulates phototaxis of Nostoc punctiforme hormogonia.

Science objectives for 2015-2016: Ongoing studies seek to understand the molecular basis of newly
discovered bilin-based sensor families with distinct photocycles that extend into the near infrared
(Lagarias). We will exploit multi-dimensional NMR spectroscopic techniques to provide atomic
level structure and inform mechanistic models for light signal transfer within the protein scaffold of
representative CBCRs (Ames). These studies parallel transient kinetic analyses from the ultrafast
(sub-ns) to secondary (ns-ms) timescales and cryotrapping of intermediates to probe structural
changes in the photoexcited chromophore to changes in the protein structure (Larsen).

Development of portable CBCR-based systems for optogenetic applications in photosynthetic and
non-photosynthetic organisms is an ongoing, long-term objective of our studies. These studies
exploit the ever-expanding natural diversity of bilin-based sensors and re-engineered sensors with
known molecular outputs that will interface with ongoing efforts of other BES-funded investigators.
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Overall Research Goals. The solar water-splitting protein complex, photosystem 1l (PSII), catalyzes
one of the most energetically demanding reactions in Nature by using light energy to drive a catalyst
capable of oxidizing water.! Proton-coupled electron transfer (PCET) reactions, which are exquisitely
tuned by smart protein matrix effects, are central to the water-splitting chemistry of PSII. Elucidating
the water-splitting chemistry of PSII is of major importance in designing bio-inspired catalytic systems
for solar fuels production. However, the details of PCET processes are not yet understood because of
the inability of conventional methods to directly probe the reactions. A major challenge is to develop
methods to directly probe PCET reactions to understand the structural requirements for minimizing the
energetic penalty for multiple charge transfers. The objective of our research program is to understand
the tuning and regulation of PCET reactions of PSII and to elucidate their role in the early charge-
transfer steps of photosynthesis. We are determining the factors that control the coupling of proton (PT)
and electron transfer (ET) pathways in PSII by the application of state-of-the-art multi-dimensional and
multi-frequency electron paramagnetic resonance (EPR) spectroscopy methods.
Significant Achievements 2013-15. (A) The binding and activation of substrate water molecules in
the oxygen-evolving complex of photosystem Il. The light-driven four-electron water oxidation
reaction occurs at the tetranuclear manganese-calcium-oxo (Mn,Ca-0xo) catalytic cluster in the oxygen-
evolving complex (OEC) of PSII. The mechanism of the water oxidation reaction has been the subject
of intense interest and the OEC has been studied extensively by structural, spectroscopic, biochemical
and computational methods. The recent 3.8-1.9 A resolution X-ray crystal structures and single-crystal
EXAFS studies provide a model for the catalytic Mn,Ca-oxo cluster. However, the structure of the
OEC, the participation of the protein environment in substrate activation and the mechanism of charge
transfer at the bound water molecules have been elusive. (a) In previous studies, we had unambiguously
resolved the individual spectroscopic signatures of the substrate water molecules that are directly
ligated to the Mn,Ca-oxo cluster in the S, state of the OEC of PSII.? These experiments provided a
direct handle to monitor the catalysis of the substrate water molecules in the solar water oxidation
reaction. We have recently used the structure of the bound substrate water molecules in the OEC to
investigate the role of the Ca®* ion in the solar water oxidation reaction. The Mn,Ca-oxo cluster of PSI|
consists of three manganese ions and a calcium ion that form a distorted cubane and fourth manganese
ion that is a dangler. The structural and functional differences that are induced by metal ion substitution
can provide valuable insight on the role of the Ca*" ion in water oxidation. By exploiting the power of
2D 'H hyperfine sublevel correlation (HYSCORE) spectroscopy, for the first time, we elucidate the
electronic structure of the substrate waters in the Mn,Sr-oxo cluster in the S, state of Sr**-substituted
PSII.? (b) The super-oxidized Mn(I11)Mn(IV) state of manganese catalase from L. plantarum is an
excellent proteinaceous model of the Mn,Ca-oxo cluster in the OEC. Recently, we have utilized 2D
HYSCORE spectroscopy to determine the high-resolution electronic structure of the dinuclear
manganese center of superoxidized manganese catalase.” Based on the magnetic parameters of synthetic
dimanganese models, manganese catalase, and those of the S, state of the OEC of PSII determined in
our laboratory, we provide valuable insight on the impact of the protein environment on the
coordination geometry of catalytic multi-nuclear manganese clusters. (B) The tuning and control of
guinone cofactors in photosynthetic reaction centers. Quinones are widely used as electron transport
cofactors in photosynthetic reaction centers (RC). It is thought that the structure and substituent groups
of the quinone, the location of the quinone cofactor, the geometry of its binding site, redox potential and
‘smart’ matrix effects from the surrounding protein environment greatly influence the functional
properties of quinones in photosynthesis. (2) We have examined an extensive library of naphthoguinone
models by cyclic voltammetry, cw and pulsed EPR spectroscopy to understand the factors that influence
the functional tuning of these cofactors.” (b) PSII contains identical plastoquinones in the primary and
secondary quinone acceptor sites, Qa and Qg, that exhibit very different functional properties. The




primary quinone, Qa, is a single electron acceptor, while the secondary quinone, Qg, undergoes PCET
reactions. We have utilized 2D '*H HYSCORE spectroscopy to directly probe the structure of light-
induced PCET intermediates of quinone models to understand the mechanism of coupled charge
transfer at the Qg cofactor.’ (C) The functional specificity of the tyrosine residues of PSII:
Mechanism of proton-coupled electron transfer at Yz and Yp. The D1 and D2 polypeptides that
form the core of PSII each contain a redox-active tyrosine residue, Yz and Yp, respectively. Recent
models invoke Y in the O, evolution reaction as an abstractor of protons and/or hydrogen atoms from
the substrate water molecules in the OEC. In contrast, Y does not participate in rapid electron transfer
in the O, evolution reaction. We have developed pulsed 2D HYSCORE and high-frequency electron
nuclear double resonance (HF ENDOR) spectroscopy methods to structurally characterize the Y;* and
Yp® PCET intermediates of PSIl. These studies provides direct ‘snapshots’ of functional PCET
intermediates and, for the first time, makes it possible to detail the mechanism of PCET in biological
solar energy transduction.”® Furthermore, we have used pure quantum mechanical calculations to
elucidate the smart matrix effects from the surrounding protein environment that determine the distinct
functional tuning of the Yz and Yy, residues of PSII.°

Science Objectives for 2015-16. (i) We have determined the electronic structure and substrate
activation in the S, state of the OEC and we plan to extend these studies to include the higher S-state
intermediates in the solar water oxidation reaction. (ii) We are investigating the mechanism of PCET at
the secondary quinone acceptor of PSII and (iii) we plan to develop experimental models to further
elucidate the mechanism of light-induced PCET at the redox-active tyrosine residues of PSII.
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Overall Research Goals: Iron is essential for virtually all life forms because of its broad function
as a catalyst, particularly of redox reactions and reactions involving O> chemistry. Despite its
abundance on earth, iron has limited bioavailability because of its relative insolubility in the Fe(l11)
oxidation state, which is the prevalent form in most aerobic environments. Organisms have
therefore evolved complex pathways for iron mobilization and storage, typically involving
chelation and redox chemistry (often multiple sequential steps) followed by biosynthesis of heme,
inorganic Fe/S or other clusters, and incorporation into protein. Despite the occurrence of
sophisticated acquisition mechanisms, in the natural world, photosynthetic organisms can be
chronically under-nourished for iron, which limits primary productivity. For instance, about 30%
of the oceans are iron-limited, and a similar fraction of the world’s croplands have poor iron
availability. Therefore, primary photosynthetic metabolism often occurs in a situation of iron-
deficiency stress in nature, requiring the operation of iron economy mechanisms — sparing and
recycling. The mechanisms underlying iron recycling are not known, but it is clear that iron
storage, at least transiently, must be involved. Ferritin, an iron storage molecule, has been proposed
to serve in this capacity, and the occurrence and expression of genetic information for ferritin has
been suggested to contribute to the success of pennate diatoms in iron-poor ocean environments.
The Merchant group is interested in dissecting the pathways of iron metabolism in algae by
combining classical genetic and genomic approaches in a “reference (model) organism” with state
of the art chemical methodologies for monitoring and visualizing iron with high spatial and
temporal resolution. The objective is to understand the mechanisms underlying iron economy in
algae, especially 1) during the transition from photoautotrophy to photoheterotrophy, and 2) the
role of ferritin and of a newly described organelle for metal homeostasis, the acidocalcisome.

Significant achievements: (2013-2015): 1. Acetate-grown Chlamydomonas cells sacrifice the
photosynthetic apparatus in Fe-limited growth conditions but CO2-grown cells do not. We are
using comparative transcriptomics to discover components of the acetate-signalling pathway.
Physiological characterization (cyanide-sensitive respiration capacity, O2-evolution capacity,
Kautsky curve, Fv/Fm, total organic C and N (for biomass) and elemental profile) of the transition
from photoautotrophy to photoheterotrophy indicates that a program to degrade the photosynthetic
apparatus is initiated 4 to 6 h post-acetate supplementation. Therefore we have isolated and
sequenced high quality RNA in a time course after acetate addition to distinguish changes in
abundances of RNAs encoded in all 3 genomes. The transcriptome time course may identify gene
expression changes that occur during acetate-induced degradation of the photosynthetic apparatus
as well as during proliferation of mitochondrial mass for increased oxidative phosphosphorylation
capacity.

2. We had noted that the total iron content of cells varied as a function of iron supply in the medium
with 4.5x over-accumulation of iron in the iron-excess situation. This raised the question of where
the excess iron is located, since ferritin abundance actually decreases in the overload situation. We
found that ferritin-associated iron is constant in Chlamydomonas: iron-limited cells with high
ferritin abundance have very little iron associated with the protein while iron-overload cells contain
very little ferritin but the protein is nearly saturated with iron. This finding emphasizes the
importance of monitoring the metalation state of ferritin for a more accurate picture of iron
distribution.
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Therefore, we focused on iron-localization using NanoSIMS in thin sections of fixed
Chlamydomonas cells in collaboration with Dr. Jennifer Pett-Ridge (at LLNL) and confocal
fluorescence microscopy using a synthetic iron probe, IP1, for live cell imaging in collaboration
with Dr. Chris Chang (UC-Berkeley). We localized the non-ferritin associated iron to an
intracellular acidic membrane-bound compartment that also contains phosphorus and calcium.
This compartment is analogous to the vacuole (in yeast) or lysosome (in animal cells) and has been
called the acidocalcisome. The acidocalcisome has high polyphosphate content and stores various
types and amounts of metal ions, including Cu(l), Fe(ll) and Zn(Il). Chlamydomonas vtc mutants
(from Dr. Arthur Grossman) are blocked in the biogenesis of this compartment. We found that the
vtc mutants cannot hyper-accumulate iron, which underscores the importance of this compartment
for iron storage. Preliminary results indicate that vtc mutants are sensitive to iron-limitation under
phototrophic growth, suggesting that this compartment is a source of iron for maintenance of the
photosynthetic apparatus in iron-limited photo-autotrophic cells.

To distinguish the role of ferritin vs. the compartment in handling iron in an overload situation, we
monitored the movement of iron from the medium into iron-limited cells using iron isotope pulse-
chase methodology. Iron-limited cells have very high iron assimilation capacity. Iron supplied (as
Fe57) in the medium is rapidly taken up: it appears first in ferritin and then in the acidocalcisome
compartment at the expense of ferritin. We suggest that chloroplast ferritin is an intermediate
during iron trafficking from the medium to the acidocalcisome. Mutants lacking the
acidocalcisome cannot hyper-accumulate iron, emphasizing the importance of the compartment
for iron homeostasis. Pulse-chase analysis shows that assimilated Fe57 stays ferritin-associated,
consistent with a role for ferritin as an intermediate in iron traffic from the medium to the
acidocalcisome.

The bio-available pool of iron may be critical for survival of photoautotrophic organisms in an
iron-deficient environment. Interestingly, the selectivity of IP1 for Fe(ll) implies that iron is in the
+2 oxidation state in the compartment (compatible with the acidic environment) whereas ferritin
iron is in the +3 oxidation state.

Science objectives for 2015-2016:

1. We will complete the analysis of the transcriptome of cells transitioning from phototrophy to
heterotrophy with the objective of identifying components involved in iron recycling from the
plastid to the mitochondria. We are also interested in assessing whether there is coordination
between the nucleus and plastid during acetate-induced degradation of the photosynthetic
apparatus and whether IncRNAs might be involved in iron-responsive signal transduction
pathways.

2. We will address the role of ferritin in loading the acidocalcisome by a reverse genetic approach.
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Overall research goals: Photosynthetic light-harvesting systems are regulated, protected against
photo-oxidative damage, self-assembled into supercomplexes, and rely on a subtle balance of
electronic interactions to produce a highly robust system. In this project, we apply a
multidisciplinary approach that combines genetic and biochemical techniques with ultrafast
spectroscopy to understand the mechanisms by which oxygenic photosynthetic organisms regulate
the efficiency of light harvesting in Photosystem II. In response to fluctuations in light intensity,
nonphotochemical quenching (NPQ) mechanisms that regulate photosynthetic light harvesting are
induced. In algae and plants, the qE type of NPQ is turned on and off rapidly by changes in
thylakoid lumen pH, whereas the slower gl type downregulates PSII during long-term light stress.
Our specific aims are (1) to investigate the regulation of the novel, stromal violaxanthin de-
epoxidase (VDE) enzyme found in Chlamydomonas, (2) to analyze the relationship between
structure and function in PsbS and LHCSR, (3) to dissect the mechanism of SOQ1-related antenna
ql, (4) to model energy transfer and NPQ in grana thylakoid membranes, and (5) to develop
methods for performing single-shot and snapshot transient absorption spectroscopy.

Significant achievements 2013-2015: By chloroplast fractionation, we showed that the VDE
enzyme in both Chlamydomonas and Arabidopsis is associated with the stromal side of the
thylakoid membrane. We established an assay for this enzyme in vitro with isolated thylakoids. We
used site-directed mutagenesis and transient expression in Nicotiana benthamiana to identify
mutants of LHCSR and PsbS that are constitutively activated for quenching, and we generated loss-
of-function LHCSR and VDE mutants of Nannochloropsis oceanica that aftect qE. We engineered
an Arabidopsis line with a lutein epoxide cycle as its only xanthophyll cycle. Through a genetic
screen for suppressors of sogl npg4 in Arabidopsis, we found that a chloroplast lipocalin in the
thylakoid lumen is necessary for SOQ1-associated gql. The fluorescence lifetime snapshot method
developed in the previous period was devised to enable measurements on whole leaves. Using
Arabidopsis wild-type, npq4, and npgl mutants, we showed the PsbS acts only as a catalyst in
speeding up the onset of qE. In contrast zeaxanthin appears to play an explicit role in the quenching
process. We also showed that zeaxanthin plays an important role in regulating light harvesting in
Photosystem 1. We have developed the structure-based model for PSII supercomplexes into a model
for large (300 nm x 300 nm) patches of grana membrane, that enables fluorescence yields and decay
curves to be calculated directly from structure and appropriate quantum information.

Science objectives for 2015-2016:
e Determine the cofactors and regulation of the Chlamydomonas VDE enzyme.

¢ Characterize the lutein epoxide cycle and its role in NPQ.
e Use constitutively active PsbS to identify its interaction partners.
o Establish a system for site-directed mutagenesis of LHCSR in Nannochloropsis.
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Investigate interactions between SOQI and the chloroplast lipocalin using biochemical and
genetic approaches.

Using the membrane model we will explore models for NPQ benchmarking with experimental
fluorescence snapshot data.

Develop a transient absorption “snapshot” method to follow the yield of carotenoid cations
during adaptation to high light.
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Overall research goals: In plants and algae, solar energy conversion into chemical energy occurs
within a complex architecture of photosynthetic membranes inside chloroplasts. By integrating
programs in plant and algal photosynthesis, genetics, biophysics, advanced imaging, ultrafast
spectroscopy, and theoretical modeling, our long-term goal is to obtain a detailed molecular
description of the organization of the photosynthetic membrane, the control of its composition and
structure, and the membrane dynamics occurring during thylak01d biogenesis and regulation of
photosynthesis. Our specific aims are (1) to investigate membrane structure and dynamics during
thylakoid formation, (2) to use mutants, synthetic membranes, and modeling to analyze the
relationship between structure and function in thylakoids, and (3) to image and model the dynamics
of thylakoid membranes during regulation. We follow protein rearrangements in photosynthetic
membranes using a range of cutting-edge imaging techniques, which are ideally suited to reveal
complex structural changes in the membrane at different levels of spatio-temporal resolution. The
imaging approaches are integrated with parallel modeling and theoretical efforts, which will provide
new insights into the fundamental biophysical mechanisms governing membrane formation, protein
interactions, and the partitioning of protein complexes in the photosynthetic membrane.

Significant achievements 2013-2015: Using atomic force microscopy (AFM), we completed
experiments analyzing the dynamic changes in biophysical properties of the thylakoid membrane
during a state transition and the structural attributes of grana thylakoids from Arabidopsis thaliana.
We made progress in developing a novel near-field optical scanning microscopy
(cathodoluminescence-activated imaging via resonant energy transfer, CLAIRE) that combines the
high spatial and temporal resolution of a scanning electron microscope (SEM) with the non-
invasiveness of light microscopy at length scales well below the diffraction limit. Briefly, our
strategy is to use a tightly focused electron beam to generate nanoscale regions of optical excitation
in a cathodoluminescent (CL) film that supports a thylakoid membrane encapsulated in an aqueous
environment. The role of the CL film is to convert electrons to optical excitations that can probe
aqueous biological samples at a spatial resolution approaching that of the electron beam. These
optical excitations in the CL film will undergo Forster resonance energy transfer (FRET) with
nearby protein-bound acceptor fluorophores in the thylakoid membrane. We successfully obtained
an appropriate material out of which to fabricate the CL film in the imaging device and
characterized the film properties, including its ability to FRET with nearby dye molecules, and we
measured that the optical spot size that we can generate within the film upon electron beam
excitation is of diameter <20 nm. To enable simulation of membrane systems that are as large as
grana. we developed a dissipative particle dynamics algorithm for graphical processing units that is
25 times faster. We developed a grand canonical Monte Carlo algorithm that allows for flow of
lipid or protein material from the edges of a simulation box; this reservoir technique can simulate
lipid and protein flows between the grana and stroma lamellae. We also developed a coarse-grained
molecular model of the grana thylakoid membrane including the PSII-LHCII complex and lipids to
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study the self-organization of these proteins into various supramolecular complexes. We isolated
mutants of the unicellular green alga Chlamydomonas reinhardtii that affect thylakoid formation
and/or structure based on altered pigmentation in the dark or confocal fluorescence imaging and
obtained super-resolution fluorescence images of thylakoid architecture in live Chlamydomonas
cells using structured illumination microscopy (SIM).

Science objectives for 2015-2016:

Use high-speed AFM to record images of PSII supercomplex dynamics in thylakoid membranes.

Use live-cell SIM and focused ion beam scanning electron microscopy (FIB/SEM) to follow
assembly of chlorophyll-containing protein complexes and the formation of thylakoid
membranes in y5 and other chloroplast biogenesis mutants of Chlamydomonas.

Extend our work on membrane reconstitution to include LHCII and associated proteins, using
either electroformation or a new microfluidic jetting technique to control transmembrane protein
incorporation.

Refine our protocols for fabricating free-standing scintillator films and develop a liquid cell for
CLAIRE in order to perform proof-of-concept imaging in aqueous environments.

Implement fluorescence lifetime imaging (FLIM) to study mechanisms affecting light
harvesting.

Explore the role of lateral diffusion and structural change using our model for grana membrane
excitation dynamics and try to extend this model to multiple grana layers.
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Overall research goals:
Photosystem II (PSII) is the only known natural enzyme that uses solar energy to split water,
making the elucidation of its design principles critical for our fundamental understanding of
photosynthesis and for our ability to mimic PSII’s remarkable properties. This project focuses
on key deficits in our current understanding of the PSII reaction center (PSII RC). The project
involves the development of new spectroscopic methods, and their application to address the
following open questions:

1) What is the electronic structure of the PSII RC?

2) What are the charge separation pathways in the PSII RC?

3) Does coherence facilitate charge separation in the PSII RC?

Significant achievements (2014-2015):

We have developed a novel implementation of 2DES with improved sensitivity'. We also
recently wrote a review paper on experimental implementations of 2DES to highlight the
strengths and weaknesses of different approaches that have been developed thus far”.

We have applied our improved 2DES setup to studies of the PSII RC and we have
observed coherent dynamics®. There is currently considerable debate in the 2DES spectroscopy
community about the physical origin of coherent dynamics and their potential importance for
photosynthetic function. Supported by simulation work and extensive characterization of the
coherences we believe that they have mixed electronic and vibrational character and that they
are functionally important for charge separation. To assign the origin of the experimentally
observed coherences and determine their influence on charge separation, we performed
theoretical simulations of the dimeric special pair of the PSII RC including explicit coupling to
discrete vibrations, obtaining good agreement with the experimental data. Further simulations
using an exact hierarchical equations of motion (HEOM) method demonstrated that resonant
vibrations speed up the initial step of charge separation in the PSII RC. This speed-up occurs
when the vibrational frequency is close to excitonic resonance. This may represent an important
design principle for enabling the high quantum efficiency of charge separation in oxygenic
photosynthesis.

We are currently studying the coherent dynamics of the monomer pigments and
comparing how they differ from the PSII RC. We have developed a high sensitivity
spectroscopy for measuring coherent dynamics that is faster and provides higher signal-to-noise
data than 2DES*. This method has enabled us to observe coherence in the weak anion bands of
the PSII RC. This is an ongoing study but thus far these observations support the importance of
coherence for charge separation.

This year we also obtained our first data from a new experiment that combines Stark
spectroscopy and 2DES. This experiment was designed to help distinguish between energy
transfer and charge separation, a challenging task due to the lack of clear spectral signatures of
charge transfer states. Linear Stark spectroscopy has proven to be a valuable method for
uncovering charge transfer states in photosynthetic reaction centers. With Stark 2DES, we have
extended this approach to enable time-resolved measurements of how the charge transfer states
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participate in the charge separation process. The new experimental approach and representative
data on the PSII RC are shown in Figure 1.

Finally, we have also performed polarization-dependent 2DES studies of the PSII
“core” preparation, consisting of the intact PSII RC complex (with quinones) and the
neighboring antenna complexes CP43 and CP47. With this data we will combine excitonic
models of the CP43 and CP47 complexes with our D1D2-RC model to simulate 2DES spectra
from the PSII core. This will enable us to address questions about possible differences in
excitonic coupling in the reaction center between D1D2-RC and PSII core samples, as well as
gain insight into the energy landscape that guides energy transfer from the antennae to the RC.
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Figure la: Experimental setup for Stark 2DES (DO: diffractive optic, HV: high voltage, PS: pulse-shaper). 1b:
Stark sample cell geometry: 1.7 MV/cm is applied across indium tin oxide electrodes in an immersion cryostat. 1c:
Stark 2DES data from the PSII RC at 77K at different waiting times throughout the charge separation process. The
data shown are difference spectra that show the changes in the 2DES data due to the Stark field, revealing the

states and kinetic processes of charge separation.

Science objectives for 2015-2016:

e Perform additional Stark 2DES measurements of the PSII RC and PSII cores and use these
to test and refine excitonic and charge separation models of the PSII RC.
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e Compare the PSII RC and Chl a coherent dynamics to better understand the signatures of
vibronic coupling in 2DES and their functional importance in the PSII RC. Demonstrate
that our modeling can capture the relevant coherent dynamics, 2D peakshapes and
relaxation processes.

e Perform further anion band experiments and combine experimental and theoretical analysis
of the observed coherent dynamics and their role in charge separation.

e Combined experimental-theoretical analysis of the energy transfer processes in the PSII
core complex.
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Overall research goals: Chloroplast division increases chloroplast numbers and compartment size
during leaf growth and development, and is therefore essential for achieving maximum
photosynthetic productivity. A striking feature of the division process is that it is restricted to the
middle of the chloroplast, producing a large population of small organelles of similar size and shape.
The aims of the funded research are to probe the mechanisms by which spatial regulation of
chloroplast division-site positioning is achieved, investigate the relationship between chloroplast
morphology, chloroplast movement and photosynthesis, and identify genetic loci potentially involved
in the control of chloroplast size, number and cell coverage.

Significant achievements 2013-2015:

Spatial regulation of division-site placement: The cytoskeletal proteins FtsZ1 and FtsZ2 coassemble
to form the cytokinetic FtsZ ring (“Z ring”) inside the stroma. We showed that the Arabidopsis
chloroplast division protein ARC3 mediates division-site placement by directly inhibiting Z-ring
assembly at non-division sites (Zhang et al., 2013). However, ARC3 also localizes to the mid-plastid,
where it interacts with the inner envelope membrane (IEM) protein PARCS, also a negative regulator
of Z-ring assembly. To further probe PARC6 function, we performed topological analysis, which
showed it has a single transmembrane domain and a topology equivalent to that of the IEM division
protein ARC6 (Fig. 1), from which PARCG6 evolved by gene duplication. We found that the stromal
region of PARCSG interacts not only with ARC3, but, like ARCS6, also with FtsZ2. Overexpression of
PARCSG inhibited FtsZ assembly in Arabidopsis, but not in a heterologous yeast system, suggesting
the negative affect of PARC6 on FtsZ assembly is a consequence of its interaction with ARC3. The
intermembrane space (IMS) region of PARCG6 interacted with that of the outer envelope membrane
(OEM) protein PDV1, which recruits the dynamin-related protein DRP5B to the OEM, where
DRP5B forms an external contractile ring. These and other findings supported primarily by our
DOE-funded research suggest a model in which PARCS6, together with ARCG6, coordinates the FtsZ
and DRP5B rings across the envelope membranes, and that PARCS, via its interaction with ARC3,
promotes Z-ring remodeling during division (Fig. 1) (Zhang, Chen et al., submitted).

Relationship between chloroplast morphology, chloroplast movement and photosynthesis: We
collaborated with David Kramer and coworkers to develop an imaging platform for simultaneous
measurements of chloroplast movements and chlorophyll fluorescence on intact plants in white light.
Dual imaging, involving reflectance and fluorescence measurements of the same pulsed red light,
also allowed us to develop an approach to correct calculations of non-photochemical quenching for
interference from chloroplast movements. Measurements in three Arabidopsis chloroplast division
mutants having only 1-2 giant chloroplasts in their mesophyll cells showed that their photosynthetic
phenotypes in response to high-light stress are due predominantly to their altered chloroplast size and
shape rather than to their diminished chloroplast movement capacity (Dutta, Cruz et al., in press).

QTL mapping for genes controlling chloroplast size/number. We scored Cvi/Ler near-isogenic lines and
identified a major QTL affecting chloroplast size and number in a small region bearing two genes, one of
which is a strong candidate as the causal gene. Experiments to confirm that the Cvi allele is responsible
for the increased size and decreased number of chloroplasts in this accession are in progress.



Figure 1. Working model of the chloroplast division complex emphasizing the roles of PARC6 and ARCS.

(A) The topology of PARCE in the IEM is equivalent to that of ARC6. Z-ring assembly is restricted to the mid-plastid
in part by ARC3 (Zhang et al., 2013). The Z ring is tethered to the IEM by ARC6 through direct interaction with
FtsZ2 in the stroma. ARC6 positions PDV?2 to the division site in the OEM through direct interaction of their IMS
regions. PARCG6 functions similarly downstream of ARCS, interacting with FtsZ2 in the stroma and positioning
PDV1 at the division site through direct interaction in the IMS. PDV1 and PDV2 independently recruit DRP5B from
the cytosol to the OEM, but both are required for full DRP5B contractile activity. Thus PARC6 and ARC6 coordinate
the FtsZ and DRPB5B rings across the envelope membranes, enabling them to function together to constrict the
chloroplast. (B) PARCG recruits ARC3 to the division site, possibly during constriction. PARCG6 binds to a region of
ARC3 called the MORN domain, allowing ARC3 to interact with the Z ring. This interaction may facilitate Z-ring
remodeling and disassembly during constriction. Other details omitted for simplicity are reviewed in Osteryoung and
Pyke, 2014. N, N-terminus; C, C-terminus; Z1, FtsZ1; Z2, FtsZ2. Note that proteins shown are not meant to represent
stoichiometric ratios, as these have not been established. From Zhang, Chen et al., submitted.

Science objectives for 2015-2016:
» Determine the functional roles of selected regions of ARC3, including the MORN domain (Fig.
1), in regulating Z-ring and division-site positioning in chloroplasts.

* Confirm that the Cvi-1 FtsZ2-2 allele is responsible for the Cvi-1-like chloroplast morphology
in the affected NILs. If so these results would suggest that allelic variation in FtsZ2-2 contributes
to natural variation in chloroplast size and number in Arabidopsis.
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Overall research goals: The research objectives of this project are to discover redox-related protein
factors and study the role of these factors in maintaining and/or protecting the photosynthetic
apparatus in cyanobacteria.

Significant achievements 2015: We found two proteins containing thioredoxin folds in
Synechocystis 6803 that are involved in the maintenance of photosystem | and Il (PSI and PSII)
stoichiometry. Inactivation of one of these, SIr1796, specifically reduced PSI content and activity
(Fig. 1A-C), but phycocyanin (PC) and PSII contents were unaffected. SIr1796 is involved in the
regulation of PSI complex biogenesis at a post-transcriptional level, and it appears that this
regulation occurs at a late step during PSI assembly. The deletion of another redox-related gene,
sl10685, resulted in significant loss of both PC and chlorophyll (Fig. 1D). Blue native PAGE
analysis showed PSI content also largely reduced (Fig. 1E). PSIl-mediated oxygen evolution rate
and room temperature chlorophyll fluorescence from the Asll0685 mutant were similar to those of
WT cells. These findings describe new redox-related protein factors that determine the
stoichiometry of photosystems in the photosynthetic apparatus.
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Figure 1. (A) Transcript and (B) protein levels for representative PSI and PSII proteins in WT and Aslr1796 strains.
(C) 77K Chlorophyll a fluorescence measurements in WT, Aslr1796, and the slr1796-complemented strains. (D)
Whole cell absorption spectra showed that on a cellular basis Asll0685 mutant has both lower phycocyanin (625
nm peak) and chlorophyll (676 nm peak) compared to WT. (E) Blue native PAGE analysis of thylakoid proteins in
WT and Asll0685 mutant.



Science objectives for 2015-2016:

 Our findings have described the importance of thioredoxin fold-containing proteins in regulating
the composition of the photosynthetic apparatus and we are characterizing this family of
proteins.

» During the next six months, we will complete our analysis of both of these proteins, which will
result in the preparation of two manuscripts.
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Overall research goals: Our natural photosynthetic research focuses on resolving fundamental
mechanisms of photochemical energy conversion in photosynthetic proteins and using this
information in the design of bio-inspired materials for solar fuels production. The efficient charge
separation that occurs within reaction center (RC) proteins is the most important step of
photosynthetic solar energy conversion. The experimental approach includes the application of a
suite of advanced, multi-frequency, time-resolved magnetic resonance techniques together with
capabilities to prepare specialized RC samples.

Significant achievements 2013-2015:

Directionality of Electron Transfer in Type I Reaction Center Proteins. Both Type I and Type 11
RCs contain two branches of potential electron transfer chains, labeled A and B (see Figure 1).
In Type II RCs, light-driven primary electron transfer (ET) reactions take place exclusively
through the A-branch of redox-active components (unidirectional ET). Unlike Type II RC, the
directionality of ET in the Type I RC has been a long debated question. Recently, using
advanced high-frequency time-resolved EPR methods, we were the first to definitively prove
that under strongly reducing conditions ET in PS I proceeds down both nearly symmetrical
cofactor branches. To prove that the reduction condition of the PSI preparation does not
influence our conclusion on directionality of ET in PSI and to clarify the degree of the ET
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along both ) A- and B- branches Figure 1 Schematic structure and ET pathways in Type II (left), Type I
and the ratio of ET through the  (center), Type I with iron sulfur complexes removed (right) RCs. Red — A-
A- and B- branches is close to 1. branch, Blue — B-branch.

Imaging Proton-Coupled Electron Transfer Pathways. Owing to transient features of the TR-
ENDOR technique, the spin density distribution can be followed in time and provides important
information about the protein environment’s response to photoinduced ET. Spectral analysis of
the “H-ENDOR of deuterated Q, substituted into protonated purple bacterial RCs demonstrates
that positions of the ENDOR lines, recorded shortly after ET, do not coincide with the positions
of the same peaks in the thermalized spectrum. We provide direct spectroscopic evidence that
ET induces a small-scale reorganization at the level of the global H-bonding network.
Orientational dependence of the matrix proton TR-ENDOR spectra of deuterated purple
bacteria RCs in deuterated buffer allows us to identify a number of exchangeable protons
involved in the ET process. These protons are located close to the primary acceptor pheophytin
and belong to Trpl00L and Glul04L amino acid residues. This finding supports our previous
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hypothesis that matrix relaxation responsible for the ET regulation in the bacterial RCs occurs
around the pheophytin cofactor.

Mimic of PCET at the TyrD Residue of Photosystem II. Our previous studies of the proton-
coupled ET (PCET) in PSII at cryogenic temperatures where both proton and protein motions
are limited, demonstrate that electron transfer, proton

movement and associated conformational changes of the

TyrD-binding pocket are individual steps of the PCET

reaction. In collaboration with researchers from ASU we

designed and spectroscopically characterized bioinspired = o

organic/inorganic hybrid systems able to mimic intricate

protein/radical interactions that ultimately allow the

generation of highly energetic but long-lived radicals -

through PCET reactions, thereby mimicking a key step in ~ Am#icist Photosystem | Netorsl Photosyaton |

in water oxidizing catalysis in PSII (Figure 1). This is a Eia‘l%;gg fsstgﬂflff:giﬁsﬁﬁﬁﬁnpoég?ﬁfged
challenging step in the development of highly efficient o dizinz reactions in PSII (right)

artificial photosynthetic devices.

Science objectives for 2015-2016:

Based on our previous work we will be using forefront time-resolved multi-frequency EPR
capabilities to characterize the structure (docking place) of the novel protein-catalyst biohybrids
for Hy-productions as well as PCET reactions in these systems. For structure characterization
the double electro-electron resonance in combination with technique of magnetic triangulation
will be used. PCET processes will be monitored by following the light-induced transformation
of the redox states of the RC’s cofactors and molecular catalyst.
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Overall research goals: Our research objectives are to understand the structure, function and
organization of the homodimeric Type | reaction center (RC) found in Heliobacterium
modesticaldum (HbRC). Our goals are to answer the following questions: (i) What are the important
functional characteristics of the inter-polypeptide Fx [4Fe-4S] cluster that serves as the terminal
electron acceptor? (i) Which proteins can serve as electron acceptors from Fx? (iii) What is the
role of the loosely bound menaquinone in electron transfer within the RC and can it serve as a
terminal electron acceptor? (iv) What are the functional properties of the HbRC in which the major
bacteriochlorophyll (BChl) g pigment has been converted to chlorophyll a? (v) What are the 3-
dimensional structures of the HbRC core, and the PshBl and PshB2 Fa/Fg-containing
polypeptides? The overall idea is to ‘jump start’ the study of a simple Type | reaction center, so that
with the acquisition of high-resolution X-ray crystal structures, mutagenesis techniques,
biochemical protocols, and biophysical tools, structure/function studies can be carried out on a
simplified reaction center that works at the reducing end of the biological redox scale.

Significant achievements 2013-2015:

(1) Characterization of the Fx [4Fe-4S] cluster. We had previously shown that the reduced Fx
cluster has an unusual EPR signal that was interpreted as an S = 3/2 ground state. This g ~ 5 signal
has been confirmed in both HbRC cores reduced in the dark in strongly reducing conditions and in
membranes illuminated under weakly reducing conditions. We have measured the reduction
potential of the Fx cluster by EPR and optical spectroscopic techniques and determined that it is
—500 mV (vs. NHE), which is much less reducing than the Fx cluster of Photosystem I (PSI).

(2) Work on heliobacterial ferredoxin-like proteins. We have purified recombinant versions of four
candidate ferredoxin-like proteins predicted from the genome of H. modesticaldum. Two of these,
PshB1 and PshB2, are highly expressed and probably serve as the major electron acceptors of the
HbRC. They have reduction potentials near -450 to -500 mv (vs. NHE). We also studied two
polypeptides, HM_2505 and FdxB, that are expressed at a lower level. FdxB is in the nitrogenase
gene cluster and likely plays a role in N fixation. The HbRC appears to be capable of using all four
ferredoxins as electron acceptors in vitro.

(3) Demonstration that the HbRC can use menaquinone as a terminal electron acceptor.
Illumination of heliobacterial membranes in the presence of ascorbate results in reduction of
menaquinone (MQ) to menaquinol (MQH,). There seems to be a competition between the light-
driven reduction of the MQ pool and the oxidation of MQH; by the cyt bsc complex, which
determines the steady-state level of quinone reduction. This indicates that the HbRC is a functional
hybrid between PSI and the type 11 RCs.

(4) Conversion of a homodimeric HbRC into a functional heterodimeric HbRC. In the presence of
light and O,, BChl g and BChl g’ are converted at the same rate into 8'-OH-Chl ar and 8*-OH-Chl
a’r (Where F is farnesyl). The loss of Pgy~ photooxidiation and flavodoxin reduction are not linear
with the loss of BChl g but instead obey a model in which both the BChl g'/BChl g’ and the BChl
g'/Chl a’ special pairs are functional, but the Chl a’¢/Chl a’r special pair is not. At 70% conversion
of BChl g, the functional RCs consist of a 4.2:1 ratio of Chl a7BChl g’ special pairs relative to Chl




alChl a’special pairs. It is therefore statistically possible to obtain a majority population of HbRCs
with heterodimeric special pairs by selective pigment oxidation.

(5) Crystallization of the Heliobacterial RC. We have extended our purification protocol for the
HbRC, adding a second detergent solubilization step to obtain protein that crystallizes in a well-
ordered fashion. Recent X-ray diffraction data has been obtained with a resolution in the range of
2.810 3.0 A. Efforts to obtain phase information are underway.

(6) Creation of a genetic transformation system for H. modesticaldum. We have identified in the H.
modesticaldum genome the major DNA methyltransferases linked to restriction endonucleases and
expressed them in E. coli. This allows protection of plasmids before conjugation into the
heliobacterium. Using this system we have successfully transformed this species with plasmids that
replicate in other Firmicutes.

Science objectives for 2015-2016:

1. Finish work on recombinant candidate electron acceptors: measure reduction potentials and
test the ability of the HbRC to reduce them.

2. Create an in vitro system to monitor quinone reduction by the HbRC: reconstitute the
purified HbRC into liposomes that have been pre-loaded with MQ and attach recombinant cyt
Css3 to NTA-labeled lipids via a hexahistidine tag; use this system to study the quinone
reduction mechanism by biochemical and biophysical means.

3. Study the effect on primary charge separation when BChl g is converted to a Chl a-like
molecule: carry out high-field pulsed EPR and ENDOR studies on solutions and single crystals
of the HbRC to determine the electronic properties of the unique Chl a7BChl g’special pair.

4. Obtain structure of the HbRC core by X-ray crystallography: obtain phasing data by
anomalous X-ray scattering from Fe or other methods; use this to produce a model of the HORC

5. Produce stable deletion mutants in H. modesticaldum: use the CAS9/CRISPR system to
create gene deletions of several target genes (pshA, pshB1, pshB2, mgnA, etc.).
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Overall research goals: To introduce time-resolved circular dichroism (TRCD) spectroscopy to
photosynthesis studies: (1) develop spectrometers capable of measuring weak transient circular
dichroism (CD) signals associated with energy transduction in nanosecond to femtosecond time
scales; (2) demonstrate the power of these spectrometers by studying excitonic states and their
dynamics in a test system - the Fenna Matthews Olson (FMO) complex; (3) reveal the intrinsic charge
separation dynamics in the photosystem I reaction center (PS I RC); (4) apply the method to other system
where transient CD can provide unique information inaccessible by other techniques.

The conventional transient pump-probe spectroscopy distinguishes kinetic signals originating
from different pigments based on their absorptive and emissive spectral properties. In the case of
complexes that contain numerous molecules with overlapping energy levels (spectral congestion)
distinguishing signals originating from different molecules is ambiguous and model dependent. The
strongly coupled pigments in systems like the PS I RC and FMO complex, however, can be
distinguished by their characteristic CD spectral signature, which is much stronger than that for
weakly interacting pigments. The spectral shape and the sign of CD are very sensitive to mutual
orientation of the interacting pigments. Thus TRCD technique would be a powerful tool to study
pigment-protein complexes that contain strongly coupled pigments.

Few femtosecond and nanosecond TRCD spectrometer designs have been proposed recently, but
their application to physical research has been typically limited to few test samples that possess
strong CD properties. We will build on the current knowledge and advance the TRCD technique to
measure weak CD signals and apply this technique to solve long standing scientific problems in
photosynthesis.

Significant achievements 2014-2015:

1) The study of triplet excitonic states of closely spaced pigments has been conducted both
experimentally and theoretically. Several artificial dimers and multimers of chlorophyll and
chlorophyll-like molecules have been constructed and their triplet excitonic energies were
characterized via weak phosphorescence, measured by ultra-sensitive time-gated phosphorescence
spectrometer developed in our laboratory in the previous DOE grant period. The results were
compared with excitonic model, where triplet-triplet (T-T) couplings for each system were
calculated from known structures via overlap of molecular orbitals. The results revealed, that (i) the
T-T coupling between two Chl-like molecules depends dramatically on the mutual orientation of the
molecular planes of the two interacting molecules facing each other. In an extreme case the
interaction fluctuates around zero as one molecular plane is slid across the plane of the other
molecule, while in the other case the interaction monotonically increases with the molecular overlap
area. For example, T-T coupling between the RC special pair in PSII is about 50% larger, than that
in PS I, in spite of the fact that special pair molecules in PSI are closer to each other, than in PS II
(4.7 A for PSI and 7.4 A for PSII). Both experiment and theory also suggest that environmental
shift of triplet state energy is often larger or on par with the excitonic energy shifts even for very
closely spaced molecules. A comprehensive manuscript on these results is in preparation.

2) In line with the time plan for the 2014-2015 year, a nanosecond TRCD spectrometer was built
and tested, producing first transient CD kinetics associated with triplet-triplet energy transfer within
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FMO complexes (Figure 1). Several changes have been introduced to the originally proposed
design to achieve that goal, and few more will be introduced to enhance its performance.

A 0s Il" ",} B N

OPO pulsed laser o
l.'_\.‘ fanil) 04
{ mChD
.... 4

) Stress r
‘ou, Slress Beam

Spatial Yoy ; Plate Spiter CW Laser
Filter e T o
e = l J o, . ;
POpeote Polarzer " '. Polarizer | Fast z
3 3ns resolution Shutter ale &£25nm &

Digital oscilloscope and PC

— electrical wire o)
—— probe laser £

|

ol NI
pump laser ‘ amcn O ptha TP RN LT
T ) = J J'n’f"lw
Dewt ')J;u

b < -+ — 7/
\ /X ROSnm

g 100D 200 0

Figure 1. (A) The simplified schematic of the nanosecond TRCD spectrometer. (B) The measured steady state CD
spectrum of the FMO in ground state (a) and the expected difference CD spectrum (b) calculated in the model where
pigment #3 in FMO is in triplet state. (C) The measured TRCD signals upon exciting FMO at 600 nm probed at 808 and
825 nm have opposite signs and reveal two "rise" kinetics (1ps and 10 ps) followed by 50us decay.

3) The program for computer simulation of expected TRCD signals for triplet excites states has

been compiled for future analysis of the data (see, for example, smooth trace b in Figure 1B).

4) A dedicated Ti:S laser system was built and the work began on construction of the femtosecond

TR()CD with dual beam modulation that will be able to detected CD signal changes on the order of

10™.

Science objectives for 2015-2016:

e The nanosecond TRCD spectrometer will be further improved by introducing electronic CD
compensator instead of the current mechanical one, which will significantly improve S/N and the
reproducibility of magnitude of the TRCD traces measured at different wavelengths;

e The FMO TRCD will be measured across the exciton spectrum and compared with the proposed
excitonic structures of FMO;

e The femtosecond TRCD spectrometer will be built and applied to a test system - FMO complex;

e The work on direct detection of primary charge separation in PS I RC will be initiated.
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The Glucose 6-Phosphate Shunt Around the Calvin-Benson Cycle
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Overall research goals: The research objective is to study regulation of carbon metabolism to
identify mechanisms used by plants to optimize the storage of energy as reduced carbon. The
current focus is on the glucose-6-phosphate shunt in which carbon that is expected to go through
the non-oxidative branch of the pentose phosphate cycle instead goes through the oxidative
branch. The sources of carbon for the G6P shunt are stroma phosphoglucoisomerase (PGI) and
the glucose 6-phosphate transporter (GPT2). It is hypothesized that the oxidative branch of the
pentose phosphate pathway, the G6P shunt, normally occurs at about 15% of the rate of the non-
oxidative branch. The shunt may help stabilize photosynthesis but at the cost of three ATP per
carbon going through the shunt. This increases the ATP deficit and could lead to cyclic electron
flow (CEF).

Significant achievements 2014-2015: Tools for studying the two sources of carbon for the G6P
shunt have been built. The stromal PGI is under investigation by measuring the Km for F6P in
one direction and G6P in the other. Measuring in the direction of F6P to G6P was found to be
problematic because the assay generates 6-phosphogluconate, a suspected inhibitor of PGI.
Adjusting the assay conditions has allowed us to now make reliable measurements with crude
extracts. To separate possible post-trandational effects we have had the Arabidopsis stromal PGl
gene synthesized and will expressitin E. coli.

The other source of G6P for the stroma

is the GPT2 transporter GPT2 gene ex- Promoter Gene Regulation Status
pr on is hlghly varlable bei ng CaMv 35S  GPT2 Constitutive on 5 linesin T3
induced after a change to high light or Alc-Ind - GPT2 Inducible on

hi gh C0O2. We have confirmed that put- CaMv 35S  GPT2 RNAI Constitutive off

ting plants into high light causes a Alc-ind  GPT2RNAi  Inducible off

significant increase in message for
GPT2. However, if the CO, concentra-
tion is dropped to force plants into nega-
tlve_ carbon balance because o_f phth— an ethanol receptor protein and AlcA, a promotor that responds to
respiration when pl ants are put Into hi gh AlcR bound to ethanol (Weise et al., 2012).

light, the message level for GPT2

declines. This was unexpected, we had

hypothesized that message level would

increase helping increase carbon flux

into the stroma.

Table 1. Arabidopsis lines under construction for studying the role
of GPT2 in regulating and stabilizing photosynthesis. The Alc-Ind
promoter system consists of a CaMV promoter-AlcR that codes for

We are engineering plants to control the
expression of GPT2 (Table 1). We have
Fig. 1. Wild-type Col-0 and three lines transformed with GPT2

begun !JS' ng exper ments  with  the expressed by a 35S promoter two days after being switched from
congtitutively on and off plants. We 30180 ymol m?s™.



found that putting constitutively on plants in a light intensity
significantly above that at which they were grown causes severe
stunting and anthocyanin accumulation (Fig. 1). In addition, plants
congtitutively expressing GPT2 accumulate starch throughout their
life (Fig. 2).

Finally, we tested whether GPT2 overexpression increased the rate
of cyclic electron flow (CEF) in order to supply additional ATP

used in the futile cycle. Two methods for assessing CEF agreed By e s0ad seuic

that CEF is greater in GPT2 overexpressing plants than empty [ - Empty vector [ = GPT2
vector plants. In collaborative work with Drs. Deserah Strand and Fig. 2. Starch measured in the
David Kramer we have shown that the hcefl mutant that has high  asemoon in empty vector con-
cyclic electron flow and lacks stromal fructose bisphosphatase trols and plants expressing
(FBPase) has elevated expression of GPT2. We hypothesize that ~ GPT2 ona35S promoter.

the loss of stromal FBPase is compensated by export of TP to the cytosol, conversion to G6P,
and import of G6P through the GPT2. While this allows some non-oxidative branch pentose
phosphate pathway (net CO, fixation) it also stimulates the oxidative branch leading to loss of
ATP, which is compensated by cyclic electron flow.

Science objectives for 2015-2016:

S
o
o

w
o
o

200

100

Starch (umol glu g DW)

o

* Metabolomics - Measure G6P levels in the stroma by non-aqueous fractionation

» Determine the properties of PGl and glucose-6-phosphate dehydrogenase (G6PDH) —
There are preliminary indications that these enzymes have unusual properties that
regulate the G6P shunt. Activities will be determined in crude extracts and in proteins
made from plant genes expressed in E. coli.

* Engineer plants with unregulated PGI — This will test whether PGI is kinetically limiting
during photosynthesis and what are the consequences when too much F6P is converted to
G6P.

» Metabolic flux analysis — This will be aimed at finding the slow labeling pool of carbon,
we will specifically test the hypothesis that maltodextrin made during starch synthesis is
the slow-to-label carbon pool. We will make a double mutant Starch phosphorylase KO
plus isoprene emission so that isoprene can be used as a readout of the degree of labeling
of Calvin-Benson cycle intermediates.

Sharkey TD (2015a) Understanding carbon partitioning and its role in determining plant growth
Plant Cell Environ in press

Sharkey TD (2015b) What gas exchange data can tell us about photosynthesis. Plant Cell Environ
in press

Weise SE, Aung K, Jarou ZJ, Hardy AC, Carr D], Sharkey TD (2012) Engineering starch
accumulation by manipulation of phosphate metabolism of starch. Plant Biotechnology
Journal 10: 545-554

Weise SE, Carr D], Bourke AM, Hanson DT, Sharkey TD (2015) The arc mutants of Arabidopsis
with fewer large chloroplasts have a lower mesophyll conductance. Photosynth Res 124:
117-126



RNA Quality Control in the Chloroplast
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Overall research goals: The research objectives are to understand the functions and regulation of
novel RNAs expressed from the chloroplast chromosome by: (1) characterizing the ribonucleases
that shape the chloroplast RNA population; and (2) functionally characterizing antisense and
noncoding RNAs (asRNA, ncRNA). The chloroplast chromosome is fully transcribed on both its
strands and RNases are required to eliminate deleterious or nonfunctional RNAs; failure to do so
compromises photosynthesis and can cause embryo lethality. High-throughput techniques have
identified a large population of RNAs that were previously unstudied. These may form double-
stranded structures with regulatory properties, or encode novel proteins that act in photosynthetic
pathways.

Significant achievements to date: This phase of our project began at a prior Pl meeting, and led to
the identification of more than 100 ncRNAs. Subsequent approaches validated functions for two of
them, both related to maturation of chloroplast ribosomal RNAs, one being a positive regulator and
the other a negative regulator. Because many of the ncRNAs were transcribed on the opposite
strand to known genes, they have the potential to form sense-antisense RNA duplexes. The impact
of such base pairing was demonstrated dramatically when the chloroplast ribonuclease RNase J was
repressed: double-stranded RNA accumulated to very high levels and as a result, translation of
sense RNAs was impeded. Thus, the chloroplast must use quality control to ensure that only desired
asRNAs accumulate. Further investigation of ncRNAs, coupled with an independent genome-
scanning approach, suggests that some “non-coding” RNAs, as well as previously unstudied regions
of the chloroplast genome, may encode novel proteins. Confirmation of these results is a future
objective. Finally, all the above analysis depended on the ability to analyze large transcriptome
datasets effectively. For this purpose, we have created a user-friendly bioinformatic pipeline
optimized for the concurrent analysis of both chloroplast transcripts, including splicing, editing and
5°/3’ end maturation.

Science objectives for 2015-2016:
* Analysis of numerous transcriptomes

has revealed that the chloroplast RNA
population, including  ncRNAs, s
particularly responsive to heat stress, which
| also has a dramatic effect on
J photosynthesis. We will complete the
l

characterization of this response, which
will allow a future functional focus on the
most highly regulated transcripts.

pesmenesmst e Preliminary findings that the chloroplast
| may encode more proteins that previously

thought must be supported by data proving
Ll ) T that these proteins are in fact translated and
- Invon RPKi accumulate. Ribosome footprinting and
Fig. 1. RNA-Seq pipeline. The flow chart illustrates RNA ~ proteomic techniques will be applied to

isolation, sequencing, alignment of chloroplast and  validate at least some of these candidates.
nuclear reads, and assessment of expression characters
using customized scripts.
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Mechanism of Protein Transport on the Twin Arginine
Translocation Pathway
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Overall research goals: The research objectives are to
distinguish between two competing models of the mechanism
through which proteins are transported across the thylakoid
membrane on the Tat pathway by: (1) testing the proteinaceous
pore model by measuring the amount of Tha4 required to
transport proteins of different sizes, and exploring the
consequences of transport under Th4-limiting conditions; (2)
Testing the membrane defect model by examining the
dependence of the transport reaction on the negative
hydrophobic mismatch found in trans-membrane helices in
Tha4, Hcf106 and cpTatC, and by examining treatments known
to cause thinning of the thylakoid membrane for their ability to
stimulate protein transport on the Tat pathway and to cause a | Figure 1. Structures of toroidal pores
. . formed under the influence of CPPs
decrease in the pmf energy required for such transport to (red).
occur; (3) sep arating the energy required for assembly of the

Disordered Toroidal Pore

translocon and from that required for protein translocation. Resolution of the mechanism of Tat
protein transport, which takes as substrates proteins critical for photosynthetic light reactions, wi
Il direct future research into this pathway toward a fuller understanding of the role of membrane
biophysical properties in affecting chloroplast biogenesis and homeostasis.

Significant achievements 2013 — 2015: Our initial investigations into the mechanism of action of
the Tat translocon focused on the prediction that protein transport on this unique pathway went
via toroidal pores (Fig. 1), and so should be stimulated by
arginine-rich, cell- s
penetrating peptides. 50
This is indeed the case
(Fig. 2), and such
stimulation is shown to be
accomplished by a
decrease in the energy
required to affect
translocation (Fig. 3). We v 55 4 s 2 25 s 4 4
additiqnally 'also showed Figure 2. Pene?::’[iin lowers the
0 O; t.d1 2t t.5 10 that stimulation of the Tat energy threshold for thylakoid
K, pathway could be | transport of iOE17. ApH was

Figure 2. Stimulation of transport of affected by addition of the | measured with NED for 6 min, and

iOE17 across the thylakoid . . .
membrane on the Tat pathway by | @mphipathic regionofone | then the sample was analyzed for
protein transport.

cell penetrating peptides. of the translocon subunits

300

Melittin
LL37
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{IVTAT
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% Transport
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% transport as compared to control
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(Fig. 3). These experiments are consistent with the Tat
pathway operating via non-proteinaceous, toroidal pores.

Science objectives for 2015 — 2017:

We will to test a central tenet of the proteinaceous
pore model of Tat transport that requires proteins of
different sizes to be translocated by a pore made of
different numbers of Tha4 subunits. Should this
prediction not be borne out by experiment, the
proteinaceous pore mode will necessarily be retired.
We will test a key part of the toroidal pore model of Tat
transport that states that membrane thinning, a
prelude to toroidal pore formation, is set up by
hydrophobic mismatch in the short transmembrane
anchors of the translocon subunits Tha4 and Hcf106.
We will also continue our exploration of other
mechanisms of membrane thinning and their effect on
Tat transport.

We will perform detailed measurements of the energetic requirements for the assembly of
the Tat translocon and subsequent translocation. The methodology used will be based
on those developed earlier in the lab to calculate the Gibbs free energy requirement for

Tat protein transport.

References to work supported by DOE funds 2013 — 2015:
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Figure 3. Stimulation of IOE17
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Site-Selective Characterization of Plastocyanin with Infrared Spectroscopy

Megan Thielges, Principal Investigator
Department of Chemistry, Indiana University, Bloomington, IN 47405
Email: thielges@indiana.edu Web: http://www.indiana.edu/~mctgroup/

Overall research goals: Unlike electron transfer between small molecules, biological electron
transfer occurs between redox centers imbedded within proteins with environments that are
structurally and electrostatically heterogeneous and undergo fluctuations on a broad range of
timescales, challenging its rigorous characterization with currently available techniques as they
are incapable of resolving dynamics on a sufficiently fast timescale and/or of specifically
probing different parts of the electron transfer complexes. Toward addressing this problem, we
draw upon the inherent high temporal resolution of linear and multidimensional IR
spectroscopy with the spatial resolution afforded by the site-selective incorporation of
frequency-resolved vibrational reporter groups, including carbon deuterium (C-D) and cyano
(CN) moieties, to characterize the local environments, conformations, and dynamics at
specific parts of proteins to elucidate their contribute to the binding and subsequent electron
transfer between redox proteins.

Significant achievements 2013-2015: We have characterized the Cu site of plastocyanin (Pc)
by unique incorporation of C-D bonds at the Met97 ligand and showed the vibrations to be
highly sensitive to changes at the Cu center. We then used IR spectroscopy to characterize Pc
bound to its physiological electron transfer partner, cytochrome (cyt) f, and observed spectral
changes that suggest formation of a stronger Cu-Met97 interaction. To extend our studies
toward understanding the role of dynamics in the activity of Pc with cyt f, we have site-
selectively incorporated CN probes at four sites in Pc and are applying 2D IR spectroscopy to
measure the local dynamics and generate a position-dependent model of their involvement in
binding to cyt . Concurrently we are working toward developing new, better IR probes for
multidimensional IR experiments of proteins, and have shown that isotopic labelling increases
vibrational lifetime of the CN probes, extending the experiments’ dynamic range.

w, {em )

Figure 1. Left Panel: structural model of Pc and cyt f complex. Inset: Cu site of Pc showing in purple location of C-D
bonds incorporated at Met97. PDB 1TU2. Middle Panel: Top: FT IR spectra of d;Met97 in Cu(Il) unbound (blue),
Cu(I) unbound (red), Cu(Il) bound (green), and Cu(I) bound (black) Pc. Bottom: FT IR spectra of d;Met97 in Cu(Il)
unbound (blue), Cu(I) unbound (red), Zn substituted Pc (green) and Cu(I) reduced at pH 4 (black). Right Panel: time-
dependent 2D IR spectra of CNPhe36 (top) and *C'*NPhe36 (bottom) Pc.



Science objectives for 2015-2016:

e Complete 2D IR studies of selectively CN-labeled Pc variants and determine the changes in
dynamics along interface upon binding to cyt f.

e Initiate non-equilibrium, visible-pump, 2D IR studies of Pc to probe response of protein
dynamics to electronic perturbation.

References to work supported by this project 2007-2009:
1. LeSueur, A. Horness, R., Thielges, M. (2015). Applications of two-dimensional infrared spectroscopy.
Analyst. 140, 4336-4349.
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Argonne, Il 60439; *Department of Chemistry, Northwestern University, Evanston, IL 60208-3113
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Overall research goals: This program investigates fundamental design principles and
mechanisms for solar energy conversion in photosynthesis using a biomimetic approach.
Biomimetic architectures offer opportunities to explore a greater range of structures and
chemical functionalities than can be investigated with native photosynthetic proteins. A
comparison of natural and biomimetic photosynthesis allows fundamental mechanisms and
cross-cutting principles to be resolved. Key research targets include the investigation of
photosynthetic mechanisms for coupling of solar photons-to-fuels, including the harvesting
single electron excited states to drive sequential electron transfer, charge accumulation, and
multi-electron water-splitting and solar fuels catalysis.

Significant achievements 2013-2015: We have developed a photosynthetic biomimetic
approach that exploits a family of multi-heme c-cytochrome "molecular wires" found in the
Geobacter genome and produced in native and engineered forms using an E. coli expression
system. The multi-heme cytochromes are used as frameworks for testing photosynthetic design
principles for coupling single electron excited states to charge accumulation and multi-electron
catalysis. A recent highlight has been the biomimetic duplication of primary photosynthetic
electron transfer. A universal feature of primary events in photosynthesis is the ultrafast,
activationless light-induced electron transfer, which proceeds along either one or both of two
symmetry-related pathways in
different types of reaction centers.
Using ruthenium tris-bipyridyl
derivatives as photosensitizers that
are covalently linked to cysteine
residues placed at a variety of
locations on the tri-heme
cytochrome PpcA through site-
directed mutagenesis, we
o demonstrate constructs that mimic
) photosynthetic ultrafast,

K29C-Ri A23C-Ry  Heme v Y activationless, light-induced
Figure 1. Representative structures from MD simulations for two electron transfer. In particular, we
PpcA constructs bearing covalently-linked ruthenium #ris-bipyridyl, have found constructs that allow

Ru(bpy)s, attached at engineered cysteine residues. The figures either a single electron transfer
show only the Ru(bpy); (blue) and heme (hemes I and I1I red, heme th bifi ted. dual

IV, grey) cofactors. Part A shows construct K29C-Ru and Part B pathway, or biturcated, dua .
shows A23C-Ru which support bidirectional and monodirectional symmetry-related pathways which
primary electron transfer, PET, respectively. function without loss of activity
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down to 2.8 K. This duplication of core features of primary photosynthesis offers opportunities
to investigate fundamental mechanisms for the first electron transfers in photosynthesis, and to
expand on these designs to create artificial biomimetic reaction centers that support charge
accumulation and multi-electron catalysis.

Science objectives for 2015-2016:

Investigate activationless, ultrafast, variable pathway electron transfer in photosynthetic
biomimics using a range of inorganic, organic, and chlorin (chlorophyll-based) photosensitizers.
These studies will examine the roles that the molecular structures and energetics of the
photosensitizers play in determining pathways for primary light-driven electron transfer.

Investigate activationless, ultrafast, variable pathway electron transfer in photosynthetic
biomimics, using native and engineered multi-heme cytochrome frameworks with altered redox
properties of the cofactors. These studies will examine the roles that the molecular structures and
energetics of the electron-accepting/donating cofactors play in determining directionality of
primary electron transfer in photosynthetic mimics.

Extend on the biomimetic designs to create artificial reaction centers that support charge
accumulation and multi-electron catalysis. Initial research will target multiple, sequential photo-
oxidation of transition metals for oxygen evolving catalyst, OEC, assembly. Research will
include the engineering of amino acid sequences in the PpcA frameworks for metal-binding and
function as electron donors to linked photosensitizers.
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Overall research goals: Natural photosynthetic energy research is aimed at resolving
fundamental mechanisms of photochemical energy conversion in photosynthetic proteins.
These basic studies provide us with insight into how to use Nature’s optimized photochemistry
to drive non-native chemical reactions. Currently, we are designing new bio-inspired systems
that capture and convert the sun’s energy and store it in the energy-rich bond of hydrogen, a
clean, carbon-neutral and renewable energy source. Specifically, we are (1) developing new
energy conversion strategies that couple the photon energy, which is efficiently captured as a
stabilized charge separation across the native photosynthetic reaction center (RC), to the direct
synthesis of hydrogen using synthetic first-row transition metal catalysts and (2) creating a new
class of small protein-based photocatalytic complexes that replicate essential design features of
RCs and enable the spectroscopic discernment of the structure and processes crucial to solar-
driven proton reduction. Our combined effort at the forefront of biochemical and spectroscopic
experimental approaches provides an opportunity for breakthroughs in the resolution of
fundamental mechanisms for coupling photons to fuels in photosynthetic-inspired hybrid
systems, a necessary step forward in the development of optimized systems for solar fuels.

Significant achievements 2013-2015:

Protein Delivery of a Ni Catalyst to PSI for Solar driven H, Production. We have prepared the
first solar fuel hybrid that couples PSI light-driven chemistry to H, production using a synthetic
nickel diphosphine molecular catalyst [Ni(Pzthzph)z](BF4)2. The protein environment enables
photocatalysis at pH 6.3 in completely aqueous conditions using inexpensive, earth abundant
elements. Additionally, we have developed a strategy for incorporating the Ni molecular
catalyst with the native acceptor protein of PSI, flavodoxin. The binding pocket of flavodoxin
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/NMQ o M catalyst AL -), ) R environment, has low solubility and
P \/,,/ i T4 /. molecular catalyst- . :

7 \ R 42, apofiavodaxin rapidly degrades n water.

00, ] Photocatalysis experiments with this

3" modified flavodoxin demonstrate a new

£y A mechanism for biohybrid creation that

a g involves protein-directed delivery of a

LB molecular catalyst to the reducing side o

o lecular catalyst to the reducing side of

PSI for light-driven catalysis. This
approach provides the potential for self-

Figure 1. Photocatalytic scheme of H, production from a PSI-  repair of the biohybrid system with a
Ni molecular catalyst hybrid complex and Ni-ApoFlavodoxin.  mechanism for introducing fresh catalyst

to the acceptor end of PSI and creates new opportunities for solar fuel production that merges
synthetic inorganic and biochemical capabilities.
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Examination of Light-driven Electron Transfer in Processes involved in Photocatalytic H;
Production. We have targeted the development of a mini reaction center/catalyst hybrid that
enables the spectroscopic characterization and monitoring of dynamic light-induced electron
transfer reactions involved in hydrogen production. Our design strategy involves a small
soluble electron transfer protein, ferredoxin (Fd), as a scaffold for the controlled covalent

Figure 2. Photocatalytic H, production scheme in

Ferredoxin 7~ Ta binding of a Ru photosensitizer (Ru) and a

Asc* g cobaloxime catalyst (Co). The resultant
Asc Ce ‘ complex, termed Ru-Fd-Co, is functional for
” hydrogen production. Electron paramagnetic

4
SN resonance (EPR) and transient optical
’_ G spectroscopic  experiments  provide direct
Ru PS evidence of a long-lived (>1.5 ms) Ru(Ill)-Fd-
it A( c‘"a)‘ Co(I) charged separated state formed via an
electron relay through the Fd [2Fe-2S] cluster,

e . T _
a Ru-Fd-Co biohybrid with electron transfer from  initiating the catalytic cycle for 2H" + 2e” — H,.
PS to catalyst via the [2Fe-2S] cluster of Fd.

Science objectives for 2015-2016:

PSI has proven to be an excellent photochemical module, and we will continue our studies of
PSI-molecular catalyst constructs and electron carrier protein-based strategies to connect PSI
photochemistry to molecular catalyst hydrogen production: (1) comparing delivery of catalysts
to the acceptor docking site of PSI via covalent (Fd) vs. non-covalent (flavodoxin) interactions,

(2) exploring opportunities for self-repair of the photocatalytic system, and (3) spectroscoplcally
characterizing dynamic interprotein-catalyst ET pathways.

A new direction involves examining the self-assembly of catalysts to PSI within thylakoid
membranes. A membrane environment provides opportunities for coupling reductive chemistry
to intact electron transfer pathways, thereby removing the necessity of sacrificial donors.

We will expand our new class of small protein-based photocatalytic complexes by creating
complimentary flavodoxin adducts. This will allow us to spectroscopically determine the role of
the [2Fe-2S] cluster in Fd, explore protein-catalyst structures and interactions, and monitor light-
induced electron transfer events as related to the mechanism of H, production.
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Overall research goals:

This project addresses the regulation of higher plant carbon assimilation by Rubisco activase (Rca), a
chemo-mechanical motor protein essential in maintaining Rubisco activity. Rca is a ring-forming
ATPase that plays a critical role in regulating the conversion of energy derived from photosynthetic
electron transport into chemical storage forms. The proposed work aims to employ biophysical,
structural and mechanistic approaches to answer fundamental questions in Rubisco regulation. We seek
to elucidate Rca conformational states sampled during the catalytic cycle, to interrogate the physical
interaction between Rca and Rubisco, and to unravel the mechanistic enzymology of ATPase and
Rubisco reactivation activities. Long-
term, we are interested in gaining a

Model for Rca Regulation comprehensive understanding of the
Rca-mediated mechanism of Rubisco
Low ATP remodeling.
E—

Higher plant Rubisco requires the
synergistic action of several enzymes
to cope with self-inhibition intrinsic
¥ NI\QZ‘ may facilitate ring to turnover in an  oxygenic
fnziz:; és ATP hydrsiytie atmqsphere: With decrfeasing CO,
rates 8.4-fold and increasing O,, increasing amounts
of xylulose bisphosphate (XuBP) and
pentodiulose bisphosphate (PDBP)
are produced, compounds that
resemble the substrate and prevent
Hazra, Henderson Liles, Hilton, Wachter (2015) J. Biol. Rl,lbiSCO carboxylation aCtiVity by
Chem. (in press). obstructing its active sites.  The
release of these inhibitors is
substantially accelerated by the chemo-mechanical action of Rca. Equally important, Reca plays a key
regulatory role in the dark-to-light transition of the stroma by facilitating the release of ribulose
bisphosphate (RuBP) from decarbamylated Rubisco sites. In addition, the dissociation of the nocturnal
inhibitor carboxyarabinitol phosphate (CA1P) is also mediated by Rca.

This project aims to provide a significant milestone towards a comprehensive understanding of all co-
regulatory mechanisms that enhance or diminish the rate of carbon fixation in higher plants. Arguably,
the ultimate goal is to develop the predictive power required to re-engineer photosynthetic pathways for
sustained biomass accumulation under changing climate conditions.

Storage?

ny = 2.5 for Mg?*
ny = 2.1 for ATP

Significant achievements in 2014-2015:

Mechanistic enzymology: The ATPase activity of 0.005 mM tobacco Rca was monitored under
steady-state conditions, and global curve fitting was utilized to extract kinetic constants. The k., was
best fit by 22.3 + 4.9 min”, the K,, for ATP by 0.104 + 0.024 mM, and the K; for ADP by 0.037 + 0.007
mM. Without ADP, the Hill coefficient for ATP hydrolysis was extracted to be 1.0 + 0.1, indicating
non-cooperative behavior of homo-oligomeric Rca assemblies. However, the addition of ADP was
shown to introduce positive cooperativity between two or more subunits (Hill coefficient 1.9 + 0.2),
allowing for regulation via the prevailing ATP/ADP ratio. ADP-mediated activation was not observed,




whereas larger amounts led to competitive product inhibition of hydrolytic activity. The catalytic
efficiency increased 8.4-fold upon cooperative binding of a second magnesium ion (Hill coefficient 2.5
+ 0.5), suggesting at least three conformational states (ATP-bound, ADP-bound, empty) within
assemblies containing an average of about six subunits. The addition of excess Rubisco (24:1,
L8S8:Rca6) and crowding agents did not modify catalytic rates. However, high magnesium provided
for thermal Rca stabilization. We propose that magnesium mediates the formation of closed hexameric
toroids capable of high turnover rates and amenable to allosteric regulation. We suggest that in vivo, the
Rca hydrolytic activity is tuned by fluctuating [Mg'] in response to changes in available light.

Rca assembly mechanism: We report a fluorescence correlation spectroscopy (FCS) study of the
assembly pathway of the AAA+ protein Rubisco activase (Rca), a ring-forming ATPase responsible for
activation of inhibited Rubisco complexes for biological carbon fixation. A thermodynamic
characterization of simultaneously populated oligomeric states appears critical in understanding Rca
structure and function. Using cotton beta-Rca, we demonstrate that apparent diffusion coefficients vary
as a function of concentration, nucleotide and cation. Using manual fitting procedures, we provide
estimates for the equilibrium constants for the step-wise assembly, and find that in the presence of
ATPyS, the K, for hexamerization is ten-fold lower than with ADP (~0.1 vs. ~1 micromolar). Hexamer
fractions peak at 30 micromolar and dominate at 8-70 micromolar Rca, where they comprise 60-80% of
subunits with ATPyS, compared to just 30-40% with ADP. Dimer fractions peak at 1-4 micromolar
Rca, where they comprise 15-18% with ATPyS and 26-28% with ADP. At 30 micromolar Rca, large
aggregates begin to form that comprise ~10% of total protein with ATPyS and ~25% with ADP. FCS
data collected on the catalytically impaired WalkerB-D173N variant in the presence of ATP provided
strong support for these results. Titration with free magnesium ions lead to the disaggregation of larger
complexes in favor of hexameric forms, suggesting that a second magnesium binding site with a K,
value of 1-3 mM promotes critical subunit contacts. We propose that closed-ring toroidal hexameric
forms are stabilized by binding of Mg ATP plus Mg, whereas Mg- ADP promotes continuous assembly
to supra-molecular aggregates such as spirals.

Science objectives for 2015-2017:

First, we aim to elucidate the structural features of higher plant Rca oligomers in different nucleotide-
bound states. By utilizing a variety of methods commonly employed in structural biology, we hope to
characterize the conformational changes required to accommodate different classes of sites within ring-like
assemblies. Second, we plan to compare the assembly mechanisms of Rca proteins from different plant
species in relation to their respective activities, and to monitor the physical interaction of Rca oligomers with
the Rubisco client protein. Third, we aim to use methods in mechanistic enzymology to characterize subunit
cooperativity and rate-limiting events in the Rca ATPase and reactivation cycles.
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Overall research goas The objective of this proposal is to understand the mechanism by which
H,O is oxidized to O, in Photosystem Il (PS 1l). We propose to develop and utilize new
methodologies of X-ray spectroscopy and crystallography using synchrotron and X-ray free
electron laser (XFEL) sources. The focus of our studies are: 1) What are the geometric and
electronic structural changes of the catalytic Mn,C, cluster of PS 11?7 2) How does the protein
environment and the catalytic center interact with each other to carry out the sequential events
during the four-electron water oxidation reaction, under ambient conditions? 3) Development of
new X-ay spectroscopic techniques to study the natural and artificial photosynthetic systems.

Significant achievements 2013-2015:

1) We have shown using X-ray spectroscopy that the magnetic isomorphism seen in the S, state,
and characterized by the EPR signals at g=2 (low spin, LS) and g=4.1 (high spin, HS), are well
correlated with structural changes in the Mn,CaOs cluster. The changes between the HS and LS
states in the S; state are different from that seen on advancing from the S, to the S; state. These
results have important implications for the mechanism of water exchange and water oxidation.

2) Polarized XAS studies have shown that the removal of Ca has a
minimal effect on the structure of the Mn4Os core cluster (Fig. e
1). Although, Ca is required for the S, to S; transition and for S T b S
O evolution, it is surprising that removal of Ca does not oi\'ﬁ . ¥
significantly alter the structure of the Mn cluster. - —p 3
3) Mn inorganic complexes relevant to the water oxidation L s SN A
catalyst have been investigated using in situ X-ray absorption st ™ oY,
and emission spectroscopy and electrochemistry. The valence g
to core emission spectra of a series of oxo-bridged complexes
were used to show the sensitivity of this method to the g1 The proposed model for the
protonation state of the bridged ligand atoms. A series of g gepleted Mn,O; cluster, with
homologous Mn complexes in oxidation states Il though IV the kinetics of S-state transitions.
was used to study the charge density distribution, which
showed that in the higher oxidation states the charge was widely delocalized on to the ligands.

Science objectives for 2015-2016:

» We will pursue studying inorganic systems of relevance to PS Il with X-ray methods, especially,
in situ X-ray emission and absorption spectroscopy of electro/photo-chemical water-oxidation
catalysts.

*  We will study the solution and single-crystal Mn and Ca EXAFS studies of the Sy, Sz and Sp
states, along with the use of newer methods for site-specific and range-extended EXAFS
methods, for studying the geometric structure. The distance resolution that can be obtained from
these new methods, will be combined with the XFEL data, to determine the structural changes
and the mechanism of the O-O bond formation.

* High energy-resolution fluorescence detected (HERFD) XANES and high-resolution RIXS
methods will be applied to PS Il and inorganic models to study the electronic structure and the
changes. We will also use X-ray emission spectroscopy, especially the valence to core K25




transitions, to study the electronic structure changes in the ligands of the catalyst during the
enzymatic cycle in natural and inorganic systems.
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Overall research goas: The objective of this proposal is to understand the mechanism by which
H,O is oxidized to O, in Photosystem Il (PS Il). We propose to develop and utilize new
methodologies of X-ray spectroscopy and crystallography using synchrotron and X-ray free
electron laser (XFEL) sources. The focus of our studies are: 1) What are the geometric and
electronic structural changes of the catalytic Mn,C, cluster of PS 11? 2) How does the protein
environment and the catalytic center interact with each other to carry out the sequential events
during the four-electron water oxidation reaction, under ambient conditions? 3) Development of
new X-ay spectroscopic techniques to study the natural and artificial photosynthetic systems.

Significant achievements 2013-2015:

1) We developed the method of simultaneous X-ray diffraction
(XRD)/X-ray emission spectroscopy (XES) to collect time-resolved
data at room temperature usng XFELs. Using this method, we
collected data from PS Il from al the S-states. We demonstrated
that we can proceed through the entire S-state cycle, including
time-points between the S, and S, states. The S-state intermediates
of PS Il were generated by multiple visible laser excitations, with
0.5 sintervals between flashes to achieve S-state turnover. We used
a similar sysem to measure O, evolution yields using H," O
labelled water and optimized the flow rate, laser power and time
interval required for S-state turnover. The KB emission spectra
show that the Mn cluster was undamaged and advanced through the
S-states. The XES data from the 250 pstime point after the S, state
showed that the Mn cluster was more similar to the S; state than the
S, state providing evidence that the Mn cluster was not yet reduced
by 250 us after the third flash indicating that the O-O bond
formation is subsequent to that time (Fig. 1). The anomaous
diffraction signal from Mn could be isolated from al the S-states
and the transient 250 us time point, that identifies electron density
from the Mn atoms of the Mn,CaO; cluster.

2) We collected the undamaged Mn L-edge spectrum, using the
XFEL, from the S; state of PS Il. We used a specially designed

100-element zone-plate spectrometer, that discriminates the Mn La
signal from the overwhelming signal from the O Ka from the
aqueous solution. Theoretical simulations for understanding the
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Fig. 1. The Mn Kf3 emission
spectra from XFEL that shows
that the S; and S, spectra are
similar to that from the
cryogenic data collected using
synchrotron radiation. The
250 ps time-point  shows the
first room temperature data
from PS 1l using XFELSs.

spectrum and the electronic structure of the Mn cluster is underway. We have made headway in
collecting the spectrum from a high-spin Mn" complex, in situ, using a specially designed low-
temperature sample injector with an in-built reaction chamber, that will be important for
answering the question of whether a high valent Mn is involved in the mechanism of O-O bond

formation.

3) We developed new computational methods and protocols for analyzing both XRD and XES data
from the XFEL in real time. We aso showed using the new protocols that the analysis of the



XFEL data requires fewer diffraction images than previousy expected. We have developed a
new drop on demand acoustic transducer-based sample delivery method, that shows promise to
study the time-points between the S; and S, states, because of the precise control we can achieve
in the time-intervals and the visible illumination protocols. This procedure aso alows us to
study larger crystals, that usually show diffraction to higher resolution. Finally, using this method
we have shown that we can collect the XES data from one time-point in less than 30 mins
making time-resolved spectroscopy aredlity.

Science objectives for 2015-2016:

We plan to conduct simultaneous XRD and XES of all the S-states at room temperature, and
follow the fast steps between the S; to Sy transition in a time-resolved manner. The S; to So
transition, and the time-points between these transitions will be the focus of these studies. We are
also working on improving the biochemical procedure that produce crystals that diffract to high
resolution under XFEL conditions and also can advance through the S-states.

Mn L-edge spectroscopy of all the S-states and the intermediate states between the Sz and Sp
states will be studied using the XFEL to determine the electronic structural changes that are
involved in the O-O bond formation.

We collected preliminary K@,s XES data from Mn model complexes using the new acoustic
droplet sample dispenser and we plan to collect data from PS I1.

We will continue our development of the stimulated emission spectroscopy for solution samples.

References to work supported by this project 2013-2015:

1
2.

10.

11.

12.

13.

Sauter, N. K., et al. (2015) Structural Change Detected in Photosystem |1? Nature. (accepted).
Sierra, R. et al. (2015) Seriad Femtosecond Crystallography of Ribosome-Antibiotic and
Photosystem |1 Complexes at Ambient Temperature using a Concentric Electrospinning Injector.
Nature Methods. (submitted).

Roessler, C. et al. (2015) Acoustic Injectors for Drop-on-demand Serial Femtosecond
Crystallography. Structure. (submitted).

Yano, J., et al. (2015) Light-Dependent Production of Dioxygen in Photosynthesis. in Sustaining
Life on Planet Earth: Metalloenzymes Mastering Dioxygen and Other Chewy Gases (Kroneck, P. M.
H., and Sosa Torres, M. E. ed.), Springer International, Switzerland. pp 13-43.

Kern, J,, et al. (2015) Metalloprotein Structures at Ambient Conditions and in Real-time: Biological
Crystallography and Spectroscopy Using XFELs. Curr. Opin. Struct. Biol. 34, 87-98.

Ibrahim, M., et al. (2015) Improvements in Serial Femtosecond Crystallography of Photosystem 11
by Optimizing Crystal Uniformity Using Microseeding Procedures. Struct. Dyn. 2, 041705.

Kern, J., et al. (2014) Taking Snapshots of Photosynthetic Water Oxidation Using Femtosecond X-
ray Diffraction and Spectroscopy. Nature Commun. 5, 5371.

Yano, J. and Yachandra, V. K. (2014) Mn,Ca Cluster in Photosynthesis: Where and How Water is
Oxidized to Dioxygen. Chem. Revs. 114, 4175-4205.

Hattne, J., et al. (2014) The Accurate Processing of Diffraction Data from X-ray Free-Electron
Lasers. Nature Methods, 11, 545-548.

Tran, R., et al. (2014) The Mn,Ca Photosynthetic Water-Oxidation Catalyst Studied by
Simultaneous X-ray Spectroscopy and Crystallography Using an X-ray Free-Electron Laser. Phil.
Trans. Roy. Soc. B-Biological Sciences 369, 20130324.

Kern, J., et al. (2014) Methods Development for Diffraction and Spectroscopy Studies of
Metalloenzymes at X-ray Free-Electron Lasers. Phil. Trans. Roy. Soc. B-Biological Sciences 369,
20130590.

Kern, J, et al. (2013) Simultaneous Femtosecond X-ray Spectroscopy and Diffraction of
Photosystem |1 at Room Temperature. Science 340, 491-495.

Mitzner, R., J., et al. (2013) L-Edge X-ray Absorption Spectroscopy of Dilute Systems Relevant to
Metalloproteins Using an X-ray Free-Electron Laser. J. Phys. Chem. Letts. 4, 3641-3647.



Paul Adams
Lawrence Berkeley Laboratory
PDAdams@Ibl.gov

Warren Beck
Michigan State University
beck@chemistry.msu.edu

Ali Belkacem
Lawrence Berkeley National Laboratory
abelkacem@lIbl.gov

Christoph Benning
Michigan State University
benning@msu.edu

Robert Blankenship
Washington University
blankenship@wustl.edu

Terry Bricker
Louisiana State University
btbric@lsu.edu

R David Britt
University of California, Davis
rdbritt@ucdavis.edu

Gary Brudvig
Yale University
gary.brudvig@yale.edu

Emilio Bunel
Argonne National Laboratory
ebunel@anl.gov

Robert Burnap
Oklahoma State University
rob.burnap@okstate.edu

Joanne Chory

The Salk Institute for Biological Studies/HHMI

chory@salk.edu

Asaph Cousins
Washington State University
acousins@wsu.edu

Participant List

Carole Dabney-Smith
Miami University
smithacs5@miamioh.edu

M. Fevzi Daldal
University of Pennsylvania
fdaldal@sas.upenn.edu

Mark Davis
National Renewable Energy Laboratory
mark.davis@nrel.gov

Richard Debus
University of California, Riverside
richard.debus@ucr.edu

Sergei Dikanov
University of lllinois
dikanov@illinois.edu

Charles Dismukes
Rutgers, The State University of New Jersey
dismukes@rutgers.edu

Graham Fleming
University of California, Berkeley
grfleming@Ibl.gov

Matthew Francis
University of California, LBNL
mbfrances@berkeley.edu

Robert Gennis
University of lllinois
r-gennis@illinois.edu

Maria Ghirardi
National Renewable Energy Laboratory
maria.ghirardi@nrel.gov

John Golbeck
The Pennsylvania State University
jhg5@psu.edu

Arthur Grossman
Carnegie Institution for Science
arthurg@stanford.edu



Marilyn Gunner
City College of New York
gunner@sci.ccny.cuny.edu

Patrice Hamel
Ohio State University
hamel.16@osu.edu

Maureen Hanson
Cornell University
mrh5@cornell.edu

Ralph Henry
University of Arkansas
rahenry@uark.edu

Stephen Herbert
U.S. Department of Energy
Stephen.Herbert@science.doe.gov

Kentaro Inoue
University of California, Davis
kinoue@ucdavis.edu

Ryszard Jankowiak
Kansas State University
ryszard@ksu.edu

Paul King
National Renewable Energy Laboratory
paul.king@nrel.gov

Christine Kirmaier
Washington University
kirmaier@wustl.edu

David Kramer
Michigan State University
kramerd8@msu.edu

John Clark Lagarias
University of California, Davis
jclagarias@ucdavis.edu

Philip Laible
Argonne National Laboratory
laible@anl.gov

K. V. Lakshmi
Rensselaer Polytechnic Institute
lakshk@rpi.edu

Diane Marceau
U.S. Department of Energy
diane.marceau@science.doe.gov

Gail McLean
U.S. Department of Energy
Gail.McLean@science.doe.gov

Sabeeha Merchant
University of California, Los Angeles
merchant@chem.ucla.edu

David Mulder
National Renewable Energy Laboratory
david.mulder@nrel.gov

Kris Niyogi
Lawrence Berkeley National Lab
niyogi@berkeley.edu

Jennifer Ogilvie
University of Michigan
jogilvie@umich.edu

Katherine Osteryoung
Michigan State University
osteryou@msu.edu

Himadri Pakrasi
Washington University
Pakrasi@wustl.edu

Tanja Pietrald
U.S. Department of Energy
Tanja.Pietrass@science.doe.gov

Oleg Poluektov
Argonne National laboratory
Oleg@anl.gov

Kevin Redding
Arizona State University
Kevin.Redding@asu.edu



Sergei Savikhin
Purdue University
sergei@purdue.edu

Thomas Sharkey
Michigan State University
tsharkey@msu.edu

Robert Stack
U.S. Department of Energy
Robert.Stack@science.doe.gov

David Stern
Boyce Thompson Institute
ds28@cornell.edu

Steven Theg
University of California, Davis
smtheg@ucdavis.edu

Megan Thiegles
Indiana University
thielges@indiana.edu

David Tiede
Argonne National Laboratory
tiede@anl.gov

Lisa Utschig
Argonne National Laboratory
utschig@anl.gov

Rebekka Wachter
Arizona State University
rwachter@asu.edu

Vittal Yachandra
Lawrence Berkeley National Laboratory
vkyachandra@Ibl.gov

Junko Yano
Lawrence Berkeley National Laboratory
JYano@lbl.gov



	PS 2015 abstract book, part A
	All abstracts
	Beck
	Benning
	Blankenship
	Bricker
	Britt
	Brudvig
	Burnap
	Chory
	Cousins
	Dabney-Smith
	Daldal
	Debus
	Dikanov
	Dismukes
	Francis
	Gennis
	Ghirardi
	Grossman and Posewitz
	Gunner
	Hamel
	Hanson
	Henry
	Inoue
	Jankowiak
	King
	Kirmaier
	Kramer
	Lagarias
	Lakshmi
	Merchant
	Niyogi and Fleming
	Niyogi2
	Ogilvie
	Osteryoung
	Pakrasi
	Poluektov
	Redding and Golbeck
	Savikhin
	Sharkey
	Stern
	Theg
	Thielges
	Tiede
	Utschig
	Wachter
	Yachandra
	Yano

	Untitled
	Untitled



