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Presenter
Presentation Notes
My talk today is on a fundamental study of photosynthesis and stress tolerance.

In recent years we’ve begun to pursue an applied aspect of our research.

I’ll present a little bit of both today.

The picture in my title slide is an artist’s conception of how diesel fuel could be produced in arid regions of the US within the next 5 years. The green grids you see are ponds of microalgae that can double in number every day and be 60% oil by weight.



Production of Biofuels is a new form of agriculture 
that calls for new technology and new feedstock 
organisms. Growing algae for biodiesel would require less 
land and water for biofuel production than crop plants. 
Land for growing algae can be of poor quality.

Cyanotech Corporation facility , Kona, HI
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We are proposing new concepts in the way we think of agriculture.  In place of a tractor in a field, we might think of ponds of algae growing on soils not conducive for traditional crops.  

The algae farm shown, Cyanotech, has been in operation for nearly 30 years.
Spirulina and Hematococcus have been its major products.  

The blue-green cyanobacteria is Spirulina which is pelletized into tablets as a human nutritional supplement.  

The purple strains are Haematococcus which has high concentrations of a pigment known as astaxanthin.  Astaxanthin is added to fish chow for aquaculture.  It produces the desirable orange coloring in the meat of the fish.
Algae can produce more oil per unit land than those crops currently being produced for biofuels.  Algae can grow on non-agriculturally productive land and won’t compete with crops grown for human consumption.



Figure credit: Solix Biofuels at http://www.solixbiofuels.com/content/products

Products from algae are potentially diverse and 
can include biodiesel, starch for ethanol production, 
animal feed, specialty chemicals, and soil amendments.
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In time, many products can be derived from algae to supply diverse markets.

This schematic provided by Solix Biofuels, a company out of Fort Collins, CO, shows the diversity of the end products of algae.  

The traditional processing of algal lipids can produce very clean biofuels, but it can also be processed into bio-plastics and other chemicals as well as a high protein livestock feed.




Closed photobioreactor at Arizona State University
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When algae is grown in a closed system that reduces evaporation, oxygen can accumulate to high levels and cause oxidative stress.  

This is what connects our basic research on oxidative stress to the production of biofuels.




Oxidative stress of algal cultures can occur in closed 
photobioreactors where O2 can rise to high levels promoting 
the formation of reactive oxygen species by photosynthesis.
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Here we depict how oxidative stress occurs in photosynthetic cells:

Oxygen toxicity is caused by reactive forms of oxygen generated in two ways.

Excitation of oxygen to it’s singlet state can trigger oxidations of lipids and proteins. This excitation is caused by light via a photosensitizer pigment – Chlorophyll.

Reduction of O2 by a single e- produces the superoxide radical.  This is a common side reaction in the photosynthetic electron transport pathway.

Superoxide radical gives rise to hydrogen peroxide and the hydroxyl radical.

Many types of cellular damage are caused by these reactive oxygen species.
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Antioxidants detoxify reactive oxygen species formed by photosynthesis.

Our research is on superoxide dismutases, catalases, and peroxidases that detoxify superoxide radicals and hydrogen peroxide.



Cyanobacteria are good 
models for study of oxidative 
stress in photosynthetic cells:

Transformation is simple. Genes 
can be specifically disrupted.  
Transgenes can be expressed.

Sequencing of many strains is 
complete or in progress.   Many 
mutants have been constructed for 
analysis of gene function. 

Lack of a cuticle makes use of 
chemical inhibitors and cofactors 
relatively simple.

Cyanobacterial genomes and 
antioxidant systems are simpler 
than those of eukaryotes, making 
mutants easier to understand.

Synechococcus elongatus PCC 7942

Presenter
Presentation Notes
We are studying how antioxidants protect photosynthesis using cyanobacteria in the laboratory.  We use cyanobacteria since it’s a model organism that is simple to work with and easily manipulated.

Light micro-graph of Synechococcus elongatus PCC 7942.

Electron micrograph of 1 cell showing the thylakoid membranes that house the photosynthetic machinery.
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This slide shows a lot of stuff, but what I want to focus on is the photosynthetic electron transport and antioxidants in our Synechococcus.  

Our study focuses on three antioxidant enzymes:  an iron superoxide dismutase, a catalase, and one of the six thiol peroxidases that are present in this organism.

(Thiol PX needs an electron supply)
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Single null mutations were made in sodB, katG, 
and tplA by site-directed insertional mutagenesis.

Thylakoid membrane
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We’re studying the function of these three enzymes in mutants lacking functional genes for them.

By studying the phenotype of the mutants we learn about the function of the genes in their wild type counterparts.  And we are also able to quantify their activity.

There are no other SOD genes in this organism.  Nor any other catalase genes.  So this makes for very clean mutants.  They’re activity is not being masked. 



Loss of gene function is 
confirmed with assays of enzyme 
activity.

Data are means +/- standard deviations. n= 8 to 10
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As you can see, we have 5 strains that we work with.  There are 2 wild type backgrounds:  DL and Rs.  The DL wt is the wild background that we then knocked out the sodB gene to determine its activity.  

Measuring physiological activities of the missing proteins confirms that the mutations were effective. 

The KatG mutant has no catalase activity.
The SodB mutant shows some activity in the Nitro Blue Tetrazolium assay but this is an artifact.  We feel it’s a function of the chlorophyll membrane.  That is because there is no other SOD gene.
TPX activity is elevated in katG compared to the other strains, but negligible in tplA.



Phenotype analysis of antioxidant null mutants is 
proceeding on three tracks.

1. Dose response experiments using 
treatments that generate reactive 
oxygen species in defined ways, e.g. 
paraquat treatment.

2. Comparison of physiological 
responses to oxidative stress, e.g. 
photoinhibition of Photosystem II by 
excessive light.

3. Analysis of important proteins and 
protein complexes for oxidative 
damage, e.g. Photosystem I.
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3 types of experiments are going on simultaneously in our lab.  These include:

Dose response experiments for determining the effect on growth measurements were conducted in the presence of oxidative stressors,

Comparing physiological responses to oxidative stress, and

finally looking at the Protein chemistry to determine sensitivity to protein oxidative damage.




Phenotype analysis of antioxidant null mutants is 
proceeding on three tracks.

1. Dose response experiments using 
treatments that generate reactive 
oxygen species in defined ways, e.g. 
paraquat treatment.

2. Comparison of physiological 
responses to oxidative stress, e.g. 
photoinhibition of Photosystem II by 
excessive light.

3. Analysis of important proteins and 
protein complexes for oxidative 
damage, e.g. Photosystem I.
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We will focus today’s discussion on the physiological response work.



Photoinhibition of Photosystem II occurs when excitation 
of PS II exceeds the capacity of downstream e- transport. Back reactions in 
the PS II core generate 1O2 that damages the D1 protein and inactivates 
PS II. Damaged D1 is removed from the complex and replaced by newly 
synthesized protein. Net photoinhibition is the sum of photoinhibition 
damage and photoinhibition repair.

PS II core
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Photoinhibition damage at PS II occurs when excitation exceeds the capacity of the system to use it. Meaning there are excess e- causing havoc on the system.

2) This happens a little bit at all times but especially under conditions of environmental stress.

3) Damage is repaired by new proteins synthesis. PS II activity decreases when damage exceeds simultaneous repair.

4) May serve as a fuse to prevent oxidative damage of downstream components that are less easily repaired.




Photoinhibition damage

Photoinhibition repair

Figure by Peter Nixon, Imperial College, London

Photoinhibition is repaired by new protein synthesis. 
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PSII complex receives damage from photoinhibition.

The complex is disassembled.

D1 proteins are replaced in the core.

Then the whole thing is reassembled and activated.  

So, Photosynthetic function is dependent on the positive balance between repair and damage.
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Photoinhibition damage and repair assays were 
performed on mutants and wild types. Lincomycin was used to suppress 
repair and distinguish it from damage.
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In one of our studies, we determined the Photosystem II activity by measuring intact cells with an O2 electrode.

A strong light was applied and we saw a decrease in photosynthetic activity over time.

When lincomycin hydrochloride had been added and the light source was removed, we saw no repair activity.  This is because it blocks protein synthesis at the translation step.

Whereas, with no lincomycin the strains showed significant repair.
 



Strain
Initial Rate of 
damage with 
lincomycin 

(%/hr)

Initial Rate of 
damage, no 
lincomycin 

(%/hr)

Initial 
Rate of 
Repair 
(%/hr)

Steady 
state 
(%/hr)

Post 
Stress 
Repair 
(%/hr)

RS wt 53.4a 45.8a 7.6 17.8a 7.2a

RS tplA 55.4a 45.0a 10.4 26.2b 12.2b

RS katG 52.4a 45.3a 7.1 20.8a 10.5ab

DL wt 54.2a 34.8b 19.4 25.5b 10.2ab

DL sodB 51.6a 44.8a 6.8 12.0c 2.9c

Photoinhibition damage and repair parameters. The initial rate of 
photoinhibition damage was determined from the first 30 minutes of the response to strong light with 
lincomycin present. The initial rate of photoinhibition repair was determined from the first 30 minutes of 
the response to strong light without lincomycin minus the response with lincomycin. The equilibrium rate 
of photosynthesis was the PS II activity remaining after 180 minutes in strong light without lincomycin. 
The post-stress repair rate was determined from the recovery of PS II activity during the first 30 minutes 
after the photoinhibition treatment without lincomycin (180 to 210 minutes in Figure 2). Data were 
analyzed using General Linear Model (GLM) procedure in the Statistical Analysis System [SAS version 
9.1.3, SAS Institute 2002-2003] and means were separated using Fisher's least significant difference 
(LSD) with an • =0.05.
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There is a lot of information in this table that was derived from our photoinhibition work.

I want to emphasis the 2 columns with the red circles.

The first thing to note is that damage rates are the same in all strains.  So we know that none of the genes we’re studying protects against photoinhibition damage.  

Secondly, sodB has a strong inhibition of repair, which is a clear indication that sodB protects against photoinhibition damage.

Also katG & tplA show an increased repair over their wild type counterpart, so we can propose that these genes are not required for repair.



Conclusions: Photoinhibition damage is unaffected by loss of genes 
for antioxidant enzymes. Photoinhibition repair is strongly promoted by 
sodB function but not function of katG or tplA

Current hypothesis: Oxidative stress 
inhibits photoinhibition repair by damage to 
elongation factor G of the ribosomal 
complex. This slows D1 translation 
(Takahashi & Murata, 2008, Trends in Plant 
Sci. 13:178).

Alternate hypothesis: Stress inhibits 
photoinhibition repair by inactivation of 
enzymes required for amino acid synthesis, 
e.g. dehydratases in the shikimate path. SOD 
null mutants of yeast and E. coli are often 
amino acid auxotrophs. 
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In conclusion:  Photoinhibition damage is unaffected by the loss of antioxidant enzymes; however, repair depends on superoxide dismutase, but not the catalase nor thiol peroxidase enzymes.

Others have observed that oxidative stress slows photoinhibition repair.  

The current hypothesis by the Japanese states the damage is in ribosome which slows translation very similar to how lincomycin works.

We propose an alternative hypothesis in that stress inhibits the repair by inactivating a small set of enzymes disrupting the assemblage of critical proteins, comparable to how Roundup blocks the shikimate pathway.




Metabolite profiling will show if patterns of soluble amino 

acids differ between mutants and wild types after photoinhibition, as the 
alternate hypothesis predicts.

GC chromatogram of 
derivatized metabolite 
extraction from Helianthus.
Red arrow shows Trp

Presenter
Presentation Notes
We are planning on doing some metabolite profiling to determine the soluble amino acids and how the mutants differ from their wild types when exposed to photoinhibition.  We’ve done similar work with Sunflower and Roundup, where we saw decreases in the amino acid triptophan after exposure and this is because of a block in the shikimic acid pathway.



Mountain Cement Corporation, Laramie, WY. 

Over expression of genes for antioxidants and amino acid 
biosynthesis could improve yields of algae in large scale 
culture, especially if cultures are fertilized with CO2 emissions 
from coal-fired power plants like cement plants.
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If we’re right about oxidative stress, then we could over express the genes necessary to pathways of amino acid synthesis.

This would be especially important if algal production were at sites of industrial CO2 emissions like this cement factory.  CO2 emissions can be used to stimulate algal growth, but they can contain sulfur dioxides and other chemical oxidants.

This is Mountain Cement in Laramie, WY, which releases about 650,000 tons of CO2 annually.  We’re at the early stages of building a small laboratory at this site.  We hope to use it for selecting and improving algae for growth under their particular CO2 emission regime.
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