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Progress Report
Research examined the thermal stability and propensity for aggregation of wild type and the C- and N-terminally modified forms of activase to determine if loss of activity under heat stress is dependent on protein aggregation.  The results showed that 1) loss of activity at high temperature is independent of aggregation; 2) activase with both C- and N-terminal S-Tags are more susceptible to aggregation than wild type activase, 3) aggregation is highly dependent on the concentration of Mg2+ and 4) the ATP analog, ATPgammaS, protects against both thermal inactivation and aggregation. 
We developed an assay for Rubisco activase activity that measures activation of endogenous Rubisco in leaf extracts.  Others have tried to develop similar assays, but have not demonstrated ATP- and activase-dependence, both necessary requirements for distinguishing between spontaneous and activase-catalyzed Rubisco activation.  Using the assay with our transgenic and mutant Arabidopsis plants, we are able to distinguish between extracts with different amounts of activase protein.  The assay was used to examine the effects of temperature on activase activity directly in extracts and in extracts prepared from heat-stressed leaves. 
To better understand the determinants for activase/Rubisco interactions, three hybrid Rubisco enzymes provided by a scientist at the University of Nebraska containing the small subunits from Arabidopsis, tobacco and spinach and the Chlamydomonas Rubisco large subunit were analyzed to understand the determinants of substrate specificity for Rubisco activase.  
In collaboration with scientists at Arizona State University, we have examined the structural basis for the thermal instability of activase, including the relationship among protein aggregation, disruption of secondary structure and loss of catalytic activity.  Using purified, recombinant enzyme, we found that the loss of activity upon heating is highly dependent on the concentrations of Mg2+ and adenine nucleotides (ATP or ADP). Circular dichroism measurements showed a loss of activase secondary structure associated with the loss in catalytic activity, which was also associated with aggregation of the protein, first as a large soluble aggregate of 2 x 106 daltons and then followed by higher-order aggregate that is insoluble.  
Photosynthesis was sensitive to inhibition by moderate heat stress.  To determine the mechanism for regulation of Rubisco activase in plant species that express only the non-redox regulated beta-isoform, the tobacco Rubisco activase gene was modified by addition of a redox-regulated C-terminal extension to produce an artificial tobacco alpha-isoform of Rubisco activase.  The modified gene was expressed in E. coli. Genes have been synthesized for expressing tobacco activase with a redox-regulated C-terminal extension from creosote activase. We have successfully produced recombinant thioredoxin-f and have purified the recombinant protein for use in experiments. In addition, tobacco plants have been transformed with the modified enzyme.  Preliminary experiments with the recombinant enzyme showed that creosote Rubisco activase was inefficient in activating camelina Rubisco, whereas cotton Rubisco activase was an effective activator. Consequently, a revised strategy for improving the thermotolerance of camelina photosynthesis has been adopted involving insertion of the alpha- and beta-isoforms of the more temperature tolerant Rubisco activase from cotton. Based on the temperature response of enzyme activity, Rubisco activase from cotton would increase the thermal stability of camelina photosynthesis by about 5°C. To increase the probability of success, camelina was also transformed with the alpha- and beta-isoforms of Rubisco activase from a wild rice species. This species of Oryza is native to hot, arid regions of northern Australia. Together with Macquarie University in Sydney, the temperature response of photosynthesis and Rubisco activation in this species exhibited considerable heat tolerance. Thus, the Rubisco activase from this species is another potential candidate for improving the thermal tolerance of camelina photosynthesis.  
To characterize the thermotolerance of photosynthesis in camelina, Rubisco activation was measured both in vivo and by assaying Rubisco activase activity using a new method developed for leaf extracts. The results were consistent with the idea that the thermal properties of Rubisco activase determine the thermotolerance of photosynthesis. In growth chamber experiments, a moderate heat stress of 35°C reduced seed weight and seed number in camelina by more than 50%. 
A chimeric Rubisco activase was constructed using the sensor-2 retention method to improve the thermotolerance of the enzyme. Recombinant proteins have been purified for testing of thermotolerance and the ability to activate camelina Rubisco. Studies were conducted with camelina, a model plant species whose photosynthesis is acutely sensitive to considerable heat stress. To characterize the heat stress response in camelina, measurements of Rubisco activase and cpn60 protein levels were conducted. These measurements showed that cpn60 levels increased when plants were grown with a mid-day interval of moderate heat stress (i.e., 35°C). Uexpectedly, the higher levels of cpn60 in heat stressed plants did not acclimate photosynthesis to the higher temperature.  Rubisco activase levels were similar under control and heat stress condition, although high molecular mass species of Rubisco activase were more abundant in heat stressed leaves. 
Considerable progress has been made in addressing aspects of the project related to Rubisco activase regulation. Significant differences in the properties of the non-redox regulated forms of Rubisco activase were found among species. The data showed that the beta-isoform of Rubisco activase from Arabidopsis was insensitive to inhibition by physiological ratios of ADP/ATP when not paired with its alpha-isoform, whereas the beta-isoform from tobacco, a species that does not express an alpha-isoform, was acutely sensitive to inhibition by ADP.  To understand the role of regulating Rubisco activase in photosynthesis, photosynthetic induction was measured. In plants like tobacco, that contain a Rubisco activase that is inhibited by physiological ratios of ADP/ATP, the rate of photosynthetic induction was dependent on the duration of low light prior to induction. In contrast, plants that contain a Rubisco activase enzyme that is insensitive to inhibition by ADP exhibited no lag in the induction of CO2 fixation upon transition from low to high light. These data indicate that the sensitivity of Rubisco activase to inhibition by ADP influences the rate of photosynthetic induction. This influence of Rubisco activase is particularly important for carbon gain in environments with highly fluctuating light regimes.  

