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PROGRAM 
 

(all times are specified in US Eastern Time) 
 

 
10:00-10:15 Introductory remarks  
 
10:15-11:45 Session 1 – Structural insights   

Moderator: Cara Lubner 
 
10:15-10:45 Invited talk – Yuval Mazor, Arizona State University, “Heterogeneity in photosystem 

I and its antennae systems” 
 
10:45-11:00 Jack Salisbury, University of Sheffield, “Regulation of tetrapyrrole biosynthesis and 

membrane morphogenesis in purple bacteria” 
 
11:00-11:15 Haijun Liu, Washington University in St. Louis, “Structure of Cyanobacterial 

Phycobilisome Core Revealed by Structural Modeling and Chemical Cross-linking” 
 
11:15-11:30 Claire Mammoser, Indiana University, “d2-Cysteine as a Vibrational Probe of Plastocyanin 

– Cytochrome f Interactions” 
 
11:30-11:45 Saroj Poudel, Rutgers University, “Expansion of positively charged cavities enabled the 

evolution of substrate specificity in Rubisco” 
 
11:45-12:00 Break – 15 min 
 
12:00-1:45   Session 2 – Metabolism and natural products 
    Moderator: Chris Gisriel 
 
12:00-12:30 Invited talk – Jan Keereetaweep, Brookhaven National Laboratory, “Understanding 

processes that limit lipid accumulation” 
 
12:30-12:45 Pyonghwa Kim, New Jersey Institute of Technology, “The Cyanobacterial Circadian Clock 

– A Key to Future Biofuel” 
 
12:45-1:00 Apostolos Zournas, Rutgers University, “Are you really measuring the intrinsic rate of CO2 

fixation? A better method is now available to measure carboxylation kinetics” 
 
1:00-1:30 Invited talk – Jeff Cameron, University of Colorado Boulder, “Long-term time-lapse 

imaging of cyanobacterial carboxysomes reveals a direct role for rubisco oxygenase 
activity in photoprotection”  

 
1:30-1:45 Gartrell Bowling, United States Military Academy, “Decreased reaction center size and 

faster relaxation kinetics, but not electrogenic current generation, as evolutionary 
adaptations allowing photosynthesis in arid desert crust” 

 
1:45-2:30  Lunch – 45 min (breakout rooms available) 
 
2:30-4:30  Session 3 – Mechanisms in core complexes 
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    Moderator: Gary Brudvig 
 
2:30-2:45 Andrea Markelz, University of Buffalo, “Photoswitching of Collective Structural 

Vibrations of Photoprotection Orange Carotenoid Protein” 
 
2:45-3:15 Invited talk – David Vinyard, Louisiana State University, “Protons and chloride gate 

photo-assembly of the Photosystem II oxygen-evolving complex”  
 
3:15-3:30 Hannah Sayre, Princeton University, “Charge Recombination Deferred: PCET Improves 

Photocatalysis Efficiency” 
 
3:30-3:45 Yingying Zhang, City University of New York, “Network Analysis of Proton Transfer 

Pathways to QB in bRCs” 
 
3:45-4:15 Invited talk – John Golbeck, Pennsylvania State University, “The Birth of Charge 

Separation in Photosystem I” 
 
4:15-4:30 Alexandra Trempe, Concordia University, “Effects of Chlorophyll Triplet States on the 

Kinetics of Spectral Hole Growth” 
 
4:30-4:45  Break – 15 min 
 
4:45-6:30  Session 4 – Applied and artificial photosynthesis 
    Moderator: Zhanjun Guo 
 
4:45-5:15 Invited talk – Shelley Minteer, University of Utah, “Engineering Cyanobacteria for 

Bioelectrosynthesis" 
 
5:15-5:30 Matthias Waegele, Boston College, “Potential-Induced Switch in the Mechanism of the O-

O Bond Formation Step of Water Oxidation on Co-Oxide-Based Electrocatalysts” 
 
5:30-5:45 Eskil Andersen, City College of New York, “An adaptable scaffold for complex multi-

cofactor assembly” 
 
5:45-6:15 Invited talk – Ana Moore, Arizona State University, “PCET in Artificial 

Photosynthesis” 
 
6:15-6:30 Jianping Yu, National Renewable Energy Laboratory, “A novel guanidine-degrading 

enzyme controls genomic stability of ethylene-producing cyanobacteria” 
 
6:30-6:45  Business meeting and closing remarks  
 
6:45-8:15  Virtual happy hour and poster session  
7:30    Announcement of student talk and poster awards 
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Heterogeneity in photosystem I and its antennae systems 
 

Yuval Mazor1,2, Hila Toporik1,2, Zach Dobson1,2, Jin Li1,2, Christopher Gorski1,2, Zhen Da1,2, Dewight 
Williams2,3, Po-Lin Chiu1,2, Reece Riddle1,2 

 
1School of Molecular Sciences, Arizona State University, Tempe, AZ, 85287-1604, USA.  2Biodesign Center for 
Applied Structural Discovery, Arizona State University, Tempe, AZ, 85287, USA.  3John M. Cowley Center for 

High Resolution Electron Microscopy, Arizona State University, Tempe, AZ, 85287, USA. 
 

Most of the chlorophylls in thylakoid membranes are bound by peripheral antennae subunits. The 
flexibility of antennae assembly and transfer efficiency underlies much of the adaptability of photosynthetic 
systems to different environments and light conditions. Two main membrane bound antenna paradigm exist 
in oxygenic photosynthesis. In eukaryotes, the light harvesting family of antennae diversified into many 
different forms with altered functions and binding sites. We determined the structure of the photosystem I 
– light harvesting complex I (PSI-LHCI) from moss which reveals the composition of LHCI antenna in one 
of the earliest land colonizers. In contrast to eukaryotes, many cyanobacteria employ a single gene called 
IsiA as their only membrane bound chlorophyll containing antennae. I will describe the structure of the 
PSI-IsiA super-complex which includes 18 IsiA subunits. Using Cryo-EM we have observed an unusual 
form of heterogeneity in this large complex which is absent from LHC containing PSI super-complexes 
from eukaryotes.  
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Regulation of tetrapyrrole biosynthesis and membrane morphogenesis in purple bacteria 
 

Jack H. Salisbury1, Philip J. Jackson1,2, Daniel P. Canniffe3, C. Neil Hunter1, Robert Niederman4 and 
Andrew Hitchcock1 

 
1Department of Molecular and Biology, University of Sheffield, Sheffield, UK.  2Department of Chemical and 
Biological Engineering, University of Sheffield, Sheffield, UK.  3Biochemistry & Systems Biology, Institute of 
Systems, Molecular & Integrative Biology, University of Liverpool, Liverpool, UK.  4Department of Molecular 

Biology and Biochemistry, Rutgers Energy Institute, Rutgers University, NJ, USA. 
 

Rhodobacter (Rba.) sphaeroides is a model organism for studying the assembly and molecular 
architecture of photosynthetic membranes. It undergoes a characteristic morphological switch at low 
oxygen tension, which triggers the synthesis of photosynthetic reaction centres and light-harvesting 
complexes. The assembly of these pigment-protein complexes coincides with the invagination and budding 
of the inner membrane to form ‘chromatophores’, discrete membrane vesicles containing the photosynthetic 
apparatus. Here we present our preliminary investigation of three previously uncharacterised proteins with 
possible roles in the coordination of pigment biosynthesis with pigment-protein and membrane assembly 
in Rba. sphaeroides. 

RSP_6067, a predicted 3 transmembrane helix protein, was identified in co-immunoprecipitations as 
interacting with PufQ and ferrochelatase (FeCH). RSP_6067 appears to mediate the stable association of 
these two proteins, forming a complex with a role in redirecting porphyrin flux for bacteriochlorophyll 
biosynthesis under photosynthetic conditions. The outer membrane protein assembly factor BamA also 
interacts with RSP_6067, suggesting Rsp_6067 may have a role in linking inner and outer membrane 
assembly processes in Rba. sphaeroides. 

The RSP_6207 and RSP_1508 genes are found in a conserved gene cluster with hemD, which encodes 
an essential tetrapyrrole biosynthesis enzyme. RSP_6207 is homologous to the Mic60 subunit of the 
mitochondrial contact site and cristae organizing system (MICOS), with a conserved coiled-coil region and 
a C-terminal mitofilin domain. It has been suggested that RSP_6207 may be the evolutionary progenitor of 
mitochondrial Mic60 and may play a role in chromatophore biogenesis in photosynthetic α-proteobacteria. 
FLAG-tagged RSP_6207 binds ribosomal proteins, suggesting it may be a site of protein synthesis during 
chromatophore assembly. RSP_1508 and homologues in other proteobacteria are mis-annotated as a 
HemY-like proteins but are not homologous to the HemY isoform of the protoporphyrinogen oxidase. 
RSP_1508 is an inner-membrane-anchored tetratricopeptide repeat containing protein and we predict it may 
act as a scaffold to coordinate ribosomal proteins and assembly factors. 
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Structure of Cyanobacterial Phycobilisome Core Revealed by Structural Modeling and 
Chemical Cross-linking 

 
*Haijun Liu1,2,3, Mengru M. Zhang1, Daniel A. Weisz2,3, Ming Cheng1, Himadri B. Pakrasi2,3, Michael L. 

Gross1,3, Robert E. Blankenship1,2,3 

 
1Department of Chemistry, Washington University in St. Louis, St. Louis, MO 63130, USA.  2Department of 
Biology, Washington University in St. Louis, St. Louis, MO 63130, USA.  3Photosynthetic Antenna Research 

Center (PARC), Washington University in St. Louis, St. Louis, MO 63130, USA.   
 

*Address correspondence to:  Haijun Liu, Department of Chemistry, Washington University in St. Louis, St. Louis, 
MO 63130 USA, E-mail: liuhaijun@wustl.edu, Phone: 314-201-9669 

 
Key Words: Phycobilisome, Phycobilisome core structure, Protein structure prediction, I-TASSER, Mass 

Spectrometry, Protein Cross-linking, Photosynthesis 
 

In cyanobacteria and red algae, the structural basis dictating efficient excitation energy transfer from 
the phycobilisome (PBS) antenna complex to the reaction centers (RCs) remains unclear. The PBS has 
several peripheral rods and a central core that binds to the thylakoid membrane, allowing energy coupling 
with Photosystem II (PSII) and Photosystem I (PSI). Here, we have integrated chemical cross-linking mass 
spectrometry with homology modeling analysis to propose a tricylindrical cyanobacterial PBS-core 
structure. Our model reveals a side view crossover configuration of the two basal cylinders, consolidating 
the essential roles of the anchoring domains comprised of the ApcE PB-loop and ApcD, which facilitate 
the energy transfer to PSII and PSI respectively. The uneven bottom surface of the PBS-core contrasts with 
the flat reducing side of PSII. The extra space between two basal cylinders of the PBS-core and PSII 
provides increased accessibility of regulatory elements, e.g., orange carotenoid protein, which are required 
for modulating photochemical activity.     
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d2-Cysteine as a Vibrational Probe of Plastocyanin – Cytochrome f Interactions 
 

Claire C. Mammoser1 and Megan C. Thielges1 

 
1Indiana University, Bloomington, Indiana, United States 

 
Plastocyanin (Pc), a soluble blue copper protein, shuttles electrons between cytochrome f (cyt f) and 

photosystem I as part of the photosynthetic electron transport chain. The binding of Pc and cyt f is expected 
to influence the redox properties of each protein through tuning of their metal centers, allowing for efficient 
electron transfer in the transient complex. To directly monitor the Pc copper center, we have utilized 
infrared spectroscopy of a d2-cysteine probe, which replaces the cysteine copper ligand. Use of this method 
allows the metal center to be monitored in both of its redox states, which is inaccessible by many other 
common methods. We characterized the probe in Cu(I), Cu(II), and Zn(II) Pc, demonstrating both that the 
frequency of d2-cysteine’s vibrational absorbance is extremely sensitive to changes in the metal center, and 
that it primarily responds to change in the metal charge. We then studied Pc in complex with cyt f, and 
found that the response of the probe upon binding of the redox partner was greater than that observed when 
changing the charge of the metal center. This approach demonstrates the utility of deuterated amino acid 
vibrational probes as direct reporters on the redox properties of metal centers in proteins independent of 
electronic configuration. Additionally, we have gained a new understanding of the effect of cyt f binding 
on the Pc copper center. 
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Expansion of positively charged cavities enabled the evolution of substrate specificity in 
Rubisco 

 
Saroj Poudela, Douglas H. Pikeb, Hagai Raanana, Joshua A. Mancinia, Vikas Nandab, Rosalind E. M. 

Rickabyc, and Paul G. Falkowskia. 
 

aEnvironmental Biophysics and Molecular Ecology Program, Department of Marine and Coastal Sciences, Rutgers 
University, New Brunswick, NJ 08901.  bCenter for Advanced Biotechnology and Medicine, Rutgers University, 

Piscataway, NJ 08854.  cDepartment of Earth Sciences, University of Oxford, OX1 3AN Oxford, United Kingdom 
 

Ribulose 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is the most abundant enzyme on Earth 
that incorporates CO2 into photosynthetic metabolism. The enzyme predominantly catalyzes the addition 
of the primary substrate carbon dioxide (CO2) from the environment to ribulose 1,5- bisphosphate (RuBP) 
to form two molecules of 3-phosphoglycerate (i.e., carboxylation), each of which subsequently is reduced 
to an aldehyde in the Calvin–Benson– Bassham cycle. However, its catalytic rate per molecule of protein 
is extremely slow and the binding of the primary substrate, CO2, is competitively displaced by O2. While 
the reaction with the former leads to the productive formation of organic carbon, reaction with the latter 
leads to a metabolically futile, but energetically costly pathway. Hence, carbon fixation by RuBisCO is 
highly inefficient; indeed, in higher C3 plants, about 30% of the time the enzyme mistakes CO2 for O2. 
Using genomic and structural analysis, we identify regions around the catalytic site that play key roles in 
discriminating between CO2 and O2. Our analysis identified positively charged cavities directly around the 
active site, which are expanded as the enzyme evolved with higher substrate specificity. The residues that 
extend these cavities have recently been under selective pressure, indicating that larger charged pockets are 
a feature of modern RuBisCOs, enabling greater specificity for CO2. This work will highlight key structural 
features that enabled the enzyme to evolve improved CO2 sequestration in an oxygen-rich atmosphere and 
discuss future work that may guide the engineering of more efficient RuBisCOs. 
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Understanding processes that limit lipid accumulation 
 

Jantana Keereetaweep, Zhiyang Zhai, Hui Liu, and John Shanklin 
 

Biology Department, Brookhaven National Laboratory, Upton, New York 11973 
 

The first committed step in fatty acid synthesis is mediated by Acetyl-CoA carboxylase (ACCase). 
By using Arabidopsis suspension culture cells, our recent study showed that ACCase can be regulated by 
short-term (reversible) and longer-term (irreversible) inhibition by the oversupply of fatty acids (FA) upon 
feeding with Tween80. Inactive analogs of biotin carboxyl carrier proteins (BCCPs), Biotin-Attachment-
Domain-Containing (BADC) proteins, can displace BCCP subunits within ACCase complex and 
downregulate its activity. We present the two important homeostatic roles for BADC proteins in the 
regulation of ACCase activity: firstly, during normal growth and development, and secondly, by 
contributing to its long-term irreversible feedback inhibition from oversupply of FA.  Another study 
demonstrated the involvement of a catalytic α-subunit of the SUCROSE-NON-FERMENTING1-
RELATED PROTEIN KINASE1 (SnRK1) in the phosphorylation-dependent proteasomal degradation of 
WRINKLED1 (WRI1). We recently showed that trehalose-6-phosphate (T6P) an inhibitor of SnRK1, 
directly interacts with KIN10, weakening its association with GEMINIVIRUS REP-INTERACTING 
KINASE1 (GRIK1), consequently stabilizing WRI1. We tested the hypothesis that the phosphate group on 
T6P can preferentially bind to a site on KIN10 in an area of positively charged residues i.e., lysines or 
arginines. Several potential T6P binging sites were identified upon the inspection of the surface of a KIN10 
homology model. Alanine mutants were generated. Equilibrium dissociation constants (Kd) between alanine 
mutants and T6P or GRIK1 were obtained from microscale thermophoresis. Collectively, we propose the 
potential binding site(s) for T6P on KIN10 and rationalize how it weakens the interaction between KIN10 
and GRIK1, blocking its activation. 
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The Cyanobacterial Circadian Clock – A Key to Future Biofuel 
 

Pyonghwa Kim 
 

New Jersey Institute of Technology 
 

Amidst growing global concerns over greenhouse gas emissions and potential energy crisis, a growing 
number of studies are focusing on the possible ways to harvest electrons and chemicals from cyanobacteria 
through bioengineering. For billions of years, cyanobacteria have been using sustainable solar energy to 
capture CO2 and split H2O, contributing to the oxygenic atmosphere that we breathe today. Among them is 
Synechococcus elongatus PCC 7942, whose physiology is regulated by a circadian clock, in which the 
expression of light-harvesting proteins peaks just before sunrise and the proteins that break down stored 
glycogen peaks right before sunset. 

Having evolved to ensure optimal survival in the periodic light/dark cycle on this planet, S. elongatus 
is the simplest clock-harboring organism with a powerful genetic tool that has enabled the identification of 
its intricate timekeeping mechanism. The three central oscillator proteins—KaiA, KaiB, and KaiC—drive 
the 24-h cyclic gene expression rhythm of cyanobacteria, and the “ticking” of the oscillator can be 
reconstituted inside a test tube just by mixing the three recombinant proteins with ATP and Mg2+. Along 
with its biochemical resilience, the post-translational rhythm of the oscillation can be reset through sensing 
oxidized quinone, a metabolite that becomes abundant at the onset of darkness. In addition, the output 
components pick up the information from the central oscillator, tuning the physiological and behavioral 
patterns and enabling the organism to better cope with the cyclic environmental conditions. 

Our recent work involves the central oscillator protein—KaiC, which has a C-terminal chain called the 
“A-loop.” This loop conformationally switches between two states in a temporal manner, regulating the 
post-translational activity of KaiC. Applying a site-mutation locked its position to stay constitutively 
phosphorylated in vitro, and this mutation would result in continuous night-time mode in vivo. In another 
work, we found that oxidized quinone, a photosynthetic redox metabolite, binds and inactivates clock 
components in a temporal manner, creating phase shifts that are necessary to synchronize the circadian 
oscillation to that of the environmental light/dark cycle. This bolsters the notion that photosynthesis is 
deeply embedded into the workings of the circadian clock.  

Because the circadian clock controls a majority of S. elongatus’ metabolic processes, including 
photosynthesis, understanding the biochemical mechanism behind the clockwork is crucial in modulating 
the light-harvesting activity. By modulating the circadian clock role in determining the cell’s daytime or 
nighttime state, scientists were successful in creating a mutant strain that displays a constitutively nighttime 
phenotype, thus transforming the photoautotrophic organism into a fully chemotrophic one. Our goal is to 
further study the biochemical clockwork in order to make the photoautotrophs fully phototrophic by 
modulating the clock activity to continuously stay in daytime mode. 

If the proliferation of cyanobacteria billions of years ago led to an atmospheric transformation, 
bioengineering cyanobacteria can be considered as one of the potential strategies to combat environmental 
and energy crises. By understanding the functional and structural properties of the cyanobacterial circadian 
clock, we aim to give hope to the possibility of undoing the man-made production of CO2. 
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Are you really measuring the intrinsic rate of CO2 fixation? A better method is now 
available to measure carboxylation kinetics 

 
Apostolos Zournas1,2, Marie-Claire Ten Veldhuis3, Gennady Ananyev1,4, G. Charles Dismukes1,4 

 

1Waksman Institute of Microbiology.  2Department of Chemical and Biochemical Engineering.  3Department of 
Civil Engineering and Geosciences, Delft University of Technology, Delft, NL.  4Department of Chemistry and 

Chemical Biology, Rutgers University, Piscataway, NJ, USA 
 

Supported by the DOE-BES Photosynthetic Systems. 
 

Historically, the CO2 fixation rate in plants has been measured by the rate of uptake of external CO2 
gas in equilibrium with the plant leaf by sampling the concentration of gas phase CO2. This method 
measures the kinetics of transport of external CO2 to the site of carboxylation, controlled by stomata 
conductance (in plants) and transport resistance to the site of carboxylation. It is, therefore, completely 
insensitive to the kinetics that control generation of the primary reductant, NADPH, and its consumption 
by carboxylation within RuBisCO. An alternative technique was proposed in 1989 by Genty et al, where it 
was shown that Chl-fluorescence could be used as a proxy for CO2 carboxylation. We describe a variation 
on this method using Fast Repetition Rate Fluorometry (FRRF) to measure the CO2-dependent portion of 
Chl variable fluorescence yield arising from PSII. This method is applicable to all phototrophs (terrestrial 
and aquatic), overcomes the slow time resolution of PAM fluorometry and is more convenient and faster 
than expensive gas-exchange instruments. It measures the number of saturating light flashes to fill the 
intermediate carrier pools (reduce PQ and NADP+) and for the upstream oxidant (CO2) to empty them. This 
method determines the capacity and times to reoxidize each pool of reductants (PQH2, NADPH). With 
calibration it can also measure the number of electrons from substrate water molecules used to fix CO2.  
Here we develop this method by testing specific inhibitors that selectively target individual ETC sites 
(DCMU, DBMIB and IAA) and titrate the internal CO2 pool within Nannochloropsis oceanica, a salt-water 
heterokont. We have applied this technique to various aquatic phototrophs (cyanobacteria, and algae), intact 
higher plants (C3, C4 and CAM) and lichens, comparing the intrinsic capacities/timescales to fill and empty 
each intermediate pool in the ETC and for NADPH-dependent carboxylation of CO2. This tool can support 
rapid screening on small volume samples and thus is well-suited to high-throughput screening.  
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Long-term time-lapse imaging of cyanobacterial carboxysomes reveals a direct role for 
rubisco oxygenase activity in photoprotection 

 
Nicholas Hill1,3, Jian Wei Tay2, Colin Gates1,3, Evan B. Johnson1,3, Jeffrey C. Cameron1,3,4 

 
1Renewable and Sustainable Energy Institute, University of Colorado, Boulder, CO 80309, USA.  2 Biofrontiers 

Institute, University of Colorado, Boulder, CO 80309, USA.  3Department of Biochemistry, University of Colorado, 
Boulder, CO 80309, USA.  4National Bioenergy Center, National Renewable Energy Laboratory, Golden, CO 

80401, USA. 
 

Metabolism is highly organized in space and time. In bacteria, this spatial and temporal organization 
of metabolism enables multiple, often competing, reactions to occur simultaneously in the same cell. 
However, the architectural principles of metabolic reaction networks and underlying cellular complexity of 
bacterial cells is only beginning to be appreciated. To unlock the true potential of synthetic biology and 
design novel microbial systems, signaling pathways and metabolic networks, the subcellular environment 
must be considered (in space and time). Our interdisciplinary research team harnesses cutting-edge 
synthetic biology tools, advanced live-cell imaging modalities, quantitative image analysis, and an 
integrated theoretical framework to investigate the regulatory and physical design principles underlying the 
spatiotemporal modulation of metabolism in single bacterial cells. 

Cyanobacteria are major primary producers and are unique in their ability to perform oxygenic 
photosynthesis, nitrogen fixation, and CO2 fixation using light energy; these reactions are naturally 
optimized through spatial and temporal separation. These attributes make cyanobacteria ideal platforms to 
investigate and modulate cellular architecture and metabolism. Understanding the design principles that 
enable robust functionality of the photosynthetic machinery is a fundamental challenge that we are trying 
to tackle. Carboxysomes are prototypical bacterial microcompartments (BMCs) that sequester ribulose 1,5 
carboxylase/oxygenase and carbonic anhydrase within a semi-permeable shell and function as key 
components of the CO2-concentrating mechanism (CCM) in all cyanobacteria. However, our recent carbon 
isotope evidence indicates that carboxysomes evolved in response to a rise in molecular oxygen as a result 
of oxygenic photosynthesis, rather than a decline in CO2-levels (Hurley et. al. 2021). We recently developed 
a system to control the assembly of functional carboxysomes in the cyanobacterium Synechococcus sp. 
PCC 7002, which has enabled us to track individual carboxysomes over their entire lifetime and across 
multiple cellular generations (Hill et al. 2020). By examining cyanobacterial mutants with defects in 
photosynthesis and carbon fixation, we identified a novel sub-cellular structure in which carboxysomes are 
targeted to a thylakoid membrane vesicle/extrusion mediated by Vipp1 and in close proximity to 
polyphosphate. During photodamaging conditions, this complex plays a critical role in photoprotection and 
indicates a specific role for the rubisco oxygenase in the repair cycle of photosystem II. Rubisco oxygenase 
activity is likely not an evolutionary defect of the enzyme, but is an essential part of its role in the cell.  

 
Hurley SJ*, Wing BA, Jasper CE, Hill NC, Cameron JC*. Carbon isotope evidence for the global physiology of 

Proterozoic cyanobacteria. (2021) Science Advances Vol 7. No. 2, eabc8998, (*Corresponding Author) 
Nicholas C. Hill, Jian W. Tay, Sabina Altus, David M. Bortz, Jeffrey C. Cameron. (2020). Lifecycle of a 

cyanobacterial carboxysome. Science Advances 6 (19): eaba1269 
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Decreased reaction center size and faster relaxation kinetics, but not electrogenic current 
generation, as evolutionary adaptations allowing photosynthesis in arid desert crust. 

 
Gartrell Bowling1, Melanie Grogger2, Patrick Hallenbeck2, Don Veverka2, and Kamil Woronowicz1 

 
1Department of Chemistry and Life Science, United States Military Academy, West Point, NY 10996.  2 Life 

Sciences Research Center, United States Air Force Academy, Air Force Academy, CO 
 

Contact information: kamil.woronowicz@westpoint.edu 
 

Here we report the physiological, genomic, UVB-radiation resistance, electrogenic, and kinetic 
characterization of four novel cyanobacterial strains.  Strains LSRC 5 and LSRC 140 were isolated from a 
hot spring located in the Southern Rocky Mountains Physiographic Province, and strains LSRC 45 and 
LSRC 58 were co-isolated from a rehydrated desert crust sample from Utah, Colorado Plateau.  These 
strains exhibited slow and light-dependent growth characteristics.  Optimal growth for the two hot springs 
strains, which were selectively isolated for growth on carbon cloth under illumination, occurs at higher 
illumination of 500 μE m-2 s-1, with doubling times of 34 h and 98 h, respectively for LSRC 5 and LSRC 
140.  Desert crust isolate LSRC 45, on the other hand, grows optimally at a lower light intensity of 100 μE 
m-2 s-1 showing a much slower doubling time of 239 h.  

Analysis of 16S ribosomal RNA sequences and cell morphology suggests that LSRC 45 is almost 
certainly a Scytonema (99.5% BLAST identity) while its desert crust co-isolate LSRC 58 does not have any 
very close matches, with the highest identity to Leptolynbya (97%). Hot springs strain LSRC 5 is more 
closely related to a Leptolyngbya (98%) while LSRC 140 is very likely a Stanieria (99.6%).   Despite both 
having the most identity to Leptolynbya species, the sequences for LSRC 58 and LSRC 5 are only 86% 
identical to each other.   

Growth after a short UV stress was examined in strains LSRC 58 and LSRC 5.  While the desert crust 
strain showed a recovery similar to a reference strain of PCC 7942, the hot spring strain displayed a lag 
phase of about one doubling time (40 h).   

Electrogenic current generation measured using whole cells can give us a glimpse of the ultimate fate 
of the electrons generated from water using oxygen evolving complex (OEC) of PSII.  Among four strains, 
the hot spring strains exhibited a 2.75-5.62 fold higher electrogenic current generation when compared to 
the desert crust strains. 

Lastly, fluorescence measurements showed several interesting trends.  First, while the quantum yield 
of hot spring strains approximated those of a reference Synecchocystis PCC 7942 strain, the desert crust 
strains were less efficient and only attained Fv/Fm 59-64 % of the reference strain.  Conversely, functional 
cross section for our strains were only 57-63 % of the PCC 7942’s, except the desert crust strain LSRC 58 
which exhibited sigma approaching 85 % of the reference strain.  Interestingly, both desert crust strains 
exhibited higher contribution of the fastest τ1 during the relaxation, 0.53 and 0.6 compared to hot spring 
strains values of 0.41 and 0.48, which were comparable to the PCC 7942 value of 0.47.  Although many 
photosynthetic organisms including cyanobacteria can alter their antennae size to effectively adjust PSII 
reaction center size inversely with intensity of light, it is interesting to note that the transfer of excitation 
energy to the primary acceptor, quinone, is 10 – 46% faster in the desert crust species as compared to their 
aquatic counterparts.  Future studies will determine the contribution of non-photochemical quenching 
(NPQ) in all four species. 
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Photoswitching of Collective Structural Vibrations of Photoprotection Orange Carotenoid 
Protein 

 
McKinney, J.A.1, Sharma, A.1, Deng, Y.1, George, D.1, Kerfeld, C.2, Markelz A.1 

 
1Department of Physics University at Buffalo, New York 14260, USA.  2MSU-DOE Plant Research Laboratory, 

Michigan State University, East Lansing, MI, 48823 USA 
 

Orange carotenoid protein (OCP) plays a role in photoprotection of cyanobacteria. It enacts non-
photochemical quenching (NPQ) via interactions with the light harvesting antenna, the phycobilisome 
(PBS), to prevent oxidative stress in conditions of bright light. OCP is comprised of two globular domains 
that form a hydrophobic binding pocket for a carotenoid chromophore. Upon activation by blue-green light, 
the domains separate, the carotenoid is translocated into the N-terminal domain, the absorbance spectrum 
is red shifted and the N-terminal domain may proceed to interact with the PBS to enact NPQ [1]. The 
mechanism that drives large scale structural changes upon photoexcitation is not known, however long-
range intramolecular vibrations that steer the structure toward functional conformations has been suggested. 
Characterization of these vibrations requires a technique that is sensitive to specific structural motions, such 
as anisotropic absorbance [2]. Here, we use anisotropic terahertz microscopy (ATM) to probe 
intramolecular structural vibrations in dark adapted and illuminated OCP crystals [3]. Recombinant 
cyanobacterial OCP was purified and crystallized as previously reported [4]. The ATM measurements find 
distinct vibrational bands that reversibly shift with photoexcitation, which cannot be due to large scale 
structural changes that are prevented by crystal contacts [5]. The results indicate a reorientation of 
vibrational displacements upon photoexcitation. We suggest that these changes in intramolecular vibrations 
may steer the globular structure away from the inactive conformation and toward photoprotective 
conformations that are involved in carotenoid translocation, PBS interactions and heat dissipation by NPQ. 
This work was supported by the National Science Foundation (MCB 1616529) and the U.S. Department of 
Energy (DE-SC0016317) 
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Protons and chloride gate photo-assembly of the Photosystem II oxygen-evolving complex 
 

David J. Vinyard1, Syed Lal Badshah1, M. Rita Riggio1, Divya Kaur2, Brandon Russell1, Annaliesa 
Fanguy1, and M. R. Gunner2 

 
1Department of Biological Sciences, Louisiana State University, Baton Rouge, LA.  2Department of Physics, City 

College of New York, New York, NY 
 

Photosystem II (PSII) performs solar-driven water oxidation catalyzed by the Mn4CaO5 oxygen-
evolving complex (OEC). PSII requires frequent degradation of key subunits and reassembly of the OEC 
at a high energetic cost. The metal ions for the OEC are assembled within the PSII protein environment via 
a series of binding events and photochemically induced oxidations. The formation of multiple µ-oxo bridges 
that ligate these ions requires water deprotonation events. Using kinetic experiments and classical 
Multiconformer Continuum Electrostatic simulations, we show that chloride facilitates one or more 
deprotonation events in the light-independent, rate-limiting step of OEC assembly. These results will be 
discussed in the context of recent cryogenic electron microscopy structures of apo-OEC PSII. 
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Inspired by the Tyrz-His190 pair in photosystem II, in which proton-coupled electron transfer (PCET) 

limits charge recombination, we have coordinated a benzimidazole phenol (BIP) ligand to an Ir(III) 
photoredox catalyst. Transient absorption spectroscopy experiments reveal PCET from the BIP ligand 
quenches a metal-to-ligand charge transfer (3MLCT) excited state to form a charge-separated (3CS) state. 
The hole formed upon photooxidation of the control photocatalyst resides on Ir(IV) but is localized on BIP•+ 
in our bio-inspired photocatalyst. BIP coordination decreased the charge recombination rate constant 
following photoinitiated electron transfer to methyl viologen (MV2+) by an order of magnitude. An eight-
fold increase in quantum yield for a phthalimide ester reduction with the bio-inspired photocatalyst 
demonstrates improved efficiency. 
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The bacterial reaction center, bRC carries out a series of electron and proton transfer reactions following 
absorption of a photon. bRCs catalyze the sequential transfer of two electrons and two protons to reduce 
the ubiquinone bound in the QB site, to produce the product QH2, which dissociates from the protein. PSII 
uses plastoquinone as QB, carrying out the same reactions to create a reduced quinone product. However, 
in PSII the QB site is close to the stromal surface, while in bRCs the H subunit caps the protein, requiring a 
longer path for protons to enter to bind to the quinone.  

In bRCs a large number of acidic or basic residues buried in the protein near QB influence the 
electrochemistry of the quinone and provide a tangled web of possible paths for proton transfer. The system 
has been very well studied by site-directed mutagenesis. These studies show that L-Asp 210 and Asp 213 
may share a proton in the ground state, serving as a proton loading site (PLS) for the first proton delivered 
to the quinone, L-Glu212 is the PLS for the second proton provided to QB.1 bRCs also have a well 
characterized external cluster made up of H-Asp124, H-His126, H-His128 which are proposed to be a 
proton collection site.2,3 Experiments have shown that the mutants L-Asp213Asn and L-Ser223Ala slow 
the rate of the first proton transfer to QB, with the mutation of L-Asp213 having a bigger impact.4,5 The 
mutant L-Glu212Gln does not affect the delivery of the first proton, supporting this site being protonated 
in the presence of QB

-. However, the transfer of the second proton is totally blocked, indicating Glu212 is 
a unique single site PLS, required to deliver the second proton.6–8  

We will present combined molecular Dynamics (MD) and MCCE calculations with network analysis 
to investigate the role of these residues in proton pathways by tracing the complex H-bond networks in 
bRCs. 

We would like to acknowledge financial support from the Division of Chemical Sciences, Geosciences, 
and Biosciences, Office of Basic Energy Sciences, U.S. Department of Energy (DE-SC0001423). 
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The mechanism of initial charge separation in Photosystem I (PS I) remains the topic of intense study. 
In one model, charge separation takes place between Chl2A and Chl3A or between Chl2B and Chl3B; the 
primary donor is Chl2A or Chl2B and the primary acceptor is Chl3A or Chl3B (Muller et al. 2003; Donato et 
al. 2011). Here, Chl2

+P700→Chl2P700
+ occurs in the ps time scale after which electron transfer proceeds to 

A1A/B (Holzwarth et al. 2006). In a second model, the excited state P700
* decays into the charge-separated 

states P700
+Chl2A

− and P700
+Chl2B

−. Further electron transfer to the Chl3A and Chl3B result in the charge-
separated states P700

+Chl3A
− and P700

+Chl3B
−. Here, P700 is the primary donor (Melkozernov et al. 2000; 

Savikhin and Jankowiak 2014) and A0, which consists of Chl3A and Chl3B, is the primary acceptor (Shelaev 
et al. 2010). In a recent refinement of this model, P700 is shown to be electronically coupled with Chl2A and 
Chl2B to produce a symmetric tetrameric exciplex Chl2APAPBChl2B in which the excited state 
(Chl2APAPBChl2B)* is mixed with two charge-transfer states P700

+Chl2A
− and P700

+Chl2B
− (Shelaev et al. 

2010) before generation of the charge-separated states P700
+Chl3A

− and P700
+Chl3B

−. In this talk, I will 
provide evidence based on time-resolved optical spectroscopy on the fs and ps timescales that favors the 
model in which the initial excited state (Chl2APAPBChl2B)* is mixed with two charge-transfer states 
P700

+Chl2A
− and P700

+Chl2B
− (Cherepanov, et al. 2021). This initial step is followed by transfer of the electron 

to the primary acceptor, A0. To probe the electronic structure of the primary electron acceptor chlorophyll(s) 
in the A-branch of PS I, we employed two-dimensional hyperfine sublevel correlation (HYSCORE) 
spectroscopy in conjunction with density functional theory. Using a combination of empirical and 
computational methods, I will provide evidence that the primary acceptor of PS I is a dimer of Chl2A and 
Chl3A, with an asymmetric electron charge density distribution (Gorka et al., 2021). The complete model 
that employs results from these two studies argues for a thermodynamically driven, smooth migration of 
the electron density from Chl2A

− and Chl2B
− to Chl2B and Chl3B to form the (Chl2AChl3A)− and (Chl2BChl3B)− 

pairs that constitute A0A/A0B. These initial events are followed by the formation of the quasi-stable P700+ 
(A1A/B)– pair in 13-26 ps (Savikhin et al. 2001). We suggest that the incorporation of highly coupled donors 
and acceptors in PS I allows for extensive delocalization of the electron that prolongs the lifetime of the 
charge-separated state, providing for a very high quantum efficiency. These studies have important 
implications for the role of the accessory chlorophyll molecules in photosynthetic reaction centers as well 
as for the evolution of Type I reaction centers. 
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Photosynthesis is an extraordinary process responsible for all life on Earth. While enough light energy 
must be harvested by the chlorophyll (Chl) pigments, it must also be ensured that there is no photodamage 
to the pigment-protein complexes. One source of photodamage involves Chl triplet states. Normal energy 
transfer involves singlet states, where the pigment starts in the ground state and becomes excited, only to 
go back down and transfer energy to an acceptor pigment. However, excited Chl can also transition to the 
triplet state and, in aerobic conditions, its energy can then be transferred to molecular oxygen. This leads 
to a highly oxidizing singlet oxygen and can lead to photoinhibition, meaning the plant’s capacity for 
photosynthesis is reduced1. Thankfully, photoprotective features can stop the Chl triplet states from being 
transferred to oxygen. 

Chl triplet states can affect the results of various optical spectroscopy experiments. Triplet lifetimes 
increase from ~100 microseconds at room temperature to milliseconds at cryogenic temperatures2. One type 
of experiment performed near absolute zero is spectral hole burning, and, in our case, more specifically 
non-photochemical hole burning (NPHB). This technique revolves around “burning” a hole in the 
absorption spectrum at a particular wavelength. The process is explained via a simplified energy landscape 
of the pigment-protein complex called a two-level system (TLS). First, the pigments that happen to have 
transition energies in resonance with the laser become excited. From there, the pigment-protein systems 
can tunnel through the barrier in the excited state TLS and end up in a different excited state well. Then, 
the systems relax back to the ground state, which is different from the starting state. As barriers are higher 
in the ground state, the pigment-protein systems can’t easily go back to the starting state, leading to a 
persistent hole in the spectrum of an ensemble of pigments. 

In our NPHB experiments on cytochrome b6f and modified LH2 we observed 1) a significant mismatch 
between the hole depths obtained from the hole growth kinetics (HGK) curves and the actual hole depths 
seen in post-burn spectra and 2) slowdown of HGK with increased light intensity, which was much more 
prominent for pigment-protein complexes in deuterated solvent. We dubbed this phenomenon the 
“deuteration effect”. These observations led us to improve our NPHB models by including the triplet states. 

Triplet states gave rise to significant modifications in our NPHB master equation, such as the formation 
of transient holes in the first milliseconds of burning. This explained the mismatch between persistent hole 
depths observed with different NPHB modalities. Through our simulations, we observed that triplet states 
would indeed lead to slower hole burning and would play a bigger role at higher light intensities. We also 
simulated the deuteration effect. According to the available literature, solvent deuteration can increase Chl 
triplet lifetimes by approximately 25%3. In our modeling, we increased triplet lifetimes five times. 
However, in the end, the increased triplet lifetimes could not fully account for the deuteration effect we 
observed. Therefore, there is likely another contributing factor such as local heating of the pigment-protein 
complexes due to poor heat conduction though the protein - solvent interface. 
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Ammonia is currently the second most widely produced chemical in the world (second to sulfuric 
acid). Most ammonia (over 66%) is now produced through the Haber−Bosch process, consuming 
approximately 5% of the global natural gas production and contributes to over 3% of global carbon dioxide 
emissions. In an effort to develop an electrochemical alternative, we have engineered cyanobacterium to 
perform nitrogen fixation under ambient conditions without consuming natural gas, in stark contrast to the 
Haber-Bosch process that requires extreme temperatures and pressures to the same end. To realize the 
heterologous expression of nitrogenase, we transformed the cyanobacterium S. elongatus PCC 7942 with 
the minimal nitrogen fixation (nif) gene cluster. Nitrogenase can reduce N2 to NH3 at mild conditions (< 40 
oC, atmospheric pressure). There are three known types of nitrogenase, in which the central composition of 
their active-site metalloclusters are molybdenum(Mo), vanadium (V), and iron (Fe), respectively. Most 
biological nitrogen fixation is catalyzed by the Mo-based nitrogenase enzyme. Biosynthesis of Mo-
nitrogenase generally requires a large number of nif genes. However, the transformation and transcription 
of such a larger set of gene cluster into the cyanobacterium is challenging.  In this work, a minimal nif 
cluster with reduced genetic complexity was chosen to accomplish the transformation of the 
cyanobacterium S. elongatus PCC 7942. The cyanobacterium S. elongatus PCC 7942 was transformed with 
nif genes and it was shown to be able to express active nitrogenase. The engineered S. elongatus PCC 7942 
was immobilized on an electrode to accelerate the microbial conversion of nitrogen into ammonium using 
electrichemical driving forces. Methyl viologen (MV) was added as an electron mediator to shuttle electrons 
from the electrode to the enzyme active center, since MV can go through the cell membrane and deliver 
continuous electrons to nitrogenase.   
  



22 
 

Potential-Induced Switch in the Mechanism of the O-O Bond Formation Step of Water 
Oxidation on Co-Oxide-Based Electrocatalysts 

 
Presenter: Matthias M. Waegele1, Assistant Professor of Chemistry 

 
Co-Authors: Chaochao Lang1, Jingyi Li1, Ke R. Yang2, Yuanxing Wang1, Da He1, James E. Thorne1, 

Seth Croslow1, Qi Dong1, Yanyan Zhao1, Gabriela Prostko1, Gary W. Brudvig2, Victor S. Batista2, 
Dunwei Wang1 

 
1Department of Chemistry, Merkert Chemistry Center, Boston College, 2609 Beacon St., Chestnut Hill, 

Massachusetts, 02467, United States.  2Yale Energy Sciences Institute and Department of Chemistry, Yale 
University, New Haven, Connecticut, 06520, United States. 

 
The (photo)electrochemical oxidation of water is critical for the development of a renewable energy 

economy as this reaction yields electrons and protons that are required for the syntheses of renewable fuels 
from abundant feedstocks such as H2O, CO2, and N2. The water oxidation reaction is kinetically hindered 
and needs to be facilitated by catalysts. In recent decades, significant progress in the design of more efficient 
and stable electrocatalysts for this reaction has been enabled by studies on the mechanisms of the water 
oxidation reaction. The O-O bond formation step is of particular significance as it is thought to be the rate-
determining step in many proposed catalytic cycles of this reaction. Two alternative O-O bond formation 
pathways have been proposed: Water nucleophilic attack (WNA) and intramolecular oxygen coupling 
(IMOC). However, the relative importance of the two pathways as a function of reaction conditions is still 
poorly understood. Yet, addressing this question is critically important for the development of economically 
viable electrocatalyst for this reaction. In this work, we employed a combination of surface-sensitive 
infrared spectroscopy, electroanalytical methods, and DFT calculations to explore how the O-O bond 
formation mechanism on Co-oxide-based electrocatalyst depends on electrode potential. With surface-
sensitive infrared spectroscopy, we identified a superoxo species as a key reaction intermediate. By 
controlling the activity of water with water-in-salt electrolytes, we determined that the IMOC route 
dominates at moderate overpotentials, whereas the WNA mechanism prevails at higher overpotentials. We 
discuss the origins of this potential-induced switch in terms of (1) the sensitivity of the activation barrier of 
the WNA pathway to the interfacial electric field and (2) the DFT-derived thermodynamics of the two 
pathways. We further discuss the implications of this finding for the design of efficient and stable 
(photo)electrocatalyst for the water oxidation reaction. 
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The construction of artificial enzymes which mimic or extend the functionality of respiratory, 

photosynthetic or assimilatory complexes in nature requires the ability to design proteins which tightly bind 
many different electron transfer and catalytic cofactors while precisely controlling their relative locations. 
However, natural proteins primarily bind these cofactors in loop regions, while protein design efforts have 
to date primarily targeted cofactor binding sites to helices. Here we show that simply adding ligating 
histidine residues to the flexible loops which connect helices in a canonical single-chain four-helix bundle 
allows us to construct heterocofactor complexes which self-assemble up to three different cofactors in a 
single domain with positional specificity. Complexes were constructed which contain one to three heme 
cofactors in combination with the photoactive electron transfer cofactors Zn(II)-phthalocyanine 
monosulfonate, Zn-hemin, and the light-harvesting cofactor Zn(II)-tetraphenylphorphyrin tetrasulfonate. 
Fluorescence analysis of complexes containing the latter demonstrates efficient energy transfer between 
photoactive electron donor cofactors. Utilization of loop residues for cofactor binding thus sets the stage 
for the construction of functional maquettes of natural systems such as the transmembrane respiratory 
complexes, the photosynthetic cofactor triad and resonance-energy-transfer-activated charge separation. 
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Inspired by the proton-coupled electron transfer (PCET) process in photosystem II involving Tyrz-
His190, a benzimidazole-phenol (BIP) system was used to illustrate an E1PT process, where one-electron 
oxidation of the phenol is accompanied by transfer of its proton to the attached benzimidazole.1 With amino- 
or imino-substituted BIPs, we showed that one-electron, two-proton PCET reactions takes place, described 
as E2PT processes. Aiming at long-range proton translocation, we designed and synthesized constructs 
consisting of a phenol, a Grotthuss-type hydrogen-bond network based on a polybenzimidazole framework 
(bridge), and a terminal proton acceptor (TPA). Translocation of protons up to ∼16 Å was observed to 
occur by an E4PT process.2 In all cases, infrared spectroelectrochemistry (IRSEC) demonstrates that upon 
oxidation of these complexes, protons translocate across a well-defined hydrogen-bond network from the 
phenol to the TPA. Akin to most energy coupling systems in nature, the process is fully reversible. That is, 
upon reducing the oxidized phenol, protons translocate from the TPA across the hydrogen-bond network 
back to the phenol. Using the same TPA, the addition of successive benzimidazole moieties to the bridge 
results in a decreasing redox potential of the phenoxyl radical/phenol couple by 60 mV per benzimidazole 
unit. We interpret these experimental findings as evidence that benzimidazole-based bridges are non-
innocent participants in the PCET processes.3 This is confirmed by structural modification of the bridge, 
where the drop in redox potential associated with successive addition of substituted benzimidazole units is 
modulated by the selection of the substituents on the benzimidazoles.  

To initiate an E1PT process photochemically we studied a benzimidazole unit covalently attached to a 
tripentafluorophenylporphyrin (BIPPF15), where the porphyrin mimics P680. PCET in BIPPF15 takes place 
on two-time scales, involving 1) an ultrafast process from the initially prepared, unrelaxed excited level, 
and 2) a slower process on the time scale of a few hundred picoseconds arising from the relaxed lowest 
excited singlet state of the PF15 moiety. The ultrafast process is not the dominant pathway, but it enables us 
to observe evolution of the initial, partly charge transferred state to full charge separation on the 120 fs time 
scale via the developing dipole moment arising from dihedral twisting between the BIP and the 
macrocycle.4  

In the long term, we envision the construction of molecular proton wires where proton transport across 
lipid bilayers (~30Å) would generate proton-motive force in conjunction with photochemically induced 
PCET. These constructs provide a path towards artificial photosynthesis in which PCET-based proton 
management plays a role in efficient catalysis in both oxidative and reductive processes. 
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Genome instability is a challenge in engineering cyanobacteria for direct conversion of CO2 to 

commodity chemicals. In the process of genetically engineering cyanobacteria to produce ethylene, we 
found that accumulation of guanidine (a byproduct of biological ethylene production) could significantly 
inhibit the growth of cyanobacterial cells. Through comparative proteomics and subsequent experimental 
validation, we identified a novel guanidine-degrading enzyme, Sll1077, in the model cyanobacterium 
Synechocystis sp. PCC 6803. Sll1077 is able to convert guanidine to ammonia and urea. Synechococcus 
elongatus PCC 7942 lacks a homolog of sll1077 in its genome and is sensitive to guanidine. We demonstrate 
that Synechococcus strains engineered to express the bacterial ethylene-forming enzyme (EFE) exhibit 
unstable ethylene production due to toxicity and genomic instability induced by accumulation of the EFE-
byproduct guanidine. Co-expression of EFE and Sll1077 significantly enhanced genomic stability and 
enabled the resulting Synechococcus strain GD-EFE7942 to achieve sustained high-level ethylene 
production. These findings expand our knowledge of natural guanidine degradation pathways and 
demonstrate their biotechnological application to support high-level ethylene bioproduction in 
cyanobacteria. Pre-print: 10.21203/rs.3.rs-197190/v1 
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The assembly of the Mn4O5Ca cluster in plants, algae, and cyanobacteria starts from the initial 
binding and photooxidation of the first Mn2+ at the high affinity site (HAS) of the photosystem II (PSII). 
Recent cryo-EM apo-PSII structures (1,2) suggest the involvement of D1-Glu189 ligand in the formation 
of the HAS, however the precise role of D1-E189 remains obscure. Strains containing Gln, Lys, and Arg 
substitution mutations are capable of to evolve O2 at a significant rate reaching 80% of wild-type activity 
however were shown to photoactivate with reduced quantum efficiency. Fluorescence relaxation kinetics 
indicate that the occupancy and/or the ability to photooxidize Mn2+ in the HAS is decreased in the mutants 
indicating that part of the reduced quantum efficiency of assembly is due alterations of the HAS. However, 
two mutants D1-E189K and D1-E189R also exhibit a large fraction of centers that fail to recover activity 
during photoactivation starting early in the assembly phase, and that become recalcitrant to further 
assembly. Additionally, D1-E189R exhibited a gradual, low efficiency recovery of these centers to form 
active PSII. Fluorescence relaxation kinetics exclude damage to the photochemical reaction center as the 
cause for the recalcitrant centers failing to assemble and show that dark incubation of cells reverses some 
of the damage. This reversibility would explain the ability of these mutants to accumulate a significant 
fraction of active PSII during extended periods of cell growth. We conclude that the reason of failed 
recovery in the large fraction of inactive centers is an accumulation of photooxidized, but non-catalytic 
high valence Mn at the donor side of photosystem II, which blocks further assembly. We suggest that the 
reason in failed assembly of the Mn cluster is in inability to securely ligate Ca2+ at its affecter site, which 
has been shown to be crucial for the photoactivation (3-5).  The evidence suggests that unfunctional Mn at 
the donor side could be reduced via endogenous reductants with restoration of assembly capacity at sites 
incurring mis-assembly. 
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Controllable phycobilin modification: an alternative photoacclimation response in 
cryptophyte algae 
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Cryptophyte algae are well known for their ability to survive under low light conditions through the 

use of their auxiliary light harvesting antennas, phycobiliproteins. Mainly acting to absorb light where 
chlorophyll cannot (500-650 nm), phycobiliproteins also play an instrumental role in helping cryptophyte 
algae respond to changes in light intensity through the process of photoacclimation. Until recently, 
photoacclimation in cryptophyte algae was only observed as a change in the cellular concentration of 
phycobiliproteins; however, an additional photoacclimation response was recently discovered that causes 
shifts in the phycobiliprotein absorbance peaks following growth under light which is restricted in spectral 
quality, i.e., red, blue, or green light. Here, we reproduce this newly identified photoacclimation response 
in two other species of cryptophyte algae, P. sulcata and H. pacifica, and elucidate the origin of the response 
on the protein level. Following growth under restricted light conditions, each species exhibited clear shifts 
in their phycobiliprotein absorbance spectra, even when isolated from the cellular environment, confirming 
that the photoacclimation response occurs at the protein level. Structural investigations of the 
photoacclimated phycobiliproteins revealed no change in amino acid sequence or tertiary structure. 
Transient absorption measurements showed no change in the ultrafast kinetics within the photoacclimated 
proteins, demonstrating that the protein structure plays a dominant role in controlling energy transfer. 
Following separation of the phycobiliproteins into their constituent a and b subunits, we determined the 
change in protein was located on the b subunits: in one case, the b subunit absorbance peak remained shifted, 
and in the other case, the b subunit transient absorbance kinetics were lengthened, indicating a subtle change 
in energy transfer. Because these spectroscopic changes persist while the protein structure remains 
unchanged, we conclude that cryptophyte algae are capable of modifying the individual chromophores of 
their phycobiliprotein b subunits as an additional photoacclimation response to changes in spectral quality 
of incident light. 
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Photosystem II allows water to be the primary electron source for the photosynthetic electron transfer 

chain. Water is oxidized to dioxygen at the Oxygen Evolving Complex (OEC), a Mn4CaO5 inorganic core 
embedded in the lumenal side of PSII. Water-filled channels are thought to bring in substrate water 
molecules to the OEC, remove the substrate protons to the lumen, and may transport the product oxygen. 
Three water-filled channels, denoted large, narrow, and broad, extend from the OEC towards the aqueous 
surface more than 15 Å away. However, the actual pathway for water supply to the OEC, removal of protons 
to the lumen and diffusion of oxygen away from the OEC have yet to be established. Here, we combine 
Molecular Dynamics (MD), Multi Conformation Continuum Electrostatics (MCCE) and Network Analysis 
to compare and contrast the three potential proton transfer paths. Hydrogen bond network analysis shows 
that near the OEC the waters are highly interconnected with similar free energy for hydronium at all 
locations. The paths diverge as they move towards the lumen. The water chain in the broad channel is better 
connected than in the narrow and large channels, where disruptions in the network are observed 
approximately 10 Å from the OEC. In addition, the barrier for hydronium translocation is lower in the broad 
channel.  Thus, a proton released from any location on the OEC can access all paths, but the likely exit to 
the lumen passed through PsbO via the broad channel. 

We would like to acknowledge financial support from the Division of Chemical Sciences, Geosciences, 
and Biosciences, Office of Basic Energy Sciences, U.S. Department of Energy (DE-SC0001423).  
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Kinetics and targeting of Vipp1 aggregation in cyanobacteria 
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The kinetics of regulation of vesicle-inducing protein in plastids (Vipp1), an essential protein in all 
oxygenic phototrophs, are not completely understood. Vipp1 is responsible for both membrane maintenance 
and damage repair processes, aggregating at sites of damage (proton leakage) or physical strain (responding 
to presence of anionic lipids). Herein we spatiotemporally resolve exchange between inactive cytoplasmic 
Vipp1 and these two functionalities. We demonstrate that Vipp1 can be aggregated to a specific site in the 
thylakoid membrane by laser damage, but this behavior appears to be mediated by a rapidly resolved 
secondary process, as cytoplasmic Vipp1 is rendered unresponsive to nearby damage on a time scale three 
orders of magnitude faster than the aggregation process itself.  Damage-induced Vipp1 aggregation is 
demonstrated to be an emergency response which fully exhausts the cell’s Vipp1 supply.  Individual 
components of the photosynthetic electron transport chain are shown to be linked to the Vipp1 damage 
response mechanism.  Damage response is shown to be linked to the proton gradient across the thylakoid 
membrane.  We posit that the site-specificity of the Vipp1 response is entropically driven. 
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Light-activated Photosystem II (PSII) carries out the critical step of splitting water to release protons, 

electrons, and oxygen in photosynthesis. However, PSII is susceptible to light-induced damage and down-
regulation. Here, we present results from a novel microbial electro photosynthetic system (MEPS) that uses 
redox mediators in conjunction with an electrode to drive photosynthetic electron transport in live 
genetically modified Synechocystis (ΔpsbB) cells lacking PSII.  MEPS-generated, light-dependent current 
increased with light intensity up to 2050 µmol photons m‒2 s‒1, which yielded an electron delivery rate 113 
µmol electrons hr‒1

 mg-chl‒1, and an average current density of 150 Amps m‒2 s‒1
 mg-chl‒1. Rapid Joliot-

type spectroscopy measurements demonstrated the electron-delivery rate to ΔpsbB using MEPS exceeded 
PSII-driven electron delivery in wild type, and that electrons and protons were delivered ahead of the 
cytochrome b6f complex to enable additional proton pumping and ATP production. This work demonstrates 
that electrochemical systems can drive photosynthetic electron transport, provides a platform for studying 
fundamental photosynthetic processes, and has the potential for improving photosynthetic performance at 
high light intensities.  
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Recent studies on Photosystem I (PSI) have shown that the six core chlorophyll a molecules are highly 

coupled, allowing for efficient creation and stabilization of the charge-separated state. One area of particular 
interest is the identity and function of the primary acceptor, A0, as the factors that influence its ultrafast 
processes and redox properties are not yet fully elucidated. It was recently shown that A0 exists as a dimer 
of the closely-spaced Chl2/Chl3 molecules wherein the reduced A0

•− state has an asymmetric distribution of 
electron spin density that favors Chl3. We sought to understand better the impact of unusual ligand 
environment around Chl3, namely a Met ligand that goes against the normative rules of Hard-Soft Acid-
Base theory. In this study, we have applied 2D HYSCORE spectroscopy in conjunction with molecular 
dynamics simulations and density functional theory calculations to the study of the M688HPsaA variant 
where the Met is replaced with a His residue. Analysis of the hyperfine parameters revealed that while 
electron delocalization is not impeded, there is a noticeable impact on the distribution of electron density 
between the two Chl, which is now in favor of Chl2. This small shift in the redox properties of the Chl 
molecule appears to have a large impact on electron transfer efficiency. Understanding the significant 
impact that the protein matrix has on the redox and electron transfer processes in PSI can aid in studying 
primary acceptors from a variety of reaction centers, for whom high resolution structures have recently 
emerged.  
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Historically, two modeling approaches have been developed independently to describe photosynthetic 

electron transport from water to plastoquinone within Photosystem II (PSII). Markov models that account 
for transition probabilities but not for reaction kinetics (mechanism), and ODE models that account for 
kinetics but not the inefficiencies responsible for the finite transition probabilities. We have developed a 
mathematical framework to calculate Markov inefficiencies in transition probabilities as defined in the 
Joliot-Kok-type models, using a system of ordinary differential equations (ODE) that represent the 
individual chemical steps (238) in PSII. Starting from a kinetic model of PSII reactions based on a 
previously published ODE model, we adapted it to enable calculation of the four photochemical inefficiency 
parameters (miss, double hit, inactivation, backward transition) and the four S-state populations that are 
predicted by the most advanced of the Joliot-Kok-type models (VZAD). The ODE calculated S-state 
transition parameters are in agreement with those calculated by VZAD, but now come with weights for 
each of the 96 possible microstates that could be contributing. These microstates specify the redox states of 
each of the PSII cofactors as a function of time between substrate water oxidation and plastoquinone 
reduction. Significant findings: Inefficiency parameters differ for each endpoint redox state (S state) and 
are obtained; S state populations are not accurately predicted by Joliot-Kok-type models except at endpoint 
times, implying reinterpretation of many prior experiments may be necessary; the subset of microstates 
responsible for period-4 and period-2 oscillations of O2 flash yield are identified and ODE predicts their 
temporal dependence. We will illustrate applications to two cyanobacteria, Arthrospira maxima and 
Synechococcus sp. 7002, where experimental data exists for the inefficiency parameters, the S-state 
populations and the redox states of the plastoquinone’s within PSII. Supported by the DOE Office of 
Science, BES-Photosynthetic Systems. 
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In this talk, I will discuss the production of a room temperature Bose-Einstein condensate of exciton-

polaritons using the fluorescent protein mScarlet as the substrate.  Lattices of interacting exciton-polariton 
condensates are a promising route towards a quantum simulator.  Producing these devices using 
conventional materials such as GaAs require cryogenic temperatures to produce the required coherence. 
The β-barrel structure circumvents the need for cryogenic temperatures by spatially isolating the excitons 
and eliminating exciton-exciton annihilation. Apart from their condensed matter physics and quantum 
information processing applications, these experiments demonstrate the ability to probe the electronic 
properties of proteins via the emerging field of polariton chemistry. 
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Plasmonic coupling of metallic nanoparticles and adjacent pigments can dramatically increase the 

brightness of the pigments due to the enhanced local electric field. Here, we demonstrate that the 
fluorescence brightness of individual LHCII complexes of plants can be enhanced by two orders of 
magnitude when coupled to a gold nanorod (AuNR). The significant enhancement was achieved by 
carefully tailoring the longitudinal localized surface plasmon resonance of chemically synthesized AuNRs 
to match the absorption and emission bands of LHCII. The fluorescence enhancement was accompanied by 
a shortening of the fluorescence lifetime of up to two orders of magnitude. This study provides an 
inexpensive platform to explore the fluorescence dynamics of weakly emitting photosynthetic light-
harvesting complexes at the single-molecule level. 
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Photo-bioelectrocatalysis (PBEC) adopts the sophistication and sustainability of photosynthetic units, 
to convert solar energy into electrical energy. While chloroplasts are especially desirable as 
photobioelectrocatalysts due to their metabolic independence and photostability, they have electrically 
insulating outer membranes that hinder efficient extracellular electron transfer (EET) from photosynthetic 
redox centers to an electrode. Redox polymers are a versatile artificial redox mediating approach to 
effectuate electrochemical communication at this juncture in biohybrids. A majority of bio-inspired redox 
polymers used in this context are branched, and contain redox pendants peripherally attached to a backbone. 
Pendants extract, and propagate electrons by collision-based electron tunneling. We explore the ability of 
an unbranched, metal-free, hybrid conductive-redox polymer with redox moieties embedded in a 
conductive backbone, and reportedly high intrinsic electric conductivity, in order to facilitate exogenous 
mediated electron transfer (MET). Herein used polydihydroxy aniline (PDHA), facilitates MET between 
chloroplasts and electrode surfaces and immobilization of chloroplasts. Photocurrent density generated by 
biohybrids consisting of mixed chloroplast-PDHA depositions are increased by 2.4-fold compared to 
autonomous chloroplast electrodes. In order to control panchromatic light absorbance by PDHA competing 
with the photoactivity of chloroplasts, they were separately and sequentially layered on carbon electrodes, 
localizing PDHA on the electrode and chloroplasts on the surface. This new deposition geometry evinced 
a 4.2-fold photocurrent density increment compared to autonomous chloroplast electrodes. In addition, the 
layered deposition geometry resulted in the highest photocurrent density recorded with intact chloroplasts 
during PBEC when used in conjunction with the diffusible redox mediator 2,6-dichlorobenzoquinone (-48 
± 3 µA cm-2). The scope of this study shows that redox polymer designs for MET extend to unbranched 
conductive polymers in PBEC. As a proof of concept, this study employs chloroplasts as the 
photobioelectrocatalyst of choice due to their relatively more complex membrane system as opposed to 
membrane-based photosynthetic entities such as isolated thylakoids. 
 
KEYWORDS: Semiartificial photosynthesis, biohybrid photobioelectrocatalysis, mediated electron transfer (MET), 
redox polymers 
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Electrochromic shift (ECS), the redox state of plastocyanin (Pc), as well as the b and f hemes in cytochrome 
b6 f is recorded every 30 s during a full day (actinic sine wave from 0-1800 μmol photons m-2 s-1 over 12 
hour). Brief dark intervals allow the observation of light-dependent electron flux through the electron 
transfer chain or ion flux from proton pumping across the thylakoid in the case of ECS.   The detail-rich 
data provided by the JTS-150 is useful for investigating stress response at the level of individual 
photosynthetic complex electron fluxes. Alternative electron flow (AEF) pathways are also observable 
since the JTS-150 can directly observe the donor and acceptor sides of cytochrome b6 f and Pc.  Mutants 
in stress responses such as high light, fluctuating light, salt, heat, drought, reactive oxygen species (ROS), 
photoinhibition, nutrient limitations, etc. have feedbacks to photosynthesis as the plastid is the hub of plant 
stress response. 

 


