PAGE  
36
15th Western Photosynthesis Conference, 5-8 January 2006

15th Western Photosynthesis Conference

5-8 January 2006
Asilomar Conference Grounds
Pacific Grove, California, USA

http://www.lyon.edu/photosynthesis

Event Locations

Unless otherwise specified, oral presentations, poster presentations (tentatively) and mixers will be held in the Kiln building; meals will be served in Crocker Hall.  The park store is in the Administration Building.  Guest rooms do not have phones.  Messages for conference attendees may be left at the Administration Building, phone: (831) 372-8016.  Additional information and a map of the conference grounds are in the back of this program.
Conference Organizers
Petra Fromme 
Department of Chemistry and Biochemistry 
Arizona State University 
Tempe, AZ 85287, USA 
Phone: (480) 965-9028 
E-mail: pfromme@asu.edu
http://www.public.asu.edu/~pfromme/

Judy A. Brusslan 
Department of Biological Sciences  
California State University, Long Beach  
Long Beach, CA 90840-3702, USA 
Phone: (562) 985-8133 
E-mail: bruss@csulb.edu 

http://www.csulb.edu/~bruss

Arlene Haffa 
Monterey Bay Aquarium Research Institute 
Moss Landing, CA 95039, USA 
Phone: (831) 775-1849 
E-mail: ahaffa@mbari.org 

http://www.mbari.org/staff/ahaffa/


Stephen K. Herbert 
Department of Botany 
University of Wyoming 
Laramie, WY 82701, USA 
Phone: (307) 766-4353 
E-mail: sherbert@uwyo.edu 

http://uwadmnweb.uwyo.edu/botany/herbert.htm

Larry Orr 
Photosynthesis Center/Bionano IGERT 
Arizona State University 
Tempe, AZ 85287, USA 
Phone: (480) 965-1963 
E-mail: larry.orr@asu.edu 

http://photoscience.la.asu.edu/photosyn/

David J. Thomas 
Science Division 
Lyon College 
Batesville, AR 72501, USA 
Phone: (870) 698-4269 
E-mail: dthomas@lyon.edu 

http://www.lyon.edu/webdata/users/dthomas

The 15th Western Photosynthesis Conference is sponsored in part by:

[image: image1.png]iosciences




http://www.licor.com/

Cover and interior photos are by David J. Thomas (unless otherwise indicated).


Conference Schedule
	
	

	
	Thursday, 5 January 2006

	3:00 - 6:00 PM
	Registration and room check-in (Administration Building)
Posters may be hung in the Kiln Building at this time.  Please leave posters up for the duration of the meeting.

	6:00 - 7:00 PM
	Dinner (Crocker Dining Hall)

	Session 1
	Bio-Solar Hydrogen Production (Neal Woodbury & Tasios Melis, Chairs)

	7:20 - 7:25 PM
	Neal Woodbury, Arizona State University, “Introductory remarks”

	7:25 - 7:55 PM 
	Tasios Melis, University of California, Berkeley, "Integrated photobiological hydrogen production"

	7:55 - 8:15 PM
	Pin-Chin Maness, National Renewable Energy Laboratory, "Cyanobacterial hydrogen production"

	8:15 - 8:30 PM
	Break

	8:30 - 8:50 PM
	Maria Ghirardi, National Renewable Energy Laboratory, "The deleterious effect of O2 on algal hydrogen production"

	8:50 - 9:10 PM
	Matthew C. Posewitz, Colorado School of Mines, "Identification of genes required for sustained H2 production in phototrophic organisms using chemochromic sensors"

	9:10 - 9:30 PM
	John Peters, Montana State University, Bozeman, "A radical solution for the biosynthesis of the H-cluster of hydrogenase"

	9:30 - 11:00 PM
	Evening mixer (fire pit near Crocker Hall) 

	
	

	
	Friday, 6 January 2006

	7:30 - 8:30 AM
	Breakfast (Crocker Hall)

	Session 2
	Role of Natural and Artificial Photosynthesis in Sustainable Energy Development (Ana Moore, Chair)

	8:45 - 9:15 AM
	Paul W. King, National Renewable Energy Laboratory, "Functional studies on [FeFe]-hydrogenases for efficient photosynthetic hydrogen production systems"

	9:15 - 9:45 AM
	Alison Telfer, Imperial College London, "Acaryochloris marina: an unusual cyanobacterium which carries out water splitting using chlorophyll d rather than chlorophyll a"

	9:45 - 10:05 AM
	Gary F. Moore, Arizona State University, "Synthesis and characterization of biomimetic models for the electron transfer between P680 and tyrosine Z"

	10:05 - 10:30 AM
	Don Walker, California Institute of Technology, "Corrole sensitized titanium dioxide"

	10:30 - 11:00 AM
	Coffee break


	11:00 - 11:30 AM
	Thomas Hamann, California Institute of Technology, "Measurement of the dependence of interfacial charge-transfer rate constants on the reorganization energy of redox species and on free energy at ZnO/H2O interfaces"

	11:30 AM - Noon
	Ana Moore, Arizona State University, "Energy conversion involving carotenoid polyenes"

	12:00 - 1:00 PM
	Lunch (Crocker Hall)

	1:00 - 3:00 PM
	Free time

	3:00 - 4:00 PM
	Poster session I (Kiln)
Authors with last names beginning with A - M should present at this session.

	Session 3
	CO2 and Nitrate Assimilation in Terrestrial Plants (Gerry Edwards, Chair)

	4:00 - 4:30 PM
	Tom Avenson, University of California, Berkeley, "Goldilocks in the engine room of life"

	4:30 - 5:00 PM
	Arnold Bloom, University of California, Davis, "Nitrate assimilation and photorespiration"

	5:00 - 5:30 PM
	Gerald Edwards, Washington State University, "Features of single-cell C4 photosynthesis in terrestrial plants"

	5:30 - 6:00 PM
	John Cushman, University of Nevada, Reno, "Functional genomics and evolution of Crassulacean acid metabolism"

	6:00 - 7:00 PM
	Dinner (Crocker Hall)

	Session 4
	Aquatic and Marine Photosynthesis (Arlene Haffa, Chair)

	7:15 - 7:20 PM
	Arlene Haffa, Monterey Bay Aquarium Research Institute, "Introductory Remarks"

	7:20 - 7:40 PM
	Zbigniew Kolber, Monterey Bay Aquarium Research Institute, "Monitoring of photosynthetic properties across marine and terrestrial environments: science and technology"

	7:40 - 8:20 PM
	Steve Giovanonni, Oregon State University, "Anoxygenic photochemistry in oligotrophic oceanic bacteria"

	8:20 - 8:30 PM
	Break

	8:30 - 8:50 PM
	Nick Welshmeier, Moss Landing Marine Laboratories, "Effects of CO2 on marine phytoplankton: fertilizer or herbicide?

	8:50 - 9:30 PM
	Arthur Grossman, Carnegie Institute of Washington, "Metabolic cycling in mat-dwelling cyanobacteria"

	9:30 - 11:00 PM
	Evening mixer (Kiln)

	
	


	
	Saturday, 7 January 2006

	7:30 - 8:30 AM
	Breakfast (Crocker Hall)

	Session 5
	Antenna Systems and Light Harvesting (Beverley Green, Chair)

	8:45 - 9:00 AM
	Beverley Green, University of British Columbia, "Introductory remarks"

	9:00 - 9:30 AM
	Kenneth Hoober, Arizona State University, "Synthesis of chlorophyll b and its role in assembly of light-harvesting complexes"

	9:30 - 9:50 AM
	Mautusi Mitra, University of California, Berkeley, "Chlorophyll antenna size adjustments by irradiance in Chlamydomonas reihardtii involve coordinate regulation of tla1, cao and lhcB gene expression"

	9:50 - 10:10 AM
	Elizabeth Read, University of California, Berkeley, "Two-dimensional electronic spectroscopy of light-harvesting complex III"

	10:10 - 10:40 AM
	Coffee break

	10:40 - 11:00 AM
	Rajagopal Subramanyam, Arizona State University, "Characterization of a novel photosystem I-LHCI supercomplex isolated from Chlamydomonas reinhardtii under anaerobic (state II) conditions"

	11:00 - 11:20 AM
	Julian Whitelegge, University of California, Los Angeles, "Mass spectrometric analysis of PSI-LHCI supercomplexes isolated from Chlamydomonas reinhardtii cells adapted to anaerobic conditions (state II)"

	11:20 - 11:40 AM
	Galyna Kufryk, Arizona State University, "Discovery of regulatory proteins that are involved in assembly and function of photosystem II"

	11:40 AM - Noon
	Christopher Chang, National Renewable Energy Laboratory, "Macromolecular docking and binding free energy calculations of Chlamydomonas reinhardtii [2Fe-2S] ferredoxin : [FeFe] hydrogenase complexes" (special talk on protein-protein interactions in photosynthesis)

	Noon - 12:10 PM
	General discussion

	12:10 - 1:00 PM
	Lunch (Crocker Hall)

	1:00 - 3:00 PM
	Free time

	3:00 - 4:00 PM
	Poster session II (Kiln)

Authors with last names beginning with N - Z should present at this session.

	Session 6
	Emerging Topics in Photosynthesis (Ken Sauer, Chair)

	4:00 - 4:20 PM
	Martin Hohmann-Marriott or Aaron Collins, Arizona State University, "Variable fluorescence in green sulfur bacteria"

	4:20 - 4:40 PM
	Craig Jolley, Arizona State University, "Assembly of the photosystem I stromal hump using a constrained geometric simulation"

	4:40 - 5:00 PM
	Dilworthy Y. Parkinson, University of California, Berkeley, "Two-color three pulse photon echo peak shift study of the bacterial photosynthetic reaction center"

	5:00 - 5:20 PM
	Raimund Fromme, Arizona State University, "X-ray structure analysis from co-crystals of photosystem I and its natural electron acceptor ferredoxin"

	5:20 - 5:40 PM
	Ken Sauer, Lawrence Berkeley National Laboratory, "Emerging topics in photosynthesis – thinking outside the box"

	5:40 - 6:00 PM
	General discussion

	6:00 - 7:00 PM
	Dinner (Crocker Hall)

	Session 7
	Young Investigators Awards (Petra Fromme, Chair)

	7:15 - 7:30 PM
	Petra Fromme, Arizona State University, "Introductory remarks"

	7:30 - 8:00 PM
	Beverley Green, University of British Columbia, "Light harvesting pigment-proteins: from bands on gels to genes on trees (with lots of detours and surprises"

	8:00 - 8:30 PM
	Beverley Green Award winner, Michael Hambourger, Arizona State University, "Photochemical hydrogen evolution: bio-hybrid catalysis"

	8:30 - 9:00 PM
	Richard Malkin, University of California, Berkeley, "Life in the light and the dark"

	9:00 - 9:30 PM
	Richard Malkin Award winner, Yulia Pushkar, Lawrence Berkeley National Laboratory, "Structural changes in the oxygen evolving complex of photosystem II upon S2 ( S3 transition"

	9:30 - 11:00 PM
	Evening mixer (Kiln)

	
	

	
	Sunday, 8 January 2006

	7:30 - 8:30 AM
	Breakfast (Crocker Hall)

	Session 8
	Reaction Centers, Photosystems and Electron Transport (Mel Okamura & Jim Allen, Chairs)

	8:45 - 8:50 AM
	Jim Allen, Arizona State University, "Introductory remarks"

	8:50 - 9:30 AM
	Mark Paddock, UCSD, "Formation of QB-. via B-branch electron transfer in reaction centers from Rhodobacter sphaeroides"

	9:30 - 9:50 AM
	Jessica I. Chuang, Stanford University, "High yield of M-side electron transfer in mutants of Rhodobacter capsulatus reaction centers lacking the intial electron acceptor bacteriopheophytin"

	9:50 - 10:10 AM
	Huamin Zhang, Purdue University, "On the pathway of cyclic electron transfer through the cytochrome b6f complex"

	10:10 - 10:30 AM
	Junko Yano, Lawrence Berkeley National Laboratory, "Mn4Ca clusters of the water-oxidation enzyme studied by single crystal x-ray spectroscopy"

	10:30 - 11:00 AM
	Coffee break

	11:00 - 11:20 AM
	Alexander Gunn, University of California, Davis, "High field pulsed EPR/ENDOR spectroscopy of photosystem II single crystals"

	11:20 AM - Noon
	Bob Blankenship, Arizona State University, "The evolutionary transition from anoxygenic to oxygenic photosynthesis, and how it changed the Earth"

	12:10 - 1:00 PM
	Lunch (Crocker Hall)

	1:00 PM
	End of conference (Attendees must check out of their rooms before noon.)


Abstracts
DESIGN OF A REDOX-LINKED ACTIVE METAL SITE IN BACTERIAL REACTION CENTERS

Jim Allen1, Megan Thielges1, Laszlo Kálmán1, 2, Russ LoBrutto1, Greg Uyeda1, Ana Cámara-Artigas1, 3 and JoAnn Williams1.

1Department of Chemistry and Biochemistry and School of Life Science, Arizona State University, Tempe, AZ 85287, USA.

2Permanent address: Department of Physics, Concordia University, Montreal Canada, AZ H4B 1R6.

3Permanent address: Dpto. Química Física, Bioquímica y Química Inorgánica, Universidad de Almería, Spain.
Metals bound to proteins perform a number of crucial biological reactions, including the oxidation of water by a manganese cluster in photosystem II.  Although evolutionarily related to photosystem II, bacterial reaction centers lack both a strong oxidant and a manganese cluster to mediate the multi-electron and proton transfer needed for water oxidation.  In this study, carboxylate residues were introduced by mutagenesis into highly oxidizing reaction centers at a site homologous to the manganese-binding site of photosystem II.  In the presence of manganese, light-minus-dark difference optical spectra of reaction centers from the mutants showed a lack of the oxidized bacteriochlorophyll dimer while the reduced primary quinone was still present, demonstrating that manganese was serving as a secondary electron donor.  Based on these steady-state optical measurements, the mutant with the highest affinity site had a dissociation constant of approximately 1 µM.  For the highest affinity mutant, a first-order rate with a lifetime of 13 ms was observed for the reduction of the oxidized bacteriochlorophyll dimer by the bound manganese upon exposure to light.  The dependence of the amplitude of this component on manganese concentration yielded a dissociation constant of approximately 1 µM, similar to that observed in the steady-state measurements.  By measuring the amplitude of the reaction for reaction centers with different oxidation/reduction midpoint potentials a value of 650 mV was determined for the Mn2+/Mn3+ midpoint potential   These measurements also allowed determination of the Marcus curve for this reaction yielding a reorganization energy of approximately 300 meV.  The three-dimensional structure determined by X-ray diffraction of the mutant with the high-affinity site showed that the binding site contains a single bound manganese ion, three carboxylate groups including two groups introduced by mutagenesis, a histidine residue, and a bound water molecule.  Manganese binding was seen to be coupled with release of protons from the introduced carboxylate groups and other amino acid side chains near the Mn binding site.  Iron can also be bound at the site with EPR spectroscopy showing that the Fe2+ is oxidized to Fe3+ by the oxidized bacteriochlorophyll dimer. These reaction centers illustrate the successful design of a redox-active metal center in a protein complex.  (Supported by a grant from the National Science Foundation.)
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Monterey harbor, CA.
CHARACTERIZATION OF NEW LOW NPQ MUTANTS IN CHLAMYDOMONAS REINHARDTII
Wiebke Apel, Rachel Dent, Cat Haglund and Krishna K. Niyogi.

Department of Plant and Microbial Biology, University of California, Berkeley, CA 94720-3102, USA.

In a natural environment, plants and algae absorb more light than they can utilize for carbon fixation, so they have evolved various mechanisms to protect against adverse effects of excess absorbed light energy. One of these mechanisms is the so-called non-photochemical quenching (NPQ) that describes the regulation of photosynthetic light harvesting via dissipation of excess absorbed light energy as heat. We are analyzing NPQ in Chlamydomonas reinhardtii, because comparative studies of this alga and plants such as Arabidopsis thaliana will allow us to uncover interesting similarities and differences in the way NPQ mechanisms have evolved in the green lineage of photosynthetic eukaryotes. After insertional mutagenesis, we isolated low npq mutants of Chlamydomonas reinhardtii by video imaging and characterized their phenotypes in low- and high-light-grown cultures. HPLC results showed that the mutants have the same pigment composition and content as the wild type. Backcrosses to the wild type allowed us to determine the genetic basis of the low NPQ phenotype and to test cosegregation of the phenotype with the selectable marker used for insertional mutagenesis. DNA gel blot analysis showed that some mutants contain more than one insert, which could complicate the identification of the respective gene by different methods such as TAIL-PCR, genome walking and RESDA-PCR. (Supported by the National Science Foundation, Department of Energy and Deutscher Akademische Austauschdienst, DAAD.)
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GOLDILOCKS IN THE ENGINE ROOM OF LIFE

Thomas J. Avenson1, Atsuko Kanazawa2, Gerald E. Edwards2, Olavai Kiirats2, Jeffrey A. Cruz2, Kenji Takizawa2, Aaron Livingston2 and David M. Kramer2.

1Department of Chemistry, Hildebrand Hall B77, U.C. Berkeley, Berkeley, CA 94720-1460, USA.

2Institute of Biological Chemistry, 289 Clark Hall, Washington State University, Pullman, WA 99164-6340, USA.

Biochemistry occurring within the chloroplast (CO2 and nitrogen metabolism, fatty acid and terpenoid synthesis, etc.) provides energy rich compounds and carbon skeletons by which the organism (i.e. the plant, the cyanobacterium, etc.) becomes a physical reality.  These organisms serve directly or indirectly as the energy source for a significant majority of other living organisms, a strong argument for the chloroplast being the engine room of life.  The dependence of these biochemical processes on solar energy lies in the fact that they require ATP and NADPH, both of which are produced as ‘output’ of the light reactions.  Each of these biochemical processes may be variably engaged at any given moment and have different relative demands for ATP:NADPH, requiring flexibility in the output light reactions.  Moreover, there is disparity between the rates of these biochemical processes relative to that of the light reactions, the combined effect of which is the absorption of, except at relatively low light intensities, excess energy, circumstances that promote self-destruction.  Adding to the complexity, plants are routinely subjected to fluctuating environmental conditions that attenuate turnover of the biochemical reactions, CO2 metabolism in particular, even though incident solar energy can remain unaffected, enhancing the potential for absorption of excess energy and requiring yet another level of flexibility to avoid photodamage.  Combinatorial analyses of the protonic and electronic circuits of photosynthesis reveal two general types of mechanisms for achieving this broad range of flexibility.  Modulation of qE sensitivity, the primary phenomenon by which adjustments are made in the capture of light energy, is achieved predominantly by the variability with which the chloroplast ATP synthase conducts protons, whereas differential partitioning of the proton motive force, or pmf, into pH and electric field gradients can also contribute under certain conditions.  Importantly, neither of these mechanisms modulates ATP:NADPH output, a requirement that is argued rather to be fulfilled by variability in the fractional turnover of cyclic electron flow around photosystem I.  We show that, to meet the needs of the plant, these key photosynthetic processes must be regulated so that they are neither too fast nor too slow, but just right.  (Funded by the Department of Energy.)
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Point Piños Lighthouse, Pacific Grove, CA.
THE EVOLUTIONARY TRANSITION FROM ANOXYGENIC TO OXYGENIC PHOTOSYNTHESIS AND HOW IT CHANGED THE EARTH

Robert E. Blankenship1, Sumedha Gholba2 and Jason Raymond3.

1Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ 85287-1604.

2Program in Computational Biosciences, Arizona State University, Tempe, AZ 85287-1804.

3Microbial Systems Division, Biosciences Directorate, Lawrence Livermore National Laboratory Livermore, CA 94551, USA.

The appearance of oxygen in the Earth’s atmosphere about 2.2 billion years ago, a by-product of oxygenic photosynthesis invented by primitive cyanobacteria, stands as one of the major events in the history of life on Earth. It has long been supposed that anoxygenic photosynthesis existed prior to the advent of oxygenic photosynthesis and that modern groups of anoxygenic phototrophs are the descendants of these ancient bacteria. However, the evidence for this is indirect and primarily consists of arguments based on the lesser complexity of the photosynthetic apparatus of these organisms. Several lines of evidence suggest that horizontal gene transfer has been important in bacterial evolution in general and also in the evolution of photosynthesis. We have carried out structure-based sequence comparisons of reaction center complexes that have permitted us to construct a unified evolutionary tree incorporating most of the groups of phototrophs. This tree very strongly suggests that the common ancestors of all extant photosynthetic prokaryotes were indeed anoxygenic photosynthetic bacteria and that the core reaction center architecture of these organisms was a protein homodimer.

NITRATE ASSIMILATION AND PHOTORESPIRATION
Arnold J. Bloom1, Martin Burger1, Leslie B. Randall1, Asaph B. Cousins1, 2 and Shimon Rachmilevitch1, 3.
1Department of Plant Sciences, University of California, Davis, CA  95616, USA.
2Currently at Research School of Biological Sciences, GPO Box 475, Canberra ACT 2601, Australia.
3Currently at Department of Plant Biology & Pathology, Rutgers University, New Brunswick, NJ  08902, USA.

Photorespiration, a process that diminishes net photosynthesis by about 25% in most plants, has been viewed as the unfavorable consequence of plants having evolved when the atmosphere contained much higher levels of carbon dioxide than it does today. Here we used four independent approaches to demonstrate that exposure of dicotyledonous and monocotyledonous C3 species to conditions that inhibited photorespiration also strongly inhibited nitrate assimilation. By contrast, shoot nitrate assimilation in C4 species was insensitive to CO2 levels. These results indicate a previously unrecognized function for photorespiration and the C4 pathway: they increase malate levels in the cytoplasm, generating NADH for nitrate reduction. These observations (1) explain several responses of plants to rising carbon dioxide concentrations, including the inability of many plants to sustain rapid growth under elevated levels of carbon dioxide and (2) raise concerns about genetic manipulations to diminish photorespiration in C3 crops. (This research was funded in part by NSF IBN-99-74927 and NSF IBN-03-43127.)
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USING 15N TECHNIQUES TO ASSESS NITRATE ASSIMILATION IN ELEVATED CO2 OR LOW O2 ATMOSPHERES

Martin Burger1, Asaph B. Cousins2 and Arnold J. Bloom1.

1Department of Plant Sciences, University of California, Davis, CA 95616.

2Currently at Research School of Biological Sciences, The Australian National University, ACT 0200 Australia.

Nitrogen concentrations of C3 species usually decline after prolonged exposure to elevated CO2. This may result from a dependence of nitrate (NO3-) assimilation on photorespiration. To investigate the relationship between these two processes, we assessed NO3- assimilation under modified atmospheres using 15N techniques. Wheat (Triticum aestivum cv. Veery) seedlings at a photosynthetic flux density of 1000 μmol m‑2  sec-1 were exposed to an ambient atmosphere (360 μmol mol-1 CO2; 21% O2), elevated CO2 (720 μmol mol-1 CO2; 21 % O2), or low O2 (360 μmol mol-1 CO2; 2% O2), and provided with nitrogen as 15N-enriched NO3- during a 12 h uptake period from a nutrient solution. Compared to ambient conditions, shoot nitrate assimilation rates decreased by 28% and 61% under elevated CO2 and low O2, respectively. In an alternative approach, we analyzed the δ15N signature of NO3- and total N of wheat seedlings exposed to natural abundance levels of 14N and 15N. Given that the enzyme nitrate reductase discriminates strongly against the heavy isotope, δ15N of NO3- reflects the degree to which NO3- availability limits its assimilation. In the shoots, δ15N was higher for NO3-, and lower for total N, in plants grown under elevated CO2 compared to ambient conditions, indicating that NO3- availability at the site of reduction was more limited under ambient than elevated CO2 concentrations. Both methods thus show that conditions diminishing photorespiration also suppress NO3- assimilation. (Supported by NSF IBN-03-43127 grant to AJB.)
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MACROMOLECULAR DOCKING AND BINDING FREE ENERGY CALCULATIONS OF CHLAMYDOMONAS REINHARDTII [2Fe-2S] FERREDOXIN : [FeFe] HYDROGENASE COMPLEXES

Christopher H. Chang1, Paul W. King2, Maria Ghirardi2 and Kwiseon Kim1.

1Computational Sciences Center, National Renewable Energy Laboratory, Golden, CO 80401, USA.

2Basic Sciences Center, National Renewable Energy Laboratory, Golden, CO 80401, USA.

Despite the promise of a “hydrogen economy”, commercial H2 production presently relies on fossil fuel reformation, and thus is a net CO2 source. As opposed to releasing the reduced hydrogen equivalents in fossilized organic carbon, direct energetic coupling to the solar spectrum via photosynthesis offers the potential of biologically derived, CO2-sequestering (via biomass production), and fully renewable H2. The green alga Chlamydomonas reinhardtii contains an endogenous [FeFe] hydrogenase coupled to the central redox metabolism by a chloroplastic [2Fe-2S] ferredoxin. A natural limitation to H2 generation in this organism is the central metabolic role played by ferredoxin, and the associated competition among enzymes (flavin:NADP+ oxidoreductase, nitrite reductase, thioredoxin reductase, glutamate synthase) accepting electrons directly from ferredoxin. In the pursuit of optimal electron transfer between ferredoxin and [FeFe] hydrogenase in C. reinhardtii, we have docked homology models of the algal ferredoxin and [FeFe] hydrogenase, and tested a variety of schemes to calculate binding free energies. Using a combination of energy minimization with discrete and implicit solvation, molecular dynamics, reduced-basis quasiharmonic analysis, and Poisson-Boltzmann electrostatics, two promising structures differing by an ~180º rotation of ferredoxin about an intercluster axis were found to differ in binding free energy by 27 kcal/mol, clearly favoring one orientation over another. This research represents the first part of a comprehensive modeling effort to design algal [FeFe] hydrogenases with enhanced function in vivo. (Supported by a grant from the Director’s Discretionary Research and Development program, National Renewable Energy Laboratory).
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Images by C. H. Chang et al.
PURIFICATION, CHARACTERIZATION AND CRYSTALLIZATION OF PSI-IsiA SUPERCOMPLEX FROM THERMOSYNECHOCOCCUS ELONGATUS
Devendra Chauhan and Petra Fromme.

Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ 85287, USA.

In cyanobacteria, large extrinsic phycobillisomes function as peripheral antenna systems for both Photosystems I (PSI) and II (PSII). Under 
Iron deficiency conditions, which is often the limiting factor for cyanobacterial growth in aquatic ecosystems, the phycobilisomes degrade and by the expression of “iron-stress-induced gene”, IsiA, PSI acquires a ring of the IsiA proteins around the PSI trimer. 18 copies of IsiA encircle the trimeric photosystem I (PSI) and form PSI-IsiA supercomplex of approximately 1900 kDa where antenna size of PSI is increased by 70-100%. We are investigating the functional and structural changes in the PSI-IsiA supercomplex [1,2].


Growth conditions of Cyanobacteria in Iron deficiency have been optimized in a 100-liter capacity aquarium at 56 °C, pH 7 with regular supply of CO2 and air. For crystallization experiments protein is isolated, and purified in its intact form by a modified isolation procedure with high yield. Initial crystallization conditions of this giant PSI-IsiA supercomplex have been identified. Laser flash absorption spectroscopic studies showed a three-fold lower recombination time in the PSI-IsiA-supercomplex than the normal PSI, indicates the lack of terminal Fe-S clusters FA, FB in the supercomplex. Total iron content in PSI-IsiA and PSI by ICP measurements (in progress) will also be presented. This research is important in exploring the various structural and functional changes in the PSI due to environmental stresses. It will also help us in understanding the evolution of electron transport chain. (This project is funded by National Science Foundation MCB-0417142.)

1.
Bibby, T. S., et al., Nature, 412, 743-745, (2001).

2.
Boekema, E. J., et al., Nature, 412, 745-748, (2001).
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HIGH YIELD OF M-SIDE ELECTRON TRANSFER IN MUTANTS OF RHODOBACTER CAPSULATUS REACTION CENTERS LACKING THE INTIAL ELECTRON ACCEPTOR BACTERIOPHEOPHYTIN

Jessica I. Chuang1, Steven G. Boxer1, Dewey Holten2 and Christine Kirmaier2.  

1Department of Chemistry, Stanford University, Stanford, CA 94305-5080.  

2Department of Chemistry, Washington University, St. Louis, MO, 63130-4899.

Symmetry-related branches of electron-transfer cofactors—with primary donor bacteriochlorophylls (P), accessory bacteriochlorophylls (B), bacteriopheophytins (H) and terminal quinone acceptors (Q)—are common features of photosynthetic reaction centers (RCs).  Primary electron transfer occurs only in the L (or A) branch in wild-type bacterial RCs.  Manipulation of the direction of electron transfer (ET) by site-directed mutagenesis has been aimed at lowering the free energies of charge-separated states and/or substituting or eliminating cofactors, but the yield of M-side (B-side) ET has been limited by either residual L-side ET and/or rapid deactivation of P* to the ground state [1].  The Rhodobacter capsulatus mutant DLL, in which the D helix of the L subunit has been substituted for that in the M subunit, assembles without the initial electron acceptor bacteriopheophytin HL, so electron transfer to QA via the L-branch is completely abolished [2].  We have reconstructed this system, developed solubilization procedures that allow isolation of RCs, and demonstrated that the pigment composition of DLL is as expected when one bacteriopheophytin is missing.  The DLL system involves twelve amino acid changes, including changes that affect the redox potentials of P and the electron acceptor BL.  Using information assembled from many labs, we have systematically engineered several mutants in the DLL background that enhance electron transfer along the M-branch of chromophores, leading to a novel RC that produces P+HM- with an unprecedented quantum yield as high as 70%.  This result underscores the importance of the free energies of charge-separated states as the driving force behind electron transfer in bacterial RCs.  (Supported by grants from the NSF Biophysics Program.  JIC supported by a fellowship from the Hertz Foundation.)

1.
Kirmaier, C., He, C., and Holten, D. (2001) Biochemistry 40, 12132-12139.

2.
Robles, S. J., Breton, J., and Youvan, D. C. (1990) Science 249, 1402-1405.

[image: image10.emf]P

B

L

B

M

H

M

H

L

Q

B

Q

A

P

M

P

L

P

B

L

B

M

H

M

H

L

Q

B

Q

A

P

M

P

L


Image by J. I. Chuang et al.

FUNCTIONAL GENOMICS AND EVOLUTION OF CRASSULACEAN ACID METABOLISM

John C. Cushman.

Department of Biochemistry, University of Nevada, Reno, NV 89557-0014, USA.

Crassulacean acid metabolism (CAM), an important adaptation of photosynthetic carbon fixation to limited water or CO2 availability, is present in more than 6% of vascular plant species making it the second most common mode of photosynthesis among vascular plants. We used the facultative CAM plant, Mesembryanthemum crystallinum (common ice plant), as a model system to investigate the structural and regulatory requirements essential for performing CAM. We have conducted extensive expressed sequence tag (EST) sequencing from 20 cDNA libraries generated mostly from leaf tissues as well as other tissues including roots, flowers, epidermal bladder cells, and meristems resulting in the production of 25,640 ESTs. In addition, we have developed the first oligonucleotide-based microarray or DNA chip for a CAM species using available EST resources from ice plant. The ice plant DNA chip contains 8,455 gene-specific probes. Large-scale gene expression profiling experiments were conducted to compare both unstressed 5-week-old ice plants performing C3 photosynthesis and 14-day salinity stressed 7-week-old plants performing CAM. Expression profiles were conducted every 4 hours over a 24-hour period under constant light and temperature conditions in order to assess circadian control patterns of key CAM-related genes. Most CAM-related genes are under circadian control. The ability to conduct large-scale gene expression profiling has allowed us to identify many genes that were previously unrecognized to participate in the performance and regulation of CAM. 


CAM has evolved multiple times in several families of vascular plant species. Although the basic metabolic reactions required for CAM are well known, the molecular mechanisms responsible for its evolution are completely uncharacterized. Current estimates indicate that approximately 50% of the 20,000 species within the Orchidaceae, the largest family of vascular plants, exhibit CAM. However, this estimate is based on surveys of less than approximately 3% of all species. Foliar carbon isotopic composition (13C) measurements and nocturnal acid accumulation measurements within this family show that CAM exhibits a bimodal distribution with the majority of species having 13C values around -28 ‰ diagnostic of C3 photosynthesis and weak CAM, and -15‰ diagnostic of strong CAM. Current efforts are aimed at expanding the number of orchid species surveyed for CAM and investigating the molecular genetic mechanisms responsible for the evolution of weak and strong modes of CAM within the Oncidiinae, a subtribe within Orchidaceae.  Supported by grants from the NSF (IBN-0196070) and the Nevada Agricultural Experiment Station.
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FEATURES OF SINGLE-CELL C4 PHOTOSYNTHESIS IN TERRESTRIAL PLANTS

Gerald E. Edwards1, Elena Voznesenskaya2, Nuria Koteyeva2 and Simon D.X. Chuong1.

1School of Biological Sciences, Washington State University, Pullman, WA 99164-4236, USA.

2Laboratory of Anatomy and Morphology, V.L. Komarov Botanical Institute of Russian Academy of Sciences, Prof. Popov St. 2, 197376, St. Petersburg, Russia.

It is well established that a carbon-concentrating mechanism occurs in some terrestrial plants through the process of C4 photosynthesis. Until recently, all C4 plants have been characterized as having Kranz-type leaf anatomy, with two structurally and biochemically specialized photosynthetic cell types, mesophyll and bundle sheath, that function coordinately in carbon assimilation.  C4 photosynthesis has evolved independently many times, with great diversity in forms of Kranz anatomy, structure of dimorphic chloroplasts, and biochemistry of the C4 cycle. The most dramatic variants of C4 terrestrial plants were discovered recently in three species, Bienertia cycloptera, B. sinuspersici and Suaeda aralocaspica (family Chenopodiaceae).  They have novel compartmentation to accomplish C4 photosynthesis within a single chlorenchyma cell, as shown by anatomical, histochemical and biochemical studies.  Mature leaves of these plants have dimorphic chloroplasts, one specialized for supporting fixation of atmospheric CO2 in the C4 cycle, and the other specialized for accepting CO2 from decarboxylation of C4 acids and assimilating it by Rubisco in the C3 cycle.  A single chlorenchyma cell of the Bienertia species has dimorphic chloroplasts located peripherally and in an unusual central cytoplasmic compartment, with the peripheral cytoplasm functioning like mesophyll cells, and the central compartment like bundle sheath cells, of Kranz-type C4 plants.  A single chlorenchyma cell of S. aralocaspica has the equivalent of a Kranz mesophyll compartment at the distal end (near the entry of CO2 into the leaf), and a bundle sheath compartment at the proximal end.  How the essential features of C4 photosynthesis are accomplished in the single-cell C4 plants will be discussed.  (Supported by grants from the National Science Foundation and the U.S. Civilian Research & Development Foundation.)
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THE PROTON-DRIVEN TURBINE OF THE CHLOROPLAST ATP-SYNTHASE

Petra Fromme1, Benjamin Varco-Merth1, Craig Jolley2, Meitian Wang1 and Raimund Fromme1.

1Department of Chemistry and Biochemistry Arizona State University PO Box 871604, Tempe, AZ  85287-1604, USA.

2Department of Physics and Astronomy, Arizona State University PO Box 871504, Tempe, AZ  85287-1504, USA.

ATP synthase couples the transmembrane proton potential produced by mitochondria, chloroplasts and bacteria to the synthesis of ATP from ADP and inorganic phosphate. During ATP synthesis, stepwise protonation of a conserved carboxylate on each member of an oligomeric ring of 10-14 c-subunits drives rotation of the rotor moiety (c10-14) relative to stator moiety (33ab2).  Though several models of this subunit have been published at low resolution or in organic solvents, no high-resolution structures of the proton-driven oligomer are available.  The determination of the structure of the c-subunit oligomer is essential for understanding the function of proton conductivity and the rotational mechanism.  


We have recently grown crystals of an oligomeric form of subunit c from the spinach chloroplast enzyme diffracting as far as 2.5 angstroms.  Though we are currently collecting experimental phases, the high symmetry of the oligomer allow for the determination of valuable structural insights from the native data.  The native Patterson reveals the presence of 14-fold symmetry in the oligomer, confirming previous AFM studies (Seelert et al., 2000).  Though there are no known pigments in the membrane subunits of ATP synthase, these crystals possess a strong yellow color.  The pigment analysis is in progress.

Seelert H, Poetsch A, Dencher NA, Engel A, Stahlberg H, Muller DJ (2000) Structural biology.  Proton-powered turbine of a plant motor.  Nature 405: 418-419
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X-RAY STRUCTURE ANALYSIS FROM CO-CRYSTALS OF PHOTOSYSTEM I AND ITS NATURAL ELECTRON ACCEPTOR FERREDOXIN 

Raimund Fromme1, Hongqi Yu1, Ingo Grotjohann1, Meitian Wang1, Pierre Setif2, Herve Bottin2 and Petra Fromme1.

1Arizona State University, Department of Chemistry and Biochemistry, Tempe, AZ 85287-1601, USA

2CEA, Département de Biologie Cellulaire et Moléculaire, CNRS, URA 2096, C. E. Saclay, 91191 Gif-sur-Yvette Cedex, France.

Photosystem I is a large membrane protein complex that catalyzes the first step of light reactions in photosynthesis. The molecular structure of this complex is solved to atomic resolution (2.5A) (1). Ferredoxin acts as the natural electron acceptor of photosystem I and mediates the electron transfer from photosystem I to the FNR, where finally NADP+ is reduced to NADPH. The aim of our studies is to unravel the interaction between photosystem I and ferredoxin at atomic detail by co-crystallization of photosystem I with ferredoxin. The trimer of photosystem I has a MW   of 1 056 kDa compared with 10 kDa for ferredoxin. Therefore co-crystallizing PSI and ferredoxin and the X-ray structure analysis of this complex is a very challenging project. 

Improvement of the crystallization conditions leads to a new crystal that differs from all previous grown PSI-Fd co-crystals (2). The space group has been determined to be P21 with a=214.5, b=235.6, c=261.2 alpha=90.0 beta=100.47 gamma=90.0. The data are 99% complete at 4.0A and 63% complete at 3.5 A. There are two trimeric photosystem I. complexes arranged face to face in one asymmetric unit, which corresponds to 72 proteins and 764 cofactors. This huge PSI-Fd sandwich is a completely new challenge for the phase determination by molecular replacement. The electron density map indicates that the three stromal subunits may undergo significant structural changes upon ferredoxin binding in contrast to the membrane extrinsic subunits of photosystem I that are identical in the native photosystem I and in the cocrystals. The structural arrangement from PsaC, PsaD, PsaE and the ferredoxin molecules is under refinement.
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Photosystem 1 co-crystals with ferredoxin crystals in mother liquor.  Image by R. Fromme et al.

The Deleterious Effect of O2 on Algal Hydrogen Photoproduction 

Maria L. Ghirardi, Michael Seibert, Paul W. King, Matthew Posewitz, Alexander Fedorov, Sharon Smolinski.
National Renewable Energy Laboratory, 1617 Cole Blvd., Golden, CO 80401, USA.
The algal hydrogenase enzyme belongs to the class of [FeFe]-hydrogenases found in strictly anaerobic bacteria, fungi, and protozoans.  These enzymes display unusual sensitivity to O2, which affects H2-production at three levels: (a) gene transcription, (b) metallo-cluster assembly, and (c) enzyme activity.  We found that, besides being regulated by O2 levels, hydrogenase gene transcription also correlates with the redox state of the PQ pool and could be modulated by it.  Moreover, the assembly of its metallo-cluster depends on the activity of two genes (HydEF and HydG) in Chlamydomonas reinhardtii, which are members of the to radical SAM superfamily of proteins.  As is the case with hydrogenase, these proteins require anaerobiosis for gene expression and activity.  Finally, it is well-documented that O2 binds irreversibly to the H-cluster and thus inactivates the enzyme.  Current research at NREL is attempting to circumvent these three issues by engineering a H2-producing system that operates in air.  The presentation will be an overview of NREL’s research and will discuss possible implications for future biological and/or biohybrid applications.  (This research is supported by DOE’s Hydrogen, Fuel Cells and Infrastructure Technology Program [MG and MS], and by the DOE Office of Science [MG, PWK, MS].)
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ANOXYGENIC PHOTOCHEMISTRY IN OLIGOTROPHIC OCEANIC BACTERIA

Stephen J. Giovannoni, Jang-Cheon Cho, Samuel R. Laney, Russell A. Desiderio Martha D. Stapels, Robert M. Morris, Kevin L. Vergin, Douglas F. Barofsky and Uli Stingle.

Oregon State University, Corvallis, Oregon, USA.
In the year 2000 persuasive evidence emerged suggesting that two different types of anoxygenic photochemistry play important roles in the ecology of the ocean surface layer.  Kölber  reported that reaction centers based on bacteriochlorophyll contribute significantly to oceanic photochemical electron transport, and Bèjá reported that bacteriorhodopsin homologs are present and active in seawater.  Both of these photosystems are presumed to convert energy from light into transmembrane potentials that are used by cells to generate ATP, or to power motility and transport systems.  Evidence about the contribution of these photosystems to microbial success and survival in the oceans has been scarce because of the difficulty of culturing the key organisms.  Cultivation methods that rely on microbial growth in natural seawater led to the isolation of bacterioplankton strains that have proteorhodopsin genes, and to strains of oligotrophic marine gammaproteobacteria that have bacteriochlorophyll-based reaction centers.  Pelagibacter, an isolate from the SAR11 clade of alphaproteobacteria, expresses a proteorhodopsin gene in the light and the darkness, but light has little effect on the growth rate or yield of cells.  Transient shifts in proteorhodopsin absorption induced by laser flashes indicate that Pelagibacter cells have on the order of 10,000 proteorhodopsin molecules per cell.  Numerous peptides encoded by Puf operon genes were detected in membrane preparations of the marine gammaproteobacterium HTCC 2080 by mass spectrometry, and matched to sequences retrieved from seawater by random metagenome cloning procedures.  We postulate that anoxygenic forms of photochemistry may benefit these oligotrophic cells mainly by supplying auxillary power during transient periods of organic carbon starvation.
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Light-harvesting Pigment-Proteins: From  Bands on Gels to Genes on Trees (with lots of detours and surprises)

Beverley R. Green.

Botany Department, University of British Columbia, Vancouver, BC, Canada.

Scientific research doesn’t always go in a straight line. I didn’t start out to study chlorophyll-proteins, and knew very little about photosynthesis when I found myself looking at green bands on gels. I was asking what proteins could be synthesized in vitro by isolated chloroplasts of the green alga Acetabularia, in order to see what proteins might be coded for by the chloroplast genome. It turned out that most of them were membrane proteins, almost none of which had been identified (this was 1978). Edith Camm started using the mild detergent octylglucoside because it was reported to get rid of CF1, but found that it also separated chl-protein complexes very well. Mike White raised antibodies to individual chl a/b complexes (CP29, LHCII, LHCI) that he had carefully purified, but found they cross-reacted with each others’ proteins: this was the first hint that we were studying a large multi-protein family. Then there was the annoying 22kDa protein that kept on lighting up with the anti-CP29 antibody: it turned out to be the only four-helix member of the family. It is now famous as PsbS, essential for photoprotection in higher plants. Werner Kühlbrandt’s 3.4 Å model of LHCII provided the opportunity to use molecular replacement to model the putative one-helix ancestor of the LHCs, the cyanobacterial Hli protein. (This lovely dimer still hasn’t been seen in the test tube.). And then there was the puzzle of the chl a/b proteins found in three unrelated genera of cyanobacteria. That puzzle was solved with an international group of collaborators, showing that the proteins were actually related to the PS II core antennas CP43 and CP47, a very nice example of convergent evolution.


As usual in research, not everything worked according to plan. A dream of reassembling PSII from the individual proteins in liposomes died a well-deserved death, but along the way Murray Webb discovered some totally unexpected physical behavior in liposomes made of highly purified thylakoid lipids. An applied project on why canola seeds don’t degrade their chl after a early frost gave totally different results from what we’d based our application on (so much for targeted research). After a frustrating experience with drought-stressed spruce, phylogenetic trees are now the only trees allowed in my lab. 


The first question is still “How do chloroplasts work?”, but we also want to know “How did they get that way?”  Our emphasis is on algae with chl a/c light-harvesting complexes (dinoflagellates, diatoms, other heterokonts), which make up a large part of the ocean biota and account for a major part of global CO2 draw-down. Dion Durnford extended the LHC superfamily, Kenichiro Ishida and Balbir Chaal investigated protein targeting in chloroplasts derived by secondary and tertiary endosymbiosis, and Zhaoduo Zhang discovered the minicircular chloroplast genes of dinoflagellates. Genomics is giving us more data than we can handle, with two completed diatom genomes and many EST projects. It’s always a fun time to be in science! (The Natural Sciences and Engineering Research Council of Canada is gratefully thanked for its continuous support of my research program). 
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METABOLIC CYCLING IN MAT-DWELLING CYANOBACTERIA 

Arthur R. Grossman1, Anne-Soisig Steunou1, Mary M. Bateson2, Fred M. Cohan3, Natsuko Hamamura2, Natalia Khuri1, Alex Koeppel3, Michael Kühl4, Melanie C. Melendrez2, Scott R. Miller5, Sue Y. Rhee1, Clare Simpson1, Robert Stewart3, David M. Ward2, John Heidelberg6, Devaki Bhaya1. 

1The Carnegie Institution, Department of Plant Biology, Stanford, CA 94305, USA

2Montana State University, Department of Land Resources and Environmental Science, Bozeman MT 59715, USA.

3Wesleyan University, Department of Biology, Middletown, CT 06459, USA.

4Marine Biological Laboratory, University of Copenhagen, 3000 Helsingør, Denmark.

5The University of Montana, Division of Biological Sciences, Missoula MT 59812-4824, USA.

6The Institute for Genomic Research, Rockville, MD 20850, USA.

Hot spring microbial mats are highly organized natural biofilms containing both photosynthetic and non-photosynthetic organisms embedded within a polysaccharide matrix and distributed along horizontal thermal and vertical light gradients.  These mats may be ~1 cm thick and the cyanobacteria, often the dominant primary producers within this ecosystem, may live in the top 1-2 mM and survive temperatures of over 70oC.  Furthermore, the mats become hyperoxic during the day when cyanobacteria are evolving oxygen and fixing inorganic carbon, but soon after the light levels decline in the evening and the rate of photosynthetic oxygen evolution drops below that of oxygen consumption, the mat becomes anoxic. To learn more about the ecotypes that populate the alkaline hot spring mats in Yellowstone National Park, and factors that control photosynthesis and other metabolic functions over the diel cycle, we sequenced the genomes of two Synechococcus isolates that are present in overlapping thermal environments (one isolate grows to temperatures of just above 60oC and the other to temperatures of just above 65oC).  While the two Synechococcus genomes have similar gene content, they are remarkably different with respect to gene arrangement; the largest syntenic regions of the two genomes are approximately 30 kbp. Analysis of the genomes show some ecotype specialization (e.g. only one of the ecotypes has the complete gene cluster for the utilization of phosphonate and the storage of nitrogen as cyanophycin), potential modifications of polypeptide sequences that would increase their thermal stability, and the identification of genes that were not thought to be present in these organisms.  Surprisingly, the genomes of both cyanobacterial isolates harbor a full complement of nitrogen-fixation (nif) genes that are clustered on the genomes; this is the first report of nitrogen fixation in unicellular, thermophilic fresh-water cyanobacteria.  We have initiated in situ expression studies for genes involved in photosynthetic, respiratory and fermentation metabolism, as well as those genes involved in nitrogen fixation.  Transcripts encoding proteins critical for photosynthesis and respiration reach high levels in the day when the mat is hyperoxic, however, as evening approaches and the mat becomes anoxic, transcripts from the photosynthesis/respiratory genes decline and transcripts from genes involved in fermentation metabolism and nitrogen fixation increase.  Continued studies are focused on elucidating the coordination of oxygen tolerant and oxygen sensitive metabolisms, the ways in which these metabolisms are integrated over the diel cycle, and an understanding of the different cyanobacterial ecotypes in the mat community and how they interact. 
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Deer at the Asilomar Conference Grounds.
High Field Pulsed EPR/ENDOR Spectroscopy of Photosystem II Single Crystals

Alexander Gunn, Ingo Grotjohann, Marcin Brynda, Petra Fromme and R. David Britt. 

University of California, Davis, Department of Chemistry, 1 Shields Ave., Davis, CA 95616, USA. 

The oxygen-evolving complex (OEC) of Photosystem II (PSII) has long been a target of study by electron paramagnetic resonance spectroscopy (EPR) and electron nuclear double resonance spectroscopy (ENDOR). Most of these studies have been carried out at X-Band (9–10 GHz) using frozen solutions. With recent developments in crystallization of PSII reaction centers, the door is open for EPR studies of single crystals. Hofbauer et al.1 reported continuous wave EPR at W-Band (94 GHz) of both frozen solution and single crystal samples, as well as pulsed ENDOR of the frozen solution. Using samples from Dr. Petra Fromme (Arizona State University), we have begun Pulsed EPR and ENDOR studies of PSII single crystals at D-Band (130 GHz). Echo-detected field swept spectra show increased resolution of the YD․ hyperfine splittings and g-tensor. Pulsed ENDOR spectra of YD․ in PSII single crystal exhibit an antisymetric pattern consistent with thermal polarization effects identified earlier in the ENDOR spectra of certain metals when observed at low temperatures and at high fields.2,3

1. Hofbauer, W, Zouni, A, Bittl, R., Kern, J., Orth, P., Lendzian, F., Fromme, P., Witt, H. T., Lubitz, W. Photosystem II Single Crystals Studied by EPR Spectroscopy at 94 GHz: The Tyrosine Radical YD•.(2001) Proc. Natl. Acad. Sci. U. S. A., 98, 6623–6628. 

2. Bennebroek, M.T., Schmidt, J. Pulsed ENDOR Spectroscopy at Large Thermal Spin Polarizations and the Absolute Sign of the Hyperfine Interaction. (1997) J. Mag. Res., 128, 199–206.
3. Epel, B., Pöppl, A., Manikandan, P., Vega, S., Goldfarb, D. The Effect of Spin Relaxation on ENDOR Spectra Recorded at High Magnetic Fields and Low Temperatures. (2001) J. Mag. Res., 148, 388–397.
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CHARACTERIZATION OF ANTIOXIDANTS IN C3 TO CAM SHIFTS IN MESEMBRYANTHEMUM CRYSTALLINUM 
Lonnie J. Guralnick2, Monica Smith1 and Shanna Briggs2.

1Department of Botany, Washington State University, Pullman, WA  99164, USA.

2Division of Natural Science and Mathematics, Western Oregon University, Monmouth, OR 97361, USA.

Mesembryanthemum crystallinum is a facultative CAM plant that shifts from C3 to CAM metabolism during the imposition of water and salt stress.  The shift is characterized by a net uptake of CO2 at night, stomatal closure during the light period, and an increase in titratable acidity (malate). During the subsequent light period, the malate that was stored at night is used as source of CO2 for photosynthesis. During the light the titratable acid is depleted as the internal source of CO2.  This may lead to an increased concentration of oxygen radicals present in the leaf cells.  This would decrease photosynthesis by damaging the photosynthetic membranes.  Thus, the shift to CAM would increase the cell’s need for antioxidant protection. Previous research with CAM plants has shown that anti-oxidants may increase in activity during the imposition of water stress but the plants were already using the CAM pathway. There are indications that the protective anti-oxidant enzymes, Glutathione Reductase (GR) and Superoxide dismutase (SOD) may be induced during the shift from C3 to CAM.   We have preliminary results showing GR and SOD activity is increased during imposition of salt stress.  Our results indicate that GR may also be inhibited by malate, a metabolite of the CAM pathway. Further results indicate that there may be a shift to a circadian rhythm associated with the phases of the CAM metabolic pathway. The understanding of GR is very important because it may lead to an understanding of the interactions of the photo protection pathway of the xanthophylls cycle with other antioxidants.  This would be critical in crop plants which may undergo periodic water stress in semi-arid ranges.  (Supported by Western Oregon University Faculty Development Grants to LJG, and Kenneth B. Walker Scholarship to M. Smith.)
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Ice plant (sea fig), Mesembryanthemum crystallinum.

SEMI-ANAEROBIC GROWTH OF MARINE AEROBIC ANOXYGENIC PHOTOTROPHS WITHIN SELF-CREATED MICROHABITATS

A. L. M. Haffa, P. Girguis*, D. Klimov and Z. Kolber.

R&D Engineering, Monterey Bay Aquarium Research Institute, Moss Landing, CA 95039-9644, USA.

*Current address: Department of Organismal and Evolutionary Biology, Harvard University, Cambridge, MA 02138, USA.

Anoxygenic photoheterotrophs are a diverse group of primary producers incapable of evolving oxygen because the bacteriochlorophyll used for photosynthetic energy and electron transfer processes is not energetically capable of splitting water.  Aerobic anoxygenic photoheterotrophic bacteria (AAPs) are a subcategory characterized by the presence of abundant carotenoids, which are globally distributed in the euphotic zone of the world's oceans comprising 0.8 to upwards of 10% of the total microbial population in these habitats.  Here we demonstrate that the nomenclature 'aerobic' may not be strictly correct and that AAPs are more metabolically diverse than previously supposed.  AAPs cells grown in aerated liquid media produce bio-aggregates up to 1 cm in diameter consisting of an elaborate exo-polysaccharide matrix, cells, and crystalline components. A steep oxygen gradient was found within the aggregates with no detectable oxygen levels in the center. AAPs grown in an anaerobic growth chamber stained positively with DAPI after 3 weeks of incubation, indicative of physiologically active cells.   Anaerobic bacto-agar stab and liquid cultures were then grown under a variety of nutrient and light conditions, including sealed vials made anaerobic with the addition of ascorbate.   Growth was monitored using fast repetition rate fluorimetry, and in vivo absorbance and fluorescence. Growth was found in a variety of conditions including limited nutrients, diel-cycled, or constant darkness or light.  We are assessing the possibility of nitrogen fixation using stable isotope growth in nutrient limiting conditions.  The data taken together demonstrate that while the AAPs inhabit aerobic habitats, they can modify local environmental conditions in a manner similar to bio-films to form their own anaerobic growth chambers.  Furthermore, the copious amount of exo-polysaccharide matrices produced by these microbes likely significantly contributes to marine nutrient cycles.
[image: image21.png]



MEASUREMENT OF THE DEPENDENCE OF INTERFACIAL CHARGE-TRANSER RATE CONSTANTS ON THE REORGANIZATION ENERGY OF REDOX SPECIES AND ON FREE ENERGY AT ZnO/H2O INTERFACES

Thomas W. Hamann, Florian Gstrein, Bruce S. Brunschwig and Nathan S. Lewis.

Division of Chemistry and Chemical Engineering, 210 Noyes Laboratory, 127-72, California Institute of Technology, Pasadena, CA 91125, USA.

The dependence of interfacial electron-transfer rate constants on the on the reorganization energy of redox species was investigated using a series of non-adsorbing, one-electron, outer-sphere compounds, cobalt trisbipyridine (Co(bpy)33+/2+), ruthenium pentaamine pyridine (Ru(NH3)5py3+/2+), cobalt bis-1,4,7-trithiacyclononane (Co(TTCN)23+/2+), and osmium bis-dimethyl bipyridine bis-imidazole (Os(Me2bpy)2(Im)23+/2+), which have similar formal reduction potentials yet which have reorganization energies that span approximately 1 eV.  Differential capacitance vs. potential and current density vs. potential measurements were used to determine the energetics and kinetics, respectively, of the interfacial electron-transfer processes.  Each interface displayed a first-order dependence on the concentration of redox acceptor species and a first-order dependence on the concentration of electrons in the conduction band at the semiconductor surface, in accord with expectations for the ideal model of a semiconductor/liquid contact.  Rate constants varied from 1 × 10-19 to 6 × 10‑17 cm4 s-1.  The interfacial electron-transfer rate constant decreased as the reorganization energy, , of the acceptor species increased, and a plot of the logarithm of the electron-transfer rate constant vs. 
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 (where G0' is the driving force for interfacial charge transfer) was linear with a slope of ≈ -1.  The driving force for interfacial charge transfer and was investigated employing a series redox couples with formal reduction potentials that spanned approximately 900 mV allowed evaluation of both the normal and Marcus inverted regions of interfacial electron-transfer processes.  The rate vs. driving force dependence at n-type ZnO electrodes exhibited both normal and inverted regions, and the data were well-fit by a parabola generated using classical Marcus theory with a reorganization energy of 0.67 eV. The rate constant at optimal exoergicity was observed to be 10-17 - 10-16 cm4s-1.  These results show that interfacial electron-transfer rate constants at semiconductor electrodes are in good agreement with the predictions of a Marcus-type model of interfacial electron-transfer reactions.    
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14th Western Photosynthesis Conference participants.

PHOTOCHEMICAL HYDROGEN EVOLUTION: BIO-HYBRID CATALYSIS

Michael Hambourger1, Wes Giron1, Rolf Mehlhorn2, Alicia Brune1, Paul Liddell1, Devens Gust1, Ana Moore1 and Thomas Moore1
1Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ 85287, USA.

2Advanced Energy Technologies, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA.

A biological/photoelectrochemical hybrid system has been developed for the photochemical reforming of biological substrates into hydrogen gas. Upon illumination, a porphyrin-sensitized titanium (IV) oxide photoanode undergoes charge separation. Electrons migrate to a hydrogen evolving cathode while holes, remaining on the sensitizer dye, are reductively quenched by the biological electron relay NADH. The oxidized electron relay NAD+ couples the photochemical reactions to any of a wide variety of dehydrogenase enzymes, permitting the electrons stored in the hydrogen product to be obtained from biological substrates.  Data will be shown demonstrating the photoelectrochemical reforming of glucose and ethanol to yield hydrogen. In principle the system design could alternatively be used to reform lower quality biological waste materials into hydrogen gas. 


Currently, hydrogen evolution has been demonstrated using either platinum or a soluble hydrogenase enzyme as catalyst. Ongoing work investigating immobilized hydrogenase enzyme cathodes will be described. Electron relays other than NADH will also be discussed as a means of incorporating alternative biological pathways into the hybrid system. This research provides insights into the use of a dye-sensitized solar cell architecture to drive enzyme-assisted photochemical catalysis. (Funding provided by the U.S. Department of Energy; grant number DE-FG02-03ER15393.)
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14th Western Photosynthesis Conference participants.
VARIABLE FLUORESCENCE IN GREEN SULFUR BACTERIA
M. F. Hohmann-Marriott2, A. M. Collins1 and R. E. Blankenship1.

1Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ 85285, USA.

2School of Life Sciences, Arizona State University, Tempe, AZ 85285, USA.

Green sulfur bacteria possess a complex photosynthetic apparatus. Hundreds of thousands of bacteriochlorophyll c molecules are housed in a unilayer-membrane enclosed vesicle, the chlorosome. The chlorosome is energetically coupled to reaction centers by an array of proteins constituting the baseplate and the FMO-protein, both of which contain bacteriochlorophyll a. Upon illumination of dark-adapted cells a complex modulation of bacteriochlrophyll fluorescence is observed. Fluorescence increases to a maximum within the first seconds. After this maximum is reached, the fluorescence yield decreases and reaches a steady lower level after about two minutes. After a dark adaptation of the sample for 7 minutes, an identical transient can be observed upon a new illumination. The fluorescence yield during the initial increase and subsequent decrease is modulated on the FMO-level, while fluorescence emitted by the chlorosome remains largely unaffected. The FMO fluorescence is modulated by a quencher, with pool features and a temperature dependence that is indicative of a membrane-mediated process.This research was supported by the Department of Energy.

SYNTHESIS OF CHLOROPHYLL B AND ITS ROLE IN ASSEMBLY OF LIGHT-HARVESTING COMPLEXES

J. Kenneth Hoober1, Christiane Reinbothe2, Laura L. Eggink1 and Steffen Reinbothe3.

1School of Life Sciences, Arizona State University, Tempe, AZ 85287-4501, USA. 2Lehrstuhl für Pflanzenphysiologie, Universität Bayreuth, Bayreuth, Germany. 3Université Joseph Fourier et Centre National de la Recherche Scientifique, Grenoble cedex 9, France.

Chlorophyll (chl) b is essential for efficient photosynthesis in plants and green algae because of the requirement of chl b for assembly of light-harvesting complexes (LHCs).  However, chl b does not bind to typical ligands of chl a [1].  The Mg atom in only one of the six chl b molecules in LHCII is coordinated with an amino acid sidechain (Glu139).  Two are coordinated with non-H-bonded peptide bond carbonyls of Tyr24 and Val119, groups with a sufficiently strong dipole to displace a water ligand, while water is the ligand of the other three chl b molecules [2].  These coordination properties can be understood on the basis of the Qx and Qy electronic transition energies [3].  Chlorophyllide a oxygenase (CAO), which catalyzes synthesis of chl b, was reconstituted into active enzyme after in vitro transcription/translation of cDNA in wheat germ lysates.  Nearly 80% of the added chlorophyllide a was converted to chlorophyllide b in assays of the enzyme [4].  A stable radical species, tentatively identified as a tyrosine residue, in recombinant CAO expressed in E. coli was quenched by chl a and is possibly involved in the reaction mechanism [5].  Cell fractionation demonstrated that CAO is located on the cytosolic surface of the inner membrane of the chloroplast envelope in plants and algae and is part of a complex involved in import of LHCP [4,5].  LHCP import into chloroplasts purified from a chl b-minus Arabidopsis mutant was negligible [4].  In a Chlamydomonas reinhardtii chl b-minus mutant, LHCPs accumulated in cytoplasmic vacuoles after aborted import into the chloroplast [6].  These data strongly suggest that initial binding of chl b to LHCPs, most likely to the peptide bond carbonyl of Tyr24, is required for retention of the proteins in the chloroplast after synthesis in the cytosol and for assembly into LHCs. 

1.
Chen M, Eggink LL, Hoober JK and Larkum AWD (2005) Influence of structure on binding of chlorophylls to peptide ligands.  J Am Chem Soc 127: 2052-2053.

2.
Liu Z, Yan H, Wang K, Kuang T, Zhang J, Gui L, An X and Chang W (2004) Crystal structure of spinach major light-harvesting complex at 2.72 Å resolution.  Nature 428: 287-292. 

3.
Linnanto J and Korppi-Tommola J (2004) Semiempirical PM5 molecular orbital study on chlorophylls and bacteriochlorophylls: comparison of semiempirical, ab initio, and density functional results.  J Comput Chem 25: 123-137.

4.
Reinbothe C, Bartsch S, Eggink LL, Hoober JK, Brusslan J, Angrade-Paz R, Monnet J and Reinbothe S (2006) A role for chlorophyllide a oxygenase in the regulated import and stabilization of light-harvesting chlorophyll a/b proteins in chloroplasts.  Proc Natl Acad Sci USA, in press.

5.
Eggink LL, LoBrutto R, Brune DC, Brusslan J, Yamasato A, Tanaka A and Hoober JK (2004) Synthesis of chlorophyll b: localization of chlorophyllide a oxygenase and discovery of a stable radical in the catalytic subunit.  BMC Plant Biol 4: 5.

6.
Park H and Hoober JK (1997) Chlorophyll synthesis modulates retention of apoproteins of light-harvesting complex II by the chloroplast in Chlamydomonas reinhardtii.  Physiol Plant 101: 135-142.
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STRUCTURAL RECLASSIFICATION OF ANTENNAE PROTEINS SHEDS LIGHT ON THE EVOLUTIONARY HISTORY OF PHOTOSYNTHESIS AND PHOTOPROTECTION

Emily Johnson1, Jessica Postlethwaite2 and Heather Rissler3.

1Department of Chemistry; 2Department of Biology; 3Science Education Resource Center, Carleton College, Northfield, MN 55057, USA.

Found surrounding Photosystems I and II (PSI and PSII) in the thylakoid membrane, light-harvesting complex proteins (LHCs) regulate the first step of photosynthesis by serving a dual role in light harvesting and photoprotection (1). During light harvesting, resonance energy transfer is achieved through a cascade of excitations propagated through pigment molecules, facilitated by their structural properties and relative proximities to one another.  These attributes are governed by their binding to the LHC protein scaffold, which not only determines their relative positioning but also exerts environmental influences on their exited-state energy levels.  LHCs evolved through the duplication and divergence of genes coding for HLIP (High Light Inducible Protein), a photoprotective, single-helix protein found in cyanobacteria, the progenitor of chloroplasts (2). To begin tracing the evolution of LHC pigment binding plasticity and spectral tuning, we used the known structure of spinach LHCII (3) as a template for comparative homology modeling to predict the structures of and to analyze pigment binding motifs in LHCs from the diatom Thalassiosira pseudonana, the green alga Euglena gracilis, the red alga Cyanidioschyzon merolae and the angiosperm Arabidopsis thaliana.   Results from comparative homology modeling and structure-based classification identified homologues of the minor antennae proteins, CP24 and CP26, in both primary red and green chloroplasts, providing evidence for the nature of the photosynthetic antennae in the common ancestor for all photosynthetic eukaryotes   To further address the underlying mechanisms that regulate the switch between light harvesting and photoprotection, we examined stress-induced changes in the  antennae from the green alga E. gracilis and found that up-regulation of PSI may compensate for a lack of kinase-mediated LHCII migration in this organism.  Longer-term regulatory mechanisms including post-translational regulation of LHC accumulation in E. gracilis are also discussed.

1.
Anderson JM, Chow WS, Park YI (1995). The grand design of photosynthesis: Acclimation of the photosynthetic apparatus to environmental cues. Photosynth. Res. 46: 129-139.

2.
Dolganov NA, Bhaya D, Grossman AR (1995). Cyanobacterial protein with similarity to the chlorophyll a/b binding proteins of higher plants: evolution and regulation. PNAS.92:636-40.
3.
Liu Z, Yan H, Wang K, Kuang T, Zhang J, Gui L, An X, and Chang W (2004). Crystal structure of spinach major light-harvesting complex at 2.72 Å resolution. Nature. 428: 287-92.
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ASSEMBLY OF THE PHOTOSYSTEM I STROMAL HUMP USING A CONSTRAINED GEOMETRIC SIMULATION

Craig Jolley1, 3, Stephen A. Wells1, Brandon M. Hespenheide1, Petra Fromme2, 3 and M. F. Thorpe1, 2.

1Department of Physics and Astronomy; 2Department of Chemistry and Biochemistry; 3Center for the Study of Early Events in Photosynthesis, Arizona State University, Tempe, AZ, USA.

With the increasing availability of high-resolution structural data on large macromolecular complexes, computational tools that allow us to investigate the assembly of these complexes are urgently needed.  Because of the large size and long timescales involved in macromolecular assembly, traditional approaches such as all-atom molecular dynamics are very costly and often inadequate.  We are investigating the assembly of the stromal subunits of Photosystem I (PsaC, PsaD, and PsaE) using a new algorithm for the simulation of diffusive large-scale motions in proteins.  We have found that complicated docking pathways involving multiple conformational changes can be effectively explored by actively targeting a few residues at a time to their target positions, allowing us to “steer” the dynamics of the entire system by focusing on a few key residues.  In particular, we have explored two possible docking pathways for PsaC, along with docking scenarios for PsaD and PsaE.  Constrained geometric simulations allow us to look at the atomic-level details of functional motions in proteins and may prove to be of broad applicability in the study of protein-protein interactions.
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FUNCTIONAL STUDIES ON [FeFe]-HYDROGENASES FOR EFFICIENT PHOTOSYNTHETIC HYDROGEN PRODUCTION SYSTEMS
Paul W. King1, Maria L. Ghirardi1, Matthew C. Posewitz2, Jordi Cohen3, Kwiseon Kim4 and Michael Seibert1.
1Basic Sciences Center, 4Computational Sciences Center, National Renewable Energy Laboratory, Golden, CO, USA.

2Department of Environmental Science and Engineering, Colorado School of Mines, Golden, CO, USA.

3Theoretical Biophysics Group, Beckman Institute, University of Illinois, Urbana, IL, USA.

Hydrogen metabolism in microorganisms is mediated by the catalytic activity of hydrogenases, enzymes that possess unique, catalytic metalloclusters. The inhibitory effects of O2 on catalytic H2 production are a well-known limitation of efficient photosynthetic H2 production. To develop systems based on the utilization of biological catalysts is contingent on improved catalyst stability. Recently our group identified the HydE, HydF and HydG proteins responsible for the biosynthesis of the catalytic H-cluster of [FeFe]-hydrogenases. This discovery has enabled the development of a recombinant system for overexpression of [FeFe]-hydrogenases in E. coli, which is being used to conduct investigations on structure, catalytic function, and inhibitor sensitivity. To better characterize how O2 inactivates [FeFe]-hydrogenases, collaborative studies between NREL and The Beckman Institute at the University of Illinois has led to new theoretical methods for investigating diffusion properties of both H2 and O2 within the protein structure. These theoretical investigations have identified dynamic pathways in [FeFe]-hydrogenase whereby O2 is able to access the catalytic site. The regions that comprise these pathways are being mutagenized, and the variants characterized, in order to better understand the functional role of diffusion in the O2 inactivation process. The long term aim of the [FeFe]-hydrogenase structure/function investigations is to engineer enzyme-variants for the development of more robust and efficient biological and artificial photosynthetic systems. Research is funded by the DOE Hydrogen, Fuel Cells and Infrastructure Technology (PWK, MG and MS), and the DOE Office of Basic Energy Sciences (PWK, MG, MCP, JC and KK.)
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MONITORING OF PHOTOSYNTHETIC PROPERTIES ACROSS MARINE AND TERRSTRIAL ENVIRONMENTS: SCIENCE AND TECHNOLOGY

Zbigniew Kolber and Denis Klimov.

Monterey Bay Aquarium Research Institute, 7700 Sandholdt Road, Moss Landing, CA 95039-9644, USA

Photosynthesis has defined the evolution of the earth chemistry and biology, and remains one of the most critical factors controlling the present-day biogeochemical status of the planet. Photosynthesis will also define the future biogeochemical responses to the anthropogenic forcing. To understand, quantify, and anticipate these responses requires the ability to observe the photosynthetic processes over relevant temporal and spatial scales. We have initiated an effort toward a coordinated observation program for continuous, in situ monitoring of photosynthetic performance across marine and terrestrial environments. This program will be built on three premises: 1) the presence of a network infrastructure to provide communication between the nodes of the observing system, 2) a novel methodology for measuring photosynthetic performance in both the marine and terrestrial environment, and 3) a network-ready sensor/instrumentation packages to perform these measurements. The prototype sensors that allow such measurements have been developed and field-tested. We will present the results obtained with these sensors, and we will discuss the technical challenges in establishing a Distributed Photosynthetic Observatory based on such sensors. 
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DISCOVERY OF REGULATORY PROTEINS THAT ARE INVOLVED IN ASSEMBLY AND FUNCTION OF PHOTOSYSTEM II 

Galyna I. Kufryk and Wim F. J. Vermaas.

School of Life Sciences, and Center for the Studies of Early Events in Photosynthesis, Arizona State University, Tempe, AZ 85287-4501, USA.
The regulation of assembly and function of the photosynthetic apparatus has been studied extensively in terms of the role of different pigment-protein complexes in these processes, environmental conditions, and the genetic makeup of the organism. However, extensive evidence has accumulated for proteins that are not structural components of the photosynthetic apparatus but that regulate the biosynthesis, assembly and performance of the photosynthetic apparatus in vivo. Several such proteins involved in the regulation of photosystem II (PSII) in Synechocystis sp. PCC 6803 have been discovered in our studies.


We identified Slr0286 as a protein that aids in the formation of the oxygen-evolving complex and affects the Ca2+ binding site of PSII based on functional complementation analysis of the E69Q (D2) mutant that has impaired PSII assembly and unstable oxygen evolution. Deletion of slr0286 made photoactivation less efficient, decreased the apparent affinity of Ca2+ but not Cl- to its binding site at the water-splitting system of PSII, and reduced the heat tolerance of this system. Slr0286 is likely to be a low-abundance regulatory protein as the transcript level of corresponding gene is very low in Synechocystis.  


Another protein that was identified based on selection of photosynthetic second-site revertants of PSII mutants is Slr2013.  Early termination at position 294 of the Slr2013 protein allows the obligate photoheterotrophic D2 mutant T192H to assemble fully functional PSII centers and to grow photoautotrophically. Functionally these PSII centers are similar to those of the wild-type, except that they have a higher rate of charge recombination between QA- and the donor side, and reduced stability of the YDox in the D2 protein.  Full deletion of slr2013 is lethal, even under conditions when PSII is dispensable, which suggests that Slr2013 plays a critical role in cellular processes besides participation in PSII assembly.  


A newly identified protein that appears to be involved in regulation of energy transfer is Sll1942.  This protein was identified based on transposon interruption of this gene in a Synechocystis mutant lacking cytochrome c oxidase, conferring the ability to grow at low light intensity; the original mutant lacking cytochrome c oxidase cannot grow under these conditions because of an overly reduced plastoquinone (PQ) pool.  Transposon insertion in the sll1942 gene or deletion of this gene caused a two-fold increase in 77K fluorescence emission at 683 nm when excited at 435 nm. This suggests reduced efficiency of energy transfer from the antenna to the PSII reaction center resulting in a less reduced PQ pool of the thylakoid membrane, and thereby survival of the mutant at low light intensity (2 μmol photons m-2 s-1). The deleterious effect of the lack of the sll1942 gene can be further exacerbated by elevated growth temperature (39oC) when the stability of oxygen evolution declines much more than in the parental strain.


Analysis of secondary mutants has proven to lead to identification of new genes and proteins that affect the assembly or function of PSII in vivo but that are not stoichiometric components of the photosynthetic apparatus.  We expect that these newly discovered genes represent just the tip of the iceberg.  The concept and methods that we have developed will be instrumental in identifying genes involved in PSII assembly that remain to be discovered.  (Supported by grants from the National Science Foundation.)
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PROTEOMIC ANALYSES OF THYLAKOIDS USING LCMS+ REVEAL CHANGES IN PROTEIN EXPRESSION PATTERNS AND POST-TRANSCRIPTIONAL ALTERATIONS IN FE DEFICIENT ARABIDOPSIS THALIANA
Arthur Laganowsky1, Julian Whitelegge2 and John Nishio3.
1Department of Biological Sciences, California State University, Chico, CA, USA.
2Pasarow Mass Spectrometry Laboratory,Department of Psychiatry and Biobehavioral Sciences, University of California, Los Angeles, CA, USA.

3Biocompatible Plant Research Institute, College of Natural Sciences, California State University, Chico, CA, USA.

The development of a hydroponic system was used to investigate the roles of mineral nutrition required for the model plant, Arabidopsis thaliana cv. Columbia.  The hydroponic system developed allowed for examination of roots for analysis.  There are many nutrients that are required for plant growth.  The mineral nutrient chosen in this study was Iron.  Iron deficiency occurs in soils that are calcareous or alkaline.  In alkaline or calcareous soils, iron is present in ferric, Fe3+ state, which forms hydrated oxides and complexes.  Iron in the ferric state is not readily available for plant uptake—i.e., not soluble.  Ferric reductase, an enzyme involved in uptake of iron, the conversion of ferric to ferrous for uptake.  Ferric reductase activity was found to increase under iron deficiency.  The leaves under iron deficiency become chlorotic i.e. loss of chlorophyll.  Iron is involved in the biosynthetic pathway of tetrapyroles and also the insertion of metals in to the tetrapyrole.  The photosynthetic machinery undergoes changes during iron deficiency.  It is known that photosystem II, photosystem I and cytochrome b6f are markedly decreased.  The granum or stack size is decreased as well.  Intact chloroplasts from Iron deficient plants were isolated with percoll and optiprep density gradients.  Percoll has been suggested to be toxic to cells, investigation shows no apparent differences between these two methods by oxygen evolution assay measurements.  Electospray-ionization mass spectrometry coupled with reverse-phase chromatography was used to separate and identify all detectable thylakoid membrane proteins under iron deficiency.  Provisional identity of these gene products was proposed based upon coincidence of measured mass with the calculated mass from the genomic sequence.  In evaluation of the identified protein with their adducts it is apparent that there is change between control and iron deficient samples.
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Arabidopsis thaliana, photo by Arthur Laganowsky.

LIFE IN THE LIGHT AND THE DARK

Richard Malkin.
Department of Plant and Microbial Biology, University of California Berkeley, Berkeley, CA 94720, USA.
This short talk will present my personal reflections on the field of photosynthesis from the perspective of a 30-year involvement in photosynthetic research.
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THE CONSTRUCTION OF A SYNECHOCYSTIS RECOMBINANT SYSTEM FOR SUSTAINED HYDROGEN PROUDCTION

Pin-Ching Maness, Sharon Smolinski, Jianping Yu and Gary Vanzin.

National Renewable Energy Laboratory, 1617 Cole Blvd., Golden, CO 80401, USA.

Using water as the substrate and driven by solar energy, the cyanobacterium Synechocystis sp. PCC 6803 has immense potential for renewable H2 production. Yet the H2-production reaction catalyzed by the Synechocystis bi-directional [NiFe]-hydrogenase (HoxH) does not sustain in the presence of O2, which is an inherent byproduct of oxygenic photosynthesis. Prior research in our laboratory has uncovered from the purple non-sulfur photosynthetic bacterium Rubrivivax gelatinosus CBS a [NiFe]-hydrogenase with a half life near 21 hours when whole cells were stirred in ambient air. To surmount the O2-sensitivity of the Synechocystis H2-production system, one strategy is to genetically transfer and express the genes encoding the Rx. gelatinosus hydrogenase in a cyanobacterial host for continuous H2 production, in light. To facilitate the construction of the recombinant system, we have knocked out the native hydrogenase of the Synechocystis host via homologous recombination with an inactive copy of its hoxH gene. The resultant mutant lost its hydrogenase activity entirely thus providing a clean background for the subsequent expression of a foreign O2-tolerant hydrogenase. Furthermore, we constructed an expression system in E. coli to produce the Synechocystis PetF1 ferredoxin and demonstrated that when photoreduced, this ferredoxin could mediate H2 production catalyzed by the Rx. gelatinosus hydrogenase. This outcome suggests that by taking advantage of the electron mediator of the host, we would minimize the number of foreign genes to transfer and thus increase the likelihood of success.  Finally, via transposon mutagenesis, we have obtained a Rx. gelatinosus mutant deficient in its hydrogenase activity. Rescue cloning the mutated gene and sequencing its flanking regions revealed the genes encoding the large (CooH) and small (CooL) subunits of the hydrogenase structural protein along with six additional hyp genes with putative functions in the hydrogenase assembly and maturation. Work is underway to express these genes in E. coli first, later in Synechocystis for continuous H2 production. (Supported by grants from the DOE Hydrogen, Fuel Cells, and Infrastructure Technologies Program.)
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PHOTOBIOLOGICAL HYDROGEN PRODUCTION: AN INTEGRATED APPROACH

Tasios Melis, Hsu-Ching Chen and Matthew Melnicki.
University of California, Plant & Microbial Biology, Berkeley, CA 94720-3102, USA.
Biological systems offer a variety of ways by which to generate renewable hydrogen (H2) from water or organic substrate. Among them, unicellular green algae have the ability of capturing sunlight and storing the energy into H2. They hold promise in generating a renewable fuel from nature’s most plentiful resources, sunlight and water. Hydrogen production in unicellular green algae (e.g. Chlamydomonas reinhardtii) occurs with high specific activity and is catalyzed by the [Fe]-hydrogenase enzyme, according to the reaction:

2H+ + 2FD((  H2 + 2FD

(1)

Electrons (e-) and protons (H+) are initially extracted from water (2H2O ( 4H+ + 4e- + O2) by photosynthesis. The potential energy of these electrons is elevated in the thylakoid membrane via the absorption/utilization of sunlight by PSII and PSI (400-700 nm region of the solar spectrum), until they reach ferredoxin (FD). FD(   is the natural electron donor to the [Fe]-hydrogenase.

Anoxygenic photosynthetic bacteria can use the energy of the sun to generate ATP, substantial amounts of which are needed to drive the enzyme nitrogenase. Both NH3 and H2 are products of the nitrogenase enzyme. Under conditions of N2 limitation, the H2/NH3 product ratio increases. Electrons for the parallel reduction of N2 and H+ by the nitrogenase are provided upon the catabolism of small organic acids, according to the reaction:

N2 + 8e- + 8H+ +16ATP  (  2NH3 + H2 + 16ADP + 16Pi


(2)


Whereas efforts in many labs are under way to develop each of the above systems, little effort has been undertaken to integrate the two processes for better utilization of resources and increased yields.  This work addresses the development of an integrated photobiological hydrogen production process based on unicellular green algae, which are driven by the visible portion of the solar spectrum, coupled with purple photosynthetic bacteria, which are driven by the near infrared portion of the spectrum. Barriers for the realization of this integrated photobiological H2 production system include management of the “oxygen problem” of hydrogenase sensitivity in green algae and the “nitrogen problem” of nitrogenase repression under N-replete conditions in photosynthetic bacteria. Results from efforts to address these barriers with the green alga Chlamydomonas reinhardtii and the purple photosynthetic bacterium Rhodospirillum rubrum will be presented. Moreover, specific conditions have been tested for the co-cultivation and co-production of H2 by the two different photobiological systems. Thus, a two-dimensional integration of photobiological H2 production has been achieved exploring conditions for better solar irradiance utilization (visible and infrared) and integration of nutrient utilization for the cost-effective production of substantial amounts of hydrogen gas. Approaches are discussed for the co-cultivation of green algae with purple photosynthetic bacteria and for hydrogen co-production by the two organisms. The possibility of improving efficiency and yields even further will be discussed, entailing a dark anaerobic fermentation of the photosynthetic biomass, which would enhance the H2 production process and provide a recursive link in the system to regenerate some of the original nutrients.
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Hydrogen production and biomass accumulation in a Rhodospirillum rubrum and Chlamydomonas reinhardtii co-cultivation
Matthew R. Melnicki​1 and Anastasios Melis​2.

1Agricultural & Environmental Chemistry Graduate Group, University of California, Berkeley, CA 94720, USA.

2Plant & Microbial Biology Department, University of California, Berkeley, CA 94720, USA.

The photosynthetic purple nonsulfur bacterium Rhodospirillum rubrum and the green microalga Chlamydomonas reinhardtii both possess hydrogen-producing capabilities.  The two organisms have complementary light absorbance spectra that do not overlap and can achieve noncompetitive photosynthetic growth upon co-cultivation.  This provides a potential for concomitant H2-production by both organisms in the same medium. The light regime used for the co-cultivation was found to strongly influence the balance of biomass and of photosynthetic activity, and an optimal regime can be determined in which neither organism dominates.  The use of algal mutants with a truncated light-harvesting chlorophyll antenna size shifted the biomass equilibration to higher light intensities.  The growth of the microalgae requires ammonium; this can lead to inhibition in the expression and function of the nitrogenase enzyme in the bacterium, which catalyzes the bulk of its hydrogen production.  To avoid this inhibition, a mutant of R. rubrum constitutively expressing a de-repressed nitrogenase was employed to produce large amounts of hydrogen gas in nitrogen-replete medium.  This mutant generated significantly higher levels of bacteriochlorophyll per unit of biomass than the wild type.  Current effort investigates the physiology of this mutant and concomitant hydrogen production by the two organisms in co-culture.  (This work was supported by a grant from DaimlerChrysler to AM and by a graduate student fellowship from the University of California to MM.)
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AN INVESTIGATION INTO THE DIVERSITY OF H2 PRODUCTION IN THE GREEN ALGAE

Jonathan E. Meuser​1, Lauren Nagy1, Matthew Posewitz1, Maria Ghirardi2 and Mike Seibert2.

1Environmental Science and Engineering Division, Colorado School of Mines, Golden, CO, 80401, USA.

2National Renewable Energy Laboratory, Golden, CO 80401, USA.

The photobiological hydrogen (H2) metabolism of the model green alga, Chlamydomonas reinhardtii has attracted sustained attention as a potential source of renewable fuel.  While eukaryotic H2 production is rare, H2-metabolizing pathways in eukaryotes are more diverse than in prokaryotes, with wide variations in H2 photoproduction capacity.  To gain further insight into the physiological basis for differential H2 production in green algae, a few Chlamydomonas ​strains with reportedly diverse phenotypes were chosen for further characterization.  H2 photoproduction and H​2ase enzyme activity measured at various times of anaerobic adaptation differed notably between species.  Concomitant O2 evolution and respiration data were also collected during H2 photoproduction to control for overall metabolic activity and intra-strain comparison.  Starch, a secondary redox pool for H2 production, was also compared at the start of anaerobic induction for each strain.  Together, this data better defines the range of differential H2 metabolisms found in the green algae.  This research was supported by the United States Air Force Office of Science Research and the NASA Graduate Student Research Program.
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Jellyfish at the Monterey Bay Aquarium, CA.

CHLOROPHYLL ANTENNA SIZE ADJUSTMENTS BY IRRADIANCE IN CHLAMYDOMONAS REIHARDTII INVOLVE COORDINATE REGULATION OF tla1, CAO AND lhcB GENE EXPRESSION 

Mautusi Mitra, Sarada-Devi Kanakagiri and Anastasios Melis.

University of California, Plant & Microbial Biology, Berkeley, CA 94720-3102, USA.

The Chlamydomonas reinhardtii tla1 mutant (truncated light harvesting chlorophyll antenna size) was generated by DNA insertional mutagenesis and high throughput screening (Polle et al. 2003, Planta 217: 49-59). Parental strain CC-425 was transformed with linearized plasmid pJD67 containing the structural gene (ARG7) of the argininosuccinate lyase to complement the arg2 locus. Transformants were screened by measuring aberrant (lower) chl fluorescence and the chl a/chl b ratio followed by Southern blotting to test for the copy number of the ARG7 gene.  Out of 129 mutants that passed the primary high throughput screening fluorescence yield test, tla1 had the highest chl a/chl b ratio and pale green phenotype, which was shown to be genetically linked with arginine prototrophy.  It specifically possessed a smaller PSII (by 50%) and PSI chl antenna size (by 35%) than the wild type.  Molecular and genetic analysis revealed that in the tla1 mutant, the exogenous plasmid was inserted at the end of the 5’ UTR and just prior to the ATG start codon of an ORF termed Tla1, a novel gene in Chlamydomonas reinhardtii.  A ~ 6 kb genomic DNA sequence including the 5’ UTR and the 5’ flanking sequence of the promoter region of the Tla1 gene were deleted from the insertion site.  Although the promoter of the Tla1 gene is missing from the tla1 mutant, 5’RACE and PCR analyses showed that a Tla1 transcript is generated in the mutant and is at least one hundred and eighty base pairs longer than that in the wild type. 


Tla1 mutant strains were transformed with the full length tla1 gene and screened for dark green coloration.  The putative complements of tla1 showed wild type phenotype in terms of colony color, chl a/chl b ratio and chl fluorescence.  The tla1 gene (GenBank Accession # AF534570, AF534571) encodes a protein of 213 amino acids and shows substantial homology to proteins of unknown function in diverse eukaryotic organisms, ranging from higher plants to invertebrates and mammals.  RT-PCR analyses showed that the Tla1 gene is strongly up-regulated in wild type cells grown under high irradiance.  Comparative analyses of the regulation of tla1, CAO and lhcb gene expression by irradiance in the wild type, tla1 mutant and complemented tla1 strains will be reported.  Currently, the Tla1 protein is being over-expressed in E. coli to generate polyclonal antibodies for immuno-localization studies.  The question of translation of the tla1 transcript in the tla1 mutant is also being investigated.  The potential role of the tla1 gene in the regulation of the chl antenna size in Chlamydomonas reinhardtii will be discussed.  (Supported by a grant from the US Department of Energy, Hydrogen Program.)
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ENERGY CONVERSION INVOLVING CAROTENOID POLYENES

Ana L. Moore1, Gerdenis Kodis1, Yuichi Terazono1, John Kennis2, Paul A. Liddell1, Rudi Berera2, Rodrigo Palacios1, Stephanie Gould1, Christian Herrero1, Rienk van Grondelle2, Tom Moore1 and Devens Gust1.

1Department of Chemistry and Biochemistry and Center for the Study of Early Events in Photosynthesis, Arizona State University, Tempe, AZ 85287-1604, USA.

2Department of Biophysics, Division of Physics and Astronomy, Faculty of Sciences, Vrije Universiteit, Amsterdam 1081 HV, The Netherlands.

Nature’s photosynthetic process provides paradigms for sustainable energy production and efficient energy transformations. The combination of mechanistic and structural information available for energy transducing biological structures serves to guide organic chemists in their efforts to abstract and mimic the active elements of nature’s energy processing constructs. In our laboratory we have designed a number of artificial photosynthetic structures and assembled them into energy converting systems. For example, analogs of photosynthetic reaction centers consisting of tetrapyrrole chromophores covalently linked to electron acceptors and donors have been prepared. Excitation of these constructs results in a cascade of energy transfer/electron transfer which, in selected cases, forms a final charge separated state characterized by a giant dipole moment (>150 D), a quantum yield approaching unity, a significant fraction of the photon energy stored as chemical potential, and a lifetime sufficient for reaction with secondary electron donors and acceptors. These reactions may occur in solution, in membranes, or through interactions with conductive surfaces. 


In increasingly complex systems, functional mimics of photosynthetic antenna-reaction center assemblies comprising five porphyrins or bis(phenylethynyl)anthracene antenna moieties and a porphyrin-fullerene dyad been prepared and studied spectroscopically. These molecules successfully integrate both efficient antenna and reaction center functions. 


Simple synthetic antenna systems based on carotenoid polyenes have been synthesized. They can be used to study light harvesting, energy transfer, electron transfer and photoprotective functions of carotenoids. These minimalist constructs are capable of performing the specific functions carried out by carotenoids in natural photosynthetic membranes, but their simplicity allow us to determine the basic photophysical mechanisms that take place in the biological antennas. 
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Strawberry anemones at the Monterey Bay Aquarium.

SYNTHESIS AND CHARACTERIZATION OF BIOMIMETIC MODELS FOR THE ELECTRON TRANSFER BETWEEN P680 AND TYROSINE Z 

Gary F. Moore, Michael Hambourger, Gerdenis Kodis, Paul Liddell, Devens Gust, Ana L. Moore and Thomas A. Moore.

Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ 85287-1604, USA.

The tyrosyl/tyrosine redox couple is well established as being an important cofactor for the proper functioning of several enzymatic systems. In the case of the photosynthetic reaction center of photosystem II (PSII), tyrosine Z functions as a redox intermediate between P680+ and the oxygen-evolving complex. An important aspect of the electron transfer from tyrosine to P680+ is the protonation states involved in the reaction. It has been argued that the presence of a histidine residue (His190) in close proximity to tyrosine Z is essential for the electron transfer process to occur.


We will report on the synthesis and characterization of a series of synthetic models of PSII where a porphyrin chromophore plays the role of P680. In these biomimetic models, the porphyrin moiety is covalently attached to either the ethyl ester of tyrosine or to a hydrogen bonded phenol-imidazole pair. Preliminary electrochemical and photophysical data will be presented.
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FORMATION OF QB. VIA B-BRANCH ELECTRON TRANSFER IN REACTION CENTERS FROM RHODOBACTER SPHAEROIDES
Mark L. Paddock, Roger Isaacson, Charlene Chang, George Feher and Melvin Okamura.

Department of Physics 0319, 9500 Gilman Drive, University of California, San Diego, La Jolla, CA 92093, USA.

Although the RC shows two nearly structurally symmetric branches, A- and B-, light induced electron transfer in the native RC occurs almost exclusively along the A-branch to a primary quinone electron acceptor QA.  Subsequent electron transfer to QB in the native RC has been proposed to be limited by a conformational gating step (1).  We report the construction and characterization of a series of mutants in Rhodobacter sphaeroides designed to reduce QB via the B-branch.  The quantum efficiency to QB via the B-branch B ranged from 0.4% in an RC containing the single mutation Ala-M260 ( Trp to 5% in a quintuple mutant which includes in addition three mutations to inhibit transfer along the A-branch (Gly-M203(Asp, Tyr-M210(Phe, Leu-M214(His) and one to promote transfer along the B-branch (Phe-L181(Tyr) (2-4).  The greater driving force for electron transfer to QB via direct reduction by bacteriopheophytin allows the formation of state(s) that are energetically inaccessible via reduction by QA.  The properties of the higher energy state(s) were investigated using magnetic resonance spectroscopy, EPR and ENDOR.  RCs frozen in the dark and illuminated at 80K showed a light induced EPR signal of DQB in ~20% of the RC sample.  The lack of a narrow QBsignal indicates a magnetic interaction between QBand the Fe2+.  These results suggest that ~20% of the RCs have the quinone in the more thermodynamically stable proximal site (5).  The lifetime of the dark generated DQBis  ~ 5s at 80K. This result is in contrast to RCs frozen in the light, in which ~100% DQB was formed with a lifetime > 105s (6).  The large difference in stability is attributed to a conformational change that occurs only at higher temperatures and stabilizes the reduced form of QB.  The ENDOR spectra of the samples were measured at 35GHz (at the gy region of the spectrum) to identify specific protein response(s) to QB reduction.  The spectra were superimposable showing that QB is in the proximal site in both samples.  The only major difference in the ENDOR spectra was the absence of a pair of hyperfine couplings at ~ 4MHz and ~ 8 MHz in the unrelaxed sample.  These couplings were assigned to interaction with the Ser-L223 hydroxyl proton (A( and A║ components) based on the absence of these couplings in a mutant containing Ala at L223.  Thus, we postulate that the reduction of QB induces the rotation of the Ser-L223 hydroxyl group, initially interacting with Asp-L213 (5), to form a hydrogen bond to QB.  This shift of the H-bond was previously predicted based on theoretical grounds (7,8).  This H-bond is at least partially responsible for the difference in the lifetimes of the relaxed and unrelaxed states.  Furthermore, this H-bond flip may be connected to the conformational gate associated with the formation of QB (10).  Supported by NIH. 

(1) Graige et al. (1998) Proc. Natl. Acad. Sci USA 95, 11679-11684; (2) Wakeham et al. (2003) FEBS L. 540, 234-240; (3) deBoer et al. (2002) Biochemistry  41, 3081-3088; (4) Heller  et . (1995) Science 269, 940-945; (5) Stowell  et al. (1997) Science 276, 812-816; (6) Kleinfeld et al. (1984) Biochemistry  23, 5780-5786; (7) Alexov & Gunner (1999) Biochemistry  38, 8253-8270; (8) Ishikita & Knapp (2004) J. Am. Chem. Soc.  126, 8059-8064.  
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TWO-COLOR THREE PULSE PHOTON ECHO PEAK SHIFT STUDY OF THE BACTERIAL PHOTOSYNTHETIC REACTION CENTER

Dilworthy Y. Parkinson, Hohjai Lee and Graham R. Fleming.

Department of Chemistry, University of California, Berkeley and Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA.

Energy and electron transfer between chromophores in the bacterial photosynthetic reaction center are extremely fast, but despite extensive work to determine their time scales and spectral characteristics, the exact physical and chemical mechanisms of these processes remain obscure. In the reaction center, the protein scaffold holds six chromophores in a very specific orientation: two facing bacteriochlorophylls form the special pair (P); an accessory bacteriochlorophyll (B) flanks P on each side; and adjacent to each B is a bacteriopheophytin (H). Energy can be transferred from H or B to P, while electron transfer takes place from P towards H. The interaction between the electronic states of these chromophores governs the characteristics of the energy and electron transfer. To directly investigate these interactions in reaction centers from the wild type purple bacteria Rb. sphaeroides, we have conducted a series of experiments at 77 K using one-color and two-color three pulse photon echo peak shift (1C3PEPS and 2C3PEPS) spectroscopy. These spectroscopic techniques are incisive tools for studying correlated systems; for example, we have recently demonstrated that 2C3PEPS allows determination of electronic mixing parameters in a system composed of a dimer of chromophores, due to correlation in the fluctuations of the strongly coupled electronic states [BS Prall, et. al. J. Chem. Phys. 120, 2537 (2004)]. We present here results of ongoing experiments and simulations in which 2C3PEPS is performed with electronically resonant excitation of B and H, at 800 and 750 nm, respectively. Preliminary results show that 2C3PEPS is sensitive to the electronic coupling between these molecules, as well as to the time scales of energy and electron transfer, and the 1C3PEPS experiments allow us to estimate the inhomogeneous broadening of the system. In addition, both experiments reveal the effects of the relaxation of the protein environment after electron transfer.
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Identification of Genes Required for Sustained H2 Production in Phototrophic Organisms Using Chemochromic Sensors

Matthew C. Posewitz1, Jonathan Meuser1, Lauren Nagy1, Paul King2, Sharon L. Smolinski2, Michael Seibert2 and Maria L. Ghirardi2.
1Colorado School of Mines, Environmental Science and Engineering Division, Golden, CO, USA.

2National Renewable Energy Laboratory, Basic Science Center, Golden, CO, USA.

The [FeFe]-hydrogenases are efficient catalysts for the production of H2 and are found in numerous micro-organisms, including photosynthetic algae. Phototrophs are unique in that H2 production can be coupled directly to water oxidation through photosystem II and the photosynthetic electron transport chain, providing the means to generate H2 using sunlight. Significant strides have recently been made in sustaining H2 photoproduction activity in the green alga Chlamydomonas reinhardtii and this research demonstrates that several cellular processes including photosynthesis, respiration, and fermentation are required to facilitate H2 photoproduction. In order to identify genes that influence H2 production in C. reinhardtii, a library of 6,000 random mutants on agar plates (provided by Prof. A. Melis, University of California, Berkeley), was screened using sensitive chemochromic H2-sensor films for clones defective in H2 production. 


Two mutants of particular interest were fully characterized. One mutant, hydEF-1, is unable to assemble an active [FeFe]-hydrogenase. This is the first reported C. reinhardtii mutant that is unable to produce H2. The second mutant, sta7-10, is unable to accumulate insoluble starch and has drastically reduced H2-photoproduction rates in comparison to the wild-type cells. These two unique mutants are being further studied using ‘omic’-based strategies to better understand H2 metabolism in C. reinhardtii. 


Characterization of the hydEF-1 mutant resulted in the identification of two novel radical SAM proteins, HydEF and HydG, which are required for the maturation of an active C. reinhardtii [FeFe]-hydrogenase. The co-expression of the C. reinhardtii HydEF, HydG and HydA1 genes in Escherichia coli results in the formation of an active HydA1 enzyme and represents the first report on the heterologous expression of an active [FeFe]-hydrogenase. Our current research is aimed at introducing both native and modified hydrogenases and the requisite assembly genes into appropriate photosynthetic organisms with the goal of enhancing and/or introducing biological H2 photoproduction in appropriate hosts. Moreover, we are using chemochromic screening to probe the diversity of H2 production in phototrophs from extreme environments. This work is supported by the Division of Energy Biosciences, Office of Science, U.S. Department of Energy, and by the Hydrogen, Fuel Cells, and Infrastructure Technologies Program, U.S. Department of Energy; and by the United States Air Force Office of Scientific Research.
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STRUCTURAL CHANGES IN THE OXYGEN EVOLVING COMPLEX OF PHOTOSYSTEM II UPON S2 ( S3 TRANSITION

Yulia Pushkar1,2, Junko Yano1,2, Alain Boussac3, Pieter Glatzel4, Johannes Messinger5, Uwe Bergmann6, Ken Sauer1,2, and Vittal Yachandra1.

1Melvin Calvin Laboratory, Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA. 2Department of Chemistry, University of California, Berkeley, CA, USA. 3Service de Bioenergetique, CEA Saclay, 91191 Gif sur Yvette, France. 4European Synchrotron Radiation Facility, Grenoble Cedex, France. 5Max-Planck Institut für Bioanoganische Chemie, Mulhëim, Germany. 6Stanford Synchrotron Radiation Laboratory, Menlo Park, CA, USA. 


The Mn4Ca cluster of the oxygen evolving complex (OEC) of photosystem II (PS II), cycles through five oxidation states (Si-states, i=0-4) coupling the one electron photochemistry of the reaction center with the oxygen production reaction requiring 4 electrons. While the structure of the OEC in stable dark adapted S1-state is emerging from a concerted effort using X-ray crystallography and spectroscopic methods [1-3], much less is known about the detailed structural changes through the reaction cycle including changes in Mn oxidation states that are critical for understanding the mechanism of oxygen evolution. X-ray diffraction of PS II single crystals of the higher S-states is difficult at present leaving spectroscopic methods, especially X-ray spectroscopy as a primary way for the investigation for the higher S-states.


Besides XANES, K emission and EXAFS spectroscopy we are using several new methodologies in X-ray spectroscopy to determine the changes during the S2 to S3 transition. Here we present three new techniques applied to the S2 to S3 state transition. 1) Resonant inelastic X-ray scattering (RIXS) that probes the electronic structure of the Mn4Ca outer shells in terms of Mn spin states and effective numbers of 3d electrons. This method has the potential to go beyond just the oxidation state of the Mn into a discussion about the detailed electronic structure of the Mn4Ca cluster. 2) Extended-range EXAFS that uses a high resolution crystal monochromator to collect EXAFS beyond the Fe K-edge thus increasing the resolution to ~0.09 Å. We recently applied this technique to the S1 and S2 states [4] and we have now collected data from the S3 state and oriented membranes in the S1 state. The data shows that there is a significant change in the structure of the Mn complex during the S2 to S3 transition and the oriented studies show that we can resolve the Mn-Mn and Mn-Ca vectors at ~3.4 Å. 3) EXAFS collected at Ca/Sr K-edges that gives information exclusively about interaction of Ca/Sr cofactors with Mn4-core of OEC and the structural changes following the S-state cycle. 


In summary, investigation of the OEC S2(S3 transition in PS II from spinach and Sr-medium grown Thermosynechococus elongatus concludes that there is a considerable structural change in the S2(S3 transition, such as elongation of the 2.7 Å Mn-Mn and also the 3.4 Å Mn-Ca/Sr distances and changes in the orientation of the Mn-Mn vector relative to membrane normal. Active role of the Ca/Sr cofactor in the S2(S3 transition and in the mechanism for water oxidation suggested based on biochemical experiments is reflected in the significant changes of Mn-Ca/Sr distances detected by Sr-EXAFS as the Mn4Ca cluster cycles through the S-state clock.

1.
Ferreira, K. N.; Iverson, T. M.; Maghlaoui, K.; Barber, J.; Iwata, S., 2004. Science, 303: 1831.

2.
Loll B.; Kern, J.; Saenger, W.; Zouni A.; Biesiadka, J., In Press, Nature.

3.
Yano, J.; Kern, J.; Irrgang, K.-D.; Latimer, M. J.; Bergmann, U.; Glatzel,P.; Pushkar, Y.; Biesiadka, J.; Loll, B.; Sauer, K.; Messinger, J.; Zouni,A.; Yachandra, V. K., 2005. Proc. Natl. Acad. Sci. U.S.A., 102: 12047.

4.
Yano, J.; Pushkar, Y.; Glatzel, P.; Lewis, A.; Sauer, K.; Messinger, J.; Bergmann, U.; Yachandra V. JACS (Communication), 2005, 127(43); 14974-14975.
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Chroococcidiopsis sp. strain CCMEE 171, differential interference confocal micrograph.
REPLACEMENT OF THE METHIONINE AXIAL LIGAND TO THE PRIMARY ELECTRON ACCEPTOR A0 SLOWS THE A0- REOXIDATION DYNAMICS OF PHOTOSYSTEM I. 

V. M. Ramesh1, 2, Krzysztof Gibasiewicz4, Su Lin2, 3, Scott E. Bingham1 and Andrew N. Webber1, 2.
1School of Life Sciences, 2Center for Early Events in Photosynthesis, 3Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ 85287, USA. 
4Institute of Physics, A. Mickiewicz University, ul. Umultowska 85, 61-614 Poznan, Poland. 

The recent crystal structure of photosystem I (PSI) from Thermosynechococcus elongatus shows two nearly symmetric branches of electron transfer cofactors including the primary electron donor, P700, and a sequence of electron acceptors, A, A0 and A1, bound to the PsaA and PsaB heterodimer. The central magnesium atoms of each of the putative primary electron acceptor chlorophylls, A0, are coordinated by the sulfur atom of methionine 688 of PsaA and 668 of PsaB, respectively. In our recent paper (Ramesh, V. M., K. Gibasiewicz, S. Lin, S. E. Bingham, and A. N. Webber. 2004a, Biochemistry 43:1369-1375) we have shown that the replacement of either methionine, the axial ligand of the primary electron acceptor A0, with histidine resulted in accumulation of A0- (in 300-ps time scale) suggesting that both the PsaA and PsaB branch are active in Chlamydomonas reinhardtii. This is in contrast to cyanobacterial PSI where studies with methionine-to-leucine mutants show that electron transfer occurs predominantly along the PsaA branch.  In this contribution we report that the change of methionine to either leucine or serine leads to similar accumulation of A0- in both PsaA and PsaB branch of PSI from C. reinhardtii as we reported earlier for histidine mutants. More importantly, we demonstrate that for all the mutants under study, accumulation of A0- is transient and that reoxidation of A0- occurs within 1-2 ns, two orders of magnitude slower than in wild type PSI, most likely via slow electron transfer to A1. This illustrates an indispensable role of methionine as an axial ligand to the primary acceptor A​0 in optimizing the rate of charge stabilization in PSI. A simple energetic model for this reaction is proposed. Our findings support the model of equivalent electron transfer along both cofactor branches in photosystem I.
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TWO-DIMENSIONAL ELECTRONIC SPECTROSCOPY OF LIGHT-HARVESTING COMPLEX III
Elizabeth L. Read1, 2, Donatas Zigmantas1, 2, Tomáš Mančal1, 2, Tobias Brixner1, 2, 4, Alastair T. Gardiner3 and Graham R. Fleming1, 2.

1Department of Chemistry, University of California, Berkeley, CA 94720-1460, USA.
2Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA.

3Division of Biochemistry and Molecular Biology, Institute of Biomedical and Life Science, University of Glasgow, Glasgow, G128QQ, UK.

4Current address: Physikalisches Institut EP1, Universität Würzburg, 97074, Würzburg, Germany.

Light harvesting in purple photosynthetic bacteria is performed by a network of membrane-bound pigment-protein complexes that absorb photons from the sun and transmit energy to reaction centers within tens of picoseconds.1 We use two-dimensional (2D) Fourier transform electronic spectroscopy to study the initial steps of photosynthesis in Light-Harvesting Complex III (LH3), a spectroscopic variant of the peripheral antenna, LH2, exhibiting similar energy transfer.2 2D spectroscopy separates signal contributions along two frequency axes, revealing information that is often hidden in linear spectra.  Visible-domain experiments can determine couplings between electronic transitions in multichromophoric systems and investigate frequency-resolved ultrafast dynamics with timescales ranging from tens of femtoseconds to picoseconds and longer.3 The bacteriochlorophyll (BChl) pigments of LH3 in the purple bacteria Rhodopseudomonas acidophila are arranged in two concentric 9- and 18-BChl rings labeled B800 and B820 corresponding to the wavelengths of their respective QY transition absorption band centers.  Several features of LH3 are apparent in the 2D spectrum collected at 77K with population time T = 0 fs.  In both the B800 and B820 rings, the inhomogeneous (diagonal) linewidth is larger than the homogeneous (antidiagonal) linewidth, resulting from static disorder of the BChl transition energies.  The different strengths of electronic couplings in the two rings, governed by inter-BChl distances which are larger (weaker coupling) in B800 than B820, are clearly manifested in the narrow homogeneous linewidth of B800 as compared to B820.  Dynamics occurring on two timescales are observed in the evolution of 2D spectral features.  Coherent dynamics occur in B820 within 50 fs, marked by disappearance of a double-peak feature as the B800 peak remains unchanged. Energy transfer from B800 to B820 proceeds with a time constant of ~1 ps and is marked by the appearance of a cross-peak at lower detection frequency and of corresponding negative excited state absorption features. The peaks grow rounder with increasing time as electronic transitions lose memory of their initial transition frequencies, caused by intra-band energy transfer and protein environment fluctuations.  Theoretical modeling is underway in order to quantify system parameters including site transition energies, electronic couplings, disorder, reorganization energies, and coherence correlation times.  (Supported by the US Department of Energy, including resources provided by the National Energy Research Scientific Computing Center.)

1van Grondelle et al. (1994); 2Ma et al. (1998); 3Brixner et al. (2005).
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EARLY RESULTS OF ECOPOESIS EXPERIMENTS IN THE SHOT MARTIAN ENVIRONMENT SIMULATOR

Carl Rector1, Paul Todd2, Penelope J. Boston3, John Boling1, Kathy Campbell4, Tiffany McSpadden1, Laura McWilliams1 and David J. Thomas1.

1Lyon College, Science Division, Batesville, AR 72501, USA.

2Space Hardware Optimization Technology, Inc., Greenville, IN 47124, USA.

3Complex Systems Research, Inc., Boulder, CO 80301, USA.

4Newark High School, Newark, AR 72562, USA.

Humanity is on the verge of having the capability of constructively directing environmental changes on a planetary scale.  One could argue that we are making these changes on Earth today, but in a negative manner.  Within the foreseeable future, we will have the technology to modify Mars' environment, and make it a habitable planet.  However, we do not have enough information to determine the course of such an event.  SHOT has designed and built a test-bed apparatus that can replicate most of Mars' environment conditions (with the notable exceptions of gravity and cosmic radiation) within a ten-liter chamber.  We are currently performing experiments to determine the suitability of specific microorganisms as pioneering life-forms for Mars.  Included among the potential pioneers are five genera of cyanobacteria (Anabaena, Chroococcidiopsis, Plectonema, Synechococcus and Syenechocystis), and at least three partially-characterized eubacterial strains that were isolated from Chile's Atacama Desert.  During these initial trials, we used a present-day mix of martian atmsospheric gases, but at a pressure of 100 mbar (10 times Mars's current atmospheric pressure).  Organisms were inoculated into samples of JSC Mars-1 soil stimulant and exposed to full-spectrum simulated martian sunlight.  Day/night temperature cycled from 26°C to -80°C and back.  To date, experiments included a 24-hour, brief-exposure trial, a longer 7-14 day trial, and three 5-week trials to determine the survival and growth of our potential martian pioneers.  Results of these experiments will be presented.  (This research is funded by the NASA Institute for Advanced Concepts.)
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Synechococcus sp. strain PCC 7942, differential interference confocal micrograph.

USING DATA IN THE CLASSROOM: ENGAGING EDUCATORS, STUDENTS, AND THE PUBLIC WITH DATA THAT ADDRESS ENVIRONMENTAL ISSUES

Heather M. Rissler, Sean P. Fox, and Cathryn A. Manduca.

Science Education Resource Center, Carleton College, Northfield, MN 55057, USA.

As the role of data in our world grows, it is increasingly important that students be empowered to use data and to overcome any sense of intimidation in the face of data.  Students on their way to becoming informed voters, consumers, citizens, and scientists must develop a strong understanding and facility for using data (1).
Developing public understanding of complex environmental issues, such as global climate change and the role of photosynthesis in the carbon cycle and our sustainable energy future, requires that scientific data be connected with pedagogy and materials that support learning about and with data. The wealth of data that is currently available allows faculty new opportunities to engage students in the practice of science in the classroom. Using Data in the Classroom (http://serc.carleton.edu/usingdata/index.html) serves as a portal for educators who wish to incorporate data use and analysis in the classroom by providing links to datasets, tools, and activities related to earth science, encompassing topics that include the solid earth, hydrosphere, and oceans.  We link information about the location of the data, its uses, and interpretations with activities that can be used in teaching or by students. Supporting links between data and pedagogical resources are demonstrated in the example: “Exploring Mote Marine Laboratory Oceanography Data in the Classroom”. This data sheet guides users through interpretation of salinity, density, temperature, and fluorescence data to understand how harmful algal blooms form and what methods may be implemented to predict future blooms. By working directly with data and using the associated activities, users can process data to make and test predictions about factors that influence algal productivity and gain experience in using data to generate visualizations that represent temporal changes in oceanographic data. This approach highlights the goal of using data to enhance quantitative literacy in the classroom and to promote science literacy. (Supported by NSF-0304762.)
1.
Manduca, C. and Mogk, D. (2002). Using Data in the Classroom: Workshop; Carleton College. 
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EMERGING TOPICS IN PHOTOSYNTHESIS – THINKING OUTSIDE THE BOX

Ken Sauer.

Melvin Calvin Laboratory, University of California, Lawrence Berkeley National Laboratory, Berkeley, CA 94720-5230. 

Photosynthesis research in the 21st century faces unprecedented challenges and opportunities.  We need to understand and predict the consequences of a long list of crises: climate change, melting of the polar ice-cap, increase in CO2 in the atmosphere, changing albedo of Earth, shrinking of the tropical rainforest, etc. The outcome of these issues will have major impact on our lives and those of our children and grandchildren.  


Last year we finished consuming half the oil that there ever was on Earth! Most of this consumption occurred during the past 60 years. Most of the remainder will be gone during the next 40 years. The consequences are daunting. New ways of transforming energy and deriving biomaterials using sunlight are needed. What will our grandchildren eat and wear?  How will they warm or cool themselves, move about, continue to advance science and the arts?


Temperatures on Earth are rising rapidly owing largely to the increase in CO2 and CH4 in the atmosphere. During the next 100 years CO2 is predicted to reach 4 times the pre-industrial (1850) level. In 200 years the temperature will rise 15 degrees worldwide and 68 degrees in polar regions. We must find ways to sequester a significant fraction of the CO2 that is being produced as we continue to burn fossil fuels. Photosynthesis research can help, but we need to improve efficiency.  Can we find a way to scrub some of the excess CO2 from the atmosphere? Can the study of extremophiles help to guide us in modifying organisms to combat the adverse consequences of speeding up the CO2 increase and the warming during the next few decades?


In another direction, we have just begun to reveal the reservoir of biological compounds derived from plants and having remarkable therapeutic and medicinal value.  The plant gene pool is still only lightly explored, but the impact of humans on the environment is causing rapid losses.  We cannot allow this valuable product of millions of years of evolution to disappear without a major effort of preservation and discovery.


Students and researchers who are committing to careers in the field of photosynthesis must confront these critical issues and use creativity in choosing research directions. Goals appear to be long-range, but society needs them to be accomplished quickly.  Politicians and business executives are not providing effective guidance in solving these problems.  Scientists must take the lead by advancing the frontiers of knowledge and by informing the establishment and the public.

W. F. Ruddiman, 2005.  Plows, Plagues and Petroleum, Princeton University Press.

J. H. Kunstler, 2005.  The Long Emergency, Atlantic Monthly Press.

K. S. Deffeyes, 2005.  Beyond Oil, Hill & Wang.

September 2005, Crossroads for Planet Earth, Scientific American.

J. M. Olson and R. E. Blankenship, 2004.  Thinking about the evolution of photosynthesis.  Photosynthesis Research 80:373-386.

M. J. Russell, A. J. Hall, A. J. Boyce and A. E. Fallick, 2005.   On hydrothermal convection systems and the emergence of life.  Economic Geology 100:419-438.
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CHARACTERIZATION OF A NOVEL PHOTOSYSTEM I-LHCI SUPERCOMPLEX ISOLATED FROM CHLAMYDOMONAS REINHARDTII UNDER ANAEROBIC (STATE II) CONDITIONS

Rajagopal Subramanyam1, 2, Craig Jolley3, Daniel C. Brune2, Petra Fromme2 and Andrew N. Webber1.

1School of Life Sciences and Center for the Study of Early Events in Photosynthesis, PO Box 874501, Arizona State University, Tempe, AZ 85287, USA

2Department of Chemistry and Biochemistry and Center for the Study of Early Events in Photosynthesis, Arizona State University, Tempe, AZ 85287-1604, USA.

3Department of Physics and Astronomy, Arizona State University, Tempe, AZ 85287-1504, USA.

A novel supercomplex of photosystem I (PSI) with light harvesting complex I (LHCI) was isolated from the green alga Chlamydomonas reinhardtii. This novel supercomplex is unique as it is the first stable supercomplex of photosystem I together with its external antenna. The supercomplex contains 256 chlorophylls (chl) per reaction center. The supercomplex was isolated under anaerobic conditions and may represent the State II form of the photosynthetic unit. In contrast to previously reported supercomplexes isolated in State I, which contain only 4 LHC I proteins, this supercomplex contains 10-11 LHC I proteins tightly bound to the PSI core. In contrast to plants, no LHC II is tightly bound to the PSI-LHCI supercomplex in State II. Investigation of the energy transfer from the antenna system to the reaction center core shows that the LHC supercomplexes are tightly coupled to the PSI core, not only structurally but also energetically. The excitation energy transfer kinetics are completely dominated by the fast phase, with a near-complete lack of long-lived fluorescence. This tight coupling is in contrast to all reports of energy transfer in PSI-LHCI supercomplexes (in State I), which have so far been described as weakly coupled supercomplexes with low efficiency for excitation energy transfer.  These results indicate that there are large and dynamic changes of the PSI-LHCI supercomplex during the acclimation from aerobic (state I) to anaerobic (state II) conditions in Chlamydomonas.  (Supported by DOE, DE-FG03-99ER20349 and the National Science Foundation, MCB-0417142.)
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Acaryochloris marina: an unusual cyanobacterium which carries out water splitting using chlorophyll D rather than chlorophyll A.

Alison Telfer1, Min Chen2, Andrew Pascal3, Anthony W. D. Larkum2 and James Barber1.

1Division of Molecular Biosciences, Imperial College London, South Kensington Campus, London, SW7 2AZ, United Kingdom.

2School of Biological Sciences, University of Sydney, NSW 2006, Australia.

3Service de Biophysique des Fonctions Membranaires, DBJC / CEA & URA 2096 / CNRS, CEA-Saclay, 91191 Gif-sur-Yvette Cedex, France.

Acaryochloris marina is a cyanobacterium which has as its major pigment, chlorophyll d. It does, however, also have a low level of chlorophyll a, varying from 5-15 % of the total chlorophyll as a function of light intensity. Additionally it has antenna complexes: phycobiliproteins (phycocyanin and allophycocyanin) and also Pcb antenna complexes proteins (which are akin to IsiA and CP43’ antenna complexes). The Pcb complexes bind mainly chlorophyll d but also have a very low level of chlorophyll a. The QY absorption of chlorophyll d is 30-35 nm further to the red than that of chlorophyll a and this means that its excited state energy gap is ~100 mV less than that of chlorophyll a. This has led to the speculation that chlorophyll a may be bound to the photosystem II reaction center in order to catalyze water splitting, which is a process requiring an oxidizing potential of around 1 V. Although photosystem I particles have been isolated and it has been shown that chlorophyll d is the primary electron donor, P740, pure photosystem II preparations have not so far been isolated. The type of chlorophyll acting as primary electron donor in photosystem II has only been speculated upon based on experimental data from either cells or thylakoid membranes. We present evidence here that pheophytin a is the acceptor in PSII and we will also report on photosystem II-enriched preparations which contain less than one chlorophyll a per photosystem II reaction center. We, therefore, propose that chlorophyll d is the primary donor in photosystem II (ref 1). We will also present low temperature absorption difference data which allows the identification of secondary electron donors in photosystem II. The implications for artificial photosynthesis of the use of such a low energy chlorophyll for water splitting will be discussed. (Supported as follows: MC, ARC (DP 0452333); AP, CE-Saclay; JB, Biotechnology and Biological Sciences Research Council (BBSRC).)

1.
Chen, Telfer, Lin, Pascal, Larkum, Barber and Blankenship, The nature of the photosystem II reaction centre in the chlorophyll d-containing prokaryote, Acaryochloris marina Photochemical & Photobiological Sciences (2005) 4, 1060-1064.
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TESTING THE OXYGEN PARADOX WITH ANTIOXIDANT-DEFICIENT CYANOBACTERIA

David J. Thomas, John Boling, Tiffany McSpadden, Carl Rector, Christy L. Schuchardt and CaSandra J. Spurlock.

Science Division, Lyon College, Batesville, Arkansas 72501, USA.

The light reactions of oxygenic photosynthesis produce reactive oxygen species (ROS) that can damage cellular components and lead to cell death.  Thus, the co-evolution of an antioxidant system was necessary for the survival of photosynthetic organisms.  But this presents a potential evolutionary paradox.  Which came first: antioxidants or oxygenic photosynthesis?  If photosynthesis evolved first, how was the photosynthetic electron transport (PET) system protected against ROS?  If antioxidants evolved first, what was the selective pressure for their origin?  At least two possibilities exist.  1) Photosynthesis evolved first.  Since the primordial environment was anaerobic, oxygen could have diffused out of cells before being converted to ROS.  Then the gradual oxygenation of the environment would have selected for the evolution of antioxidant systems.  2) Antioxidant systems evolved first.  Non-biological sources of ROS (UV and mineralogical reactions) selected for the evolution of antioxidants before the evolution of oxygenic photosynthesis.  The first organisms that possessed antioxidants would have been able to live closer to the water's surface, and would have been pre-adapted for dealing with photosynthetically produced ROS.  We tested these hypotheses by growing wild type and mutant cyanobacteria (Synechococcus PCC7942 sodB-—FeSOD deletion) under primordial atmospheres (2.5% CO​2 in N2).  Preliminary results support scenario #1.  When grown in air, the sodB- strain has a lower growth rate than the wild type.  However, when the two strains are grown in 2.5% CO2 in N2, there is no difference in the growth rates, indicating that the presence or absence of the iron superoxide dismutase has no effect under these conditions.  If scenario #2 was correct, we would have expected to see slower growth rates in the sodB- strain under both atmospheric conditions.  Our results support the hypothesis that oxygenic photosynthesis evolved before antioxidant systems and provided the selection pressure for them.  However, since PCC7942 possesses two SODs (FeSOD and MnSOD), we still cannot rule out the second hypothesis, that the antioxidant system was a necessary pre-adaptation for photosynthesis.  (This research was supported by grants from the NASA/Arkansas Space Grant Consortium.)
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Aloe vera flowers, Pacific Grove, CA.

AT THE CROSSROADS OF PLASTID EVOLUTION: TETRAPYRROLES AND INTRACELLULAR SIGNALING

Lauren Wagner1 and Heather Rissler2.

1Department of Biology; 2Science Education Resource Center, Carleton College, Northfield, MN 55057, USA.

All tetrapyrroles, including chlorophyll and heme, are synthesized from the precursor 5-aminolevulinic acid via either the C4 (condensation) or C5 (glu-tRNA)  pathway.  In the mitochondria of eukaryotes, heme is synthesized via the C4 pathway, while in photosynthetic eukaryotes, chlorophyll and heme are synthesized in the chloroplast via the C5 pathway (1).  Chloroplasts originated from the endosymbiosis of a cyanobacterium by a protist followed by lateral transfer of choloplast genes to the protist’s nucleus. This primary endosymbiotic event led to the  green, red, and glaucophyte algal lineages, with further plastid diversification occurring via secondary  endosymbiosis when a green or red alga was engulfed by a eukaryote (2). As a consequence of endosymbiosis, plastid function depends on the coordinated transciption of chloroplast and nuclear genes, requiring the evolution of an intracellular signal-transduction pathway.  Mutations in both the heme and chlorophyll branches of the tetrapyrrole biosynthetic pathway are known to disturb organelle-to-nucleus crosstalk, indicating that proteins or intermediates involved in this pathway are likely signaling molecules.  


We have examined the evolution, compartmentalization, and regulation of proteins involved in tetrapyrrole biosynthesis following the acquisition of plastids by primary and secondary endosymbioses. Comparative genomics and phylogenetic analyses revealed a mosaic origin for tetrapyprrole biosynthetic enzymes in the secondary endosymbiont, E. gracilis and in dinoflagellates and distinct regulatory repertoires in red and green algal lineages. To understand the evolution of tetrapyrrole-mediated signal transduction in photosynthetic eukaryotes, we characterized the brs-1 mutant of Chlamydomonas reinhardtii, which has a truncated CHL H subunit of the Mg-chelatase. Unlike the gun5 mutant of Arabidopsis, which also has a mutation in the CHL H protein (3), Lhc expression is down-regulated in the brs-1 mutant in response to photo-oxidative stress, suggesting that it is not impaired in chloroplast-nuclear crosstalk. Our results draw further scrutiny to the role of the chlorophyll biosynthetic intermediate Mg-protoporphyrin IX in retrograde signaling. The role of the Mg-chelatase enzyme complex in modulating the plastid signal in diverse photosynthetic eukaryotes is discussed. 

1.
Avissar YJ, and Moberg PA (1995). The common origins of the pigments of life: Early steps of chlorophyll biosynthesis. Photosynth Res. 44:221-242.

2.
Cavalier-Smith T (2002). Chloroplast evolution: Secondary symbiogenesis and multiple losses. Current Biol. 12:R62-R64.

3.
Mochizuki N, Brusslan JA, Larkin R, Negatani A, and Chory J (2001). Arabidopsis genomes uncoupled 5 (gun5) mutant reveals the involvement of Mg-chelatase H subunit in plastid-to-nucleus signal transduction. Proc Nat Acad Sci USA. 98: 2053-2058.
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Sea lions in Monterey Bay, CA.

CORROLE SENSITIZED TITANIUM DIOXIDE

Don Walker1, Jeremy Weaver1, 2, Karn Sorasaenee1, Anthony Fitch1, Jordan Katz1, Bruce Brunschwig1, Jay Winkler1, Nathan S. Lewis1, Zeev Gross3 and Harry B. Gray1.

1California Institute of Technology, CA 91125, USA.

2University of Illinois Urbana Champagne, IL 6181, USA.

3Technion, Israel Institute of Technology.

Since the development of an efficient dye sensitized TiO2 solar cell pioneered by O'Regan and Gratzel there have been a variety of dyes ranging from inorganic, organic, and other semiconductors used to sensitize TiO2.  Many dyes since the discovery of an efficient dye sensitized solar cell have been used.  In an effort to improve overall performance of solar cells we have moved to studying molecules known as corroles.  Corroles have only recently begun to receive attention, because, prior to the work of Gross et al., synthesis of corroles was a long and arduous process.  Corroles are tetrapyrrolic, macrocyclic molecules related to porphyrins, differing in the absence of one meso carbon position in the corrole.  They maintain the aromaticity and strong visible absorbance of porphyrins with characteristic Soret and Q-bands, but unlike porphyrins corroles are tribasic molecules.  Due to there strong absorbance corroles have proven to be efficient sensitizers of TiO2.  By utilizing carboxy and sulphonated binding groups corroles were bound to TiO2, achieving efficiencies half that of the best know dye N3 (cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(II)).  Incident photon conversion efficiencies are in excess of 50% also.  (Supported by grants from BP MC2.)
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EFFECTS OF CO2 ON MARINE PHYTOPLANKTON: FERTILIZER OR HERBICIDE? 

Nick Welschmeyer and Matt Huber.

Moss Landing Marine Laboratories, 8272 Moss Landing Road, Moss Landing, CA 95039, USA.

The mass of total dissolved inorganic carbon (DIC) in the global ocean outweighs that of the atmospheric CO2 system by roughly two orders of magnitude.  This gross observation has, in part, fostered the historical tenet that marine photosynthesis is not a carbon-limited process, in contrast to well-documented instances of carbon-limited primary production in terrestrial higher land plants.  However, work over the last decade has questioned this paradigm, particularly those examples which demonstrate enhancement effects of CO2 on marine phytoplankton photosynthesis.


Here we identify CO2-induced triggering of reversible pigment de-epoxidation in the "photoprotective" mechanism of marine phytoplankton.  Addition of CO2 resulted in rapid (near instantaneous) decreases in photochemical quantum yield (Fv/Fm), followed by slower increases in non-photochemical quenching (NPQ) and de-epoxidation state of the xanthophyll cycling process (determined by HPLC pigment analysis). Parallel decreases in cellular ATP concentrations were observed on the same time-scale as the fluorescence/pigment fluctuations (minutes).  Importantly, oxygenic photosynthesis (based on short term O2 electrode evolution) decreased in relation to CO2 dose.  Under the highest CO2 levels employed here (final pH ca. 5-5.5), oxygenic photosynthesis was zero in all phytoplankton groups tested; identical results were obtained on natural Monterey Bay samples.


Collectively, the sequence of physiological responses above mimics all the well-documented traits typically associated with photoprotection, including repetitive reversibility.  However, in this case, the "photoprotective" response sequence was triggered by CO2 under extremely low irradiance levels (< 5 uEin  m-2 s-1), below the compensation intensity for photosynthesis.    Comparative experiments using similar acid-induced pH reductions from other inorganic acids suggest the effects above are due to CO2 and not to pH changes per se. Thus, it appears that under specific conditions, we expect toxic, biocidal effects of CO2 on marine phytoplankton. (Support was provided by the California Lands Commission and U.S. Fish and Wildlife Service.)
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Mass Spectrometric Analysis of PSI-LHCI Supercomplexes isolated from Chlamydomonas reinhardtii cells adapted to anaerobic conditions (State II)

Julian Whitelegge1, Rajagopal Subramanyam2, Sara Bassilian1, Petra Fromme3 and Andrew Webber2
1The Pasarow Mass Spectrometry Laboratory, University of California, Los Angeles.

2School of Life Sciences, Arizona State University, Tempe.

3Department of Chemistry and Biochemistry, Arizona State University, Tempe.

Photosystem I-light harvesting comlex I (PSI-LHCI) supercomplexes were isolated from Chlamydomonas cell cultures in log phase that were bubbled with N2 for 30 minutes to reduce the PQ pool (State II conditions) from which two forms (SI and SII) of PSI-LHCI supercomplexes were observed (Rajagopal et al, 2005, FEBS Lett, in press). Reverse-phase liquid chromatography with online electrospray-ionization mass spectrometry and concomitant fraction collection (LC-MS+) was used to separate polypeptide subunits and measure their molecular masses to an accuracy of 0.01%. The SII supercomplexes revealed around 50 different Intact Mass Tags (IMTs) derived from the various gene products and post-translationally modified variants.  Many of these IMTs were assigned to known components of PS I as well as the thylakoid ATP synthetase. A diverse range of IMTs in the 20-25 kDa range included those arising from LHCI subunits though intact mass alone was insufficient to assign identities. Fractions from LC-MS+ were digested with trypsin and the peptides analyzed by liquid chromatography with tandem mass spectrometry (LC-MSMS) providing data for traditional proteomics and protein identification. Thus, the presence of subunits of PSI, ATP synthetase, LHCI, as well as some specific members of the LHCII superfamily were confirmed.
[image: image55.jpg]



14th Western Photosynthesis Conference participants.

PURIFICATION, CHARACTERIZATION AND PRELIMINARY CRYSTALLOGRAPHIC STUDIES OF QUINOL-FUMARATE REDUCTASE FROM CHLOROFLEXUS AURANTIACUS
Yueyong Xin, Yih-Kuang Lu, Meitian Wang, Petra Fromme and Robert E. Blankenship.

Department of Chemistry and Biochemistry, Arizona State University, Tempe, AZ, 85287-1604, USA.

A membrane protein complex, menaquinol fumarate reductase (QFR) from the anoxygenic filamentous photosynthetic bacterium Chloroflexus aurantiacus has been purified, identified by bioinformatics and biochemical methods and crystallized. This enzyme is consists of equimolar amounts of three subunits: a 74 kDa flavoprotein that contains a covalently bound flavin adenine dinucleotide, a 28 kDa iron-sulfur cluster containing polypeptide and a 23 kDa membrane anchor which contains two hemes and two menaquinones. The purified enzyme is highly active and is a dimer. Redox titration and EPR analysis revealed that one heme has an Em of +60 mV and EPR signal at g=3.68, another heme has an Em of –90 mV and g=3.41. Crystallization screening by vapor diffusion resulted in the formation of crystals within one week. The obtained crystals belong to the hexagonal space group; the X-ray diffraction data collection is underway.
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Mn4Ca CLUSTER STRUCTURE OF THE WATER-OXIDATION ENZYME STUDIED BY SINGLE CRYSTAL X-RAY SPECTROSCOPY 

Junko Yano1, 2, Jan Kern3, Johannes Messinger4, Kenneth Sauer1, 2, Athina Zouni3, and Vittal K. Yachandra2.

1Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA.

2Department of Chemistry, University of California at Berkeley, Berkeley, CA 94720, USA.

3Max-Volmer Laboratorium der TU-Berlin, Strasse des 17, Juni 135, D-10623 Berlin, Germany.

4Max-Planck-Institut für Strahlenchemie, 45470 Mülheim an der Ruhr, Germany.
Single crystals of PS II isolated from thermophilic cyanobacteria have been studied by X-ray diffraction, and analyses at resolutions up to 3.0 Å have been published (1,2).  These analyses have localized electron density associated with the Mn4Ca cluster within the large complex of PS II proteins, but the limited resolution is short of what is needed to place individual metal atoms precisely in the cluster. This uncertainty in positions is compounded by the specific effect of radiation damage to the Mn cluster and surrounding ligands (3).   Previous EXAFS (the extended X-ray absorption fine structure) studies of spinach PS II have identified Mn-O(N), Mn-Mn and Mn-Ca vectors and have provided a basis for the formulation of structural models consistent with the data.  The evidence supports the presence of three Mn-Mn vectors (di--oxo bridged) at 2.7-2.8 Å, one or two Mn-Mn vectors at 3.3 Å and one or two Mn-Ca vectors at 3.4 Å.  New studies using oriented single crystals of PS II from cyanobacteria show pronounced dichroism in both the 2.7 and 3.3 Å peaks depending on crystal orientation relative to the electric vector of the polarized X-rays.  We have used the X-ray dichroism data to evaluate each of the three predictions of the Mn cluster geometry based on the published analyses of X-ray diffraction and find that these structures are not consistent with the dichroism data. We have derived models for the Mn cluster from our dichroism data and its orientation in the ligand environment.  

1.
Ferreira, K. N.; Iverson, T. M.; Maghlaoui, K.; Barber, J.; Iwata, S., 2004.  Science, 303: 1831.

2.
Loll B.; Kern, J.; Saenger, W.; Zouni A.; Biesiadka, J., In Press, Nature.

3.
Yano, J.; Kern, J.; Irrgang, K.-D.; Latimer, M. J.; Bergmann, U.; Glatzel,P.; Pushkar, Y.; Biesiadka, J.; Loll, B.; Sauer, K.; Messinger, J.; Zouni,A.; Yachandra, V. K., 2005.  Proc. Natl. Acad. Sci. U.S.A., 102: 12047.
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Kelp tank at the Monterey Bay Aquarium.
CO-CRYSTALLIZATION OF PHOTOSYSTEM I WITH ITS NATURAL ELECTRON ACCEPTOR FERREDOXIN

Hongqi Yu, Raimund Fromme, Ingo Grotjohann, Meitian Wang, Pierre Setif, Herve Bottin and  Petra Fromme.

Department of Chemistry and Biochemistry Arizona State University PO Box 871604, Tempe, AZ  85287-1604, USA.

Photosystem I (PS I) catalyzes the light–driven electron transfer from plastocyanin at the lumenal side of the photosynthetic membrane to the soluble Ferredoxin on the stromal side of the membrane in plants, algae and cyanobacteria. There, PS I reduces ferredoxin (Fd), providing the electrons for the reduction of NADP+ to NADPH by the Ferredoxin NADP+ reductase (FNR). 


Ferredoxin (Fd) also plays a major role in the oxidoreduction reactions within the cell. It interacts with a large number of different protein complexes, which are involved in the assimilation of nitrogen and sulfur, as well as in the regulation of carbon assimilation. Therefore, the supercomplex of PSI with Fd will be used as a model system for interaction of an electron transfer protein. Solving the structure of PSI/Fd can finally elucidate the binding site and will help in unraveling the mechanism of inter protein electron transfer between the terminal 4F4eS cluster FB in PS I and the 2Fe2S cluster in ferredoxin. 


Co-crystallizing PSI and Ferredoxin is a very challenging project. PS I was isolated from the thermophilic cyanobacterium Thermosynechococcus elongates, while Synechocystis Ferredoxin was use for the co-crystallization experiments. The complex was originally crystallized in an orthorhombic unit cell of 197×203×354 Ångström (S.G P212121 ) which contains one PSI trimer complex with 3 Fd molecules in the asymmetric unit (Fromme et al., 2002). However, these crystals only diffracted to a resolution of 7Å. 


By using macroseeding and microseeding techniques, additive screening and improving the cryogenic solution, we were able to grow a new monoclinic form of the co-crystals. The crystals have the space group P21 (a=214.3Ǻ  b=235.5Ǻ c=261.0Ǻ ;α=90°, β=100.4°, γ=90°), and contain two PSI trimers including 6 Fd in the asymmetric unit and diffract X-rays to a maximal resolution of 4.5Å at cryogenic condition.

Fromme P, Bottin H, Krauss N, Setif P (2002) Crystallization and electron paramagnetic resonance characterization of the complex of photosystem I with its natural electron acceptor ferredoxin. Biophys J 83: 1760-1773.
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ON THE PATHWAY OF CYCLIC ELECTRON TRANSFER THROUGH THE CYTOCHROME B6F COMPLEX 

Huamin Zhang and William A. Cramer.

Department of Biological Sciences, Purdue University, West Lafayette, IN 47907, USA.

Crystal structures of the cytochrome b6f complex from the cyanobacterium, M. laminosus (1, pdb 1VF5), and the alga, C. reinhardtii (2; pdb, 1Q90) described (i) three enigmatic prosthetic groups, chl a, -carotene, and a novel heme x that occludes the binding site of the quinone-analogue inhibitor antimycin A in the mitochondrial cytochrome bc1 complex, and (ii) a distal location, 19 Å from the [2Fe-2S] cluster, of a high affinity binding site of the p-side Q analogue inhibitor, DBMIB (3; pdb, 2D2C). In order to gain understanding of the function of these prosthetic groups in the pathway of cyclic electron transport, the effects of the inhibitors DBMIB, and NQNO on the redox/spectral properties of hemes b, heme x, and chl a in the pathway of NADPH reduction have been examined in isolated b6f complex. As shown previously (4), NADPH + ferredoxin can reduce approximately half the cytochrome b content. The rate and amplitude of this reduction were decreased in the presence of DBMIB and NQNO. NQNO caused a narrowing of the composite b heme Soret band, resulting a net red shift of the spectrum. Consequences for the pathway of cyclic electron transfer will be discussed.

1.
Kurisu et al., 2003. Science 302: 1009-14; (2) Stroebel et al., 2003. Nature 426: 413-18; (3) Yan et al., 2006. Proc. Natl. Acad. Sci. USA 103, in press; (4) Furbacher et al., 1989. Biochemistry 28: 8990-98. [Support: NIH GM-38323].
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