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Enhanced Thermostability of Arabidopsis Rubisco Activase
Improves Photosynthesis and Growth Rates under Moderate
Heat Stress™

Itzhak Kurek, Thom Kai Chang, Sean M. Bertain, Alfredo Madrigal, Lu Liu, Michael W. Lassner,! and Genhai Zhu?
Pioneer Hi-Bred International, DuPont Agriculture and Nutrition, Redwood City, California 94063

Plant photosynthesis declines when the temperature exceeds its optimum range. Recent evidence indicates that the re-
duction in photosynthesis is linked to ribulose-1,5-bis-phosphate carboxylase/oxygenase (Rubisco) deactivation due to the
inhibition of Rubisco activase (RCA) under moderately elevated temperatures. To test the hypothesis that thermostable RCA
can improve photosynthesis under elevated temperatures, we used gene shuffling technology to generate several Arabi-
dopsis thaliana RCA1 (short isoform) variants exhibiting improved thermostability. Wild-type RCA1 and selected thermo-
stable RCA1 variants were introduced into an Arabidopsis RCA deletion (Arca) line. In a long-term growth test at either
constant 26°C or daily 4-h 30°C exposure, the transgenic lines with the thermostable RCA1 variants exhibited higher photo-
synthetic rates, improved development patterns, higher biomass, and increased seed yields compared with the lines expressing
wild-type RCA1 and a slight improvement compared with untransformed Arabidopsis plants. These results provide clear
evidence that RCA is a major limiting factor in plant photosynthesis under moderately elevated temperatures and a potential

target for genetic manipulation to improve crop plants productivity under heat stress conditions.

INTRODUCTION

Increasing crop yield to meet worldwide future food demand is
one of the major challenges for agricultural research (Cassman,
1999). Although crop yields dramatically increased in the 20th
century, the estimated growth in the world’s population to ~8
billion by 2020 and the slowing rate of increase in crop yield sug-
gests a requirement for new strategies to improve food security
(Miflin, 2000; Rosegrant and Cline, 2003). Additionally, plant pro-
ductivity is often challenged by environmental stress, including
high temperature and drought. Increased global temperature in
the future will have both ecological and agricultural consequences.
High temperature negatively impacts plant growth, survival, and
yield. Field studies and mathematical modeling revealed that
decadal variations in temperature have a significant effect on
crop productivity. Over the last 17 years, a negative correlation be-
tween regional temperature during the growing season and maize
(Zea mays) and soybean (Glycine max) yield has been described
(Lobell and Asner, 2003).

Photosynthesis, the process through which plants accumulate
biomass by converting inorganic carbon to carbohydrates using
light energy, is a major target for improving crop productivity via
conventional breeding practices (Richards, 2000) and by crop
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transgenic approaches (Dunwell, 2000; Sinclair et al., 2004). Genes
involved in photosynthetic enhancement, such as sedoheptulose-
1,7-bisphosphatase (SBPase) (Miyagawa et al., 2001), sucrose-
phosphate synthase (Boxter et al., 2003; Lunn et al., 2003), and
the C4 cycle enzymes phosphoenolpyruvate carboxylase and
pyruvate phosphate dikinase (reviewed in Matsuoka et al., 2001;
Leegood, 2002) were overexpressed in transgenic tobacco (Nico-
tiana tabacum) and rice (Oryza sativa) plants. Expression of the
Escherichia coli glycolate catabolic pathway enzymes (i.e., glu-
colate dehydrogenase, glyoxylate carboligase, and tartronic semi-
aldehyde reductase) (Kebeish et al., 2007) in C3 plants alleviated
the negative effects on net photosynthesis from photorespiration
in transgenic Arabidopsis thaliana plants. As one of the most heat-
sensitive physiological processes, photosynthesis is also a target
for crop improvement under heat stress conditions. At moderate
heat stress, inhibition of photosynthesis is reversible, whereas
extended recovery period at optimum growth temperature is re-
quired after exposure to high temperature (Salvucci and Crafts-
Brandner, 2004a). Artificially increasing the intracellular CO, con-
centration significantly improves photosynthesis and stimulates
photosynthetic electron transport during short exposures to heat
stress (Haldimann and Feller, 2004). Although several compo-
nents of the photosynthetic apparatus and associated metabolic
pathways are sensitive to moderate heat stress, numerous studies
hypothesize that the loss of the activation state of ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco), the CO, fixing
enzyme, is the primary limiting factor of net photosynthesis under
moderate heat stress (Feller et al., 1998; Salvucci and Crafts-
Brandner, 2004a). The activation state of Rubisco, defined as the
fraction of active sites that are catalytically competent, is regu-
lated by the chloroplast-localized enzyme Rubisco activase (RCA),
amember of the AAA+ family of ATPases associated with diverse



cellular activities (Neuwald et al., 1999; Portis, 2003). Through
protein—protein interactions and ATP hydrolysis, RCA can re-
move naturally occurring sugar-phosphate inhibitors from both
active (carbamylated) and inactive (decarbamylated) Rubisco
sites, a function that is essential for maintaining Rubisco catalytic
competency.

Crafts-Brandner and Salvucci (2000) demonstrated that
higher-plant Rubisco is a thermostable enzyme that exhibits
increased catalytic turnover rates as temperatures are elevated
up to 45°C, while RCAs from several crop plants are extremely
thermolabile. Under moderately elevated temperatures, the loss
of RCA activity, reduction in Rubisco’s activation state, and lower
plant photosynthetic rates are tightly correlated. Transgenic Arabi-
dopsis plants expressing suboptimal levels of RCA were much
more sensitive to inhibition by moderate heat stress than plants
expressing normal levels of RCA (Salvucci et al., 2006). Based on
these data, the thermolability of RCA was hypothesized as the
primary cause for the loss of photosynthetic CO, fixation activity
during moderate heat stress. A corollary was the prediction that a
thermostable RCA would be able to maintain Rubisco at a high
activation state and increase photosynthetic CO, fixation rates
when the plants are exposed to moderate heat stress, in both
C3 (Crafts-Brandner and Salvucci, 2000; Salvucci and Crafts-
Brandner, 2004a) and C4 plants (Crafts-Brandner and Salvucci,
2002).

Many plants contain two forms of RCA: the 43-kD B (short;
RCA1) isoform and the 46-kD « (long; RCA2) isoform that is reg-
ulated by the redox state of the chloroplast via oxidation of two
Cys residues at the C terminus portion (Zhang et al., 2002). In
several plant species, such as Arabidopsis, spinach (Spinacia
oleracea), and rice, the short and long isoforms are generated by
alternative splicing of a single pre-mRNA (Werneke et al., 1989;
To et al., 1999), while in maize, a single pre-mRNA encodes two
polypeptides through limited proteolysis of the long isoform at its
N-terminal region (Vargas-Suarez et al., 2004). In cotton (Gos-
sypium hirsutum), the short and long isoforms are encoded by
separate genes (Salvucci et al., 2003). Expression of the long form
in cotton, maize, and wheat (Triticum aestivum) that requires pro-
longed exposure to heat stress and the significant thermosta-
bility properties in vitro of the cotton long form may indicate the
importance of a thermostable activase under heat shock conditions.

To test the hypothesis that RCA limits photosynthesis under
moderate heat stress, we used gene shuffling (Stemmer, 1994) to
generate several variants of the Arabidopsis RCA1 exhibiting
improved thermostability and expressed them in a fast-neutron
mutagenized Arabidopsis RCA deletion line (Arca) (Li et al., 2001).
The positive effects of shuffled thermostable RCA variants on
Rubisco activation state, rates of photosynthesis, and growth under
moderate heat stress clearly demonstrate that RCA is a limiting
factor in plant productivity under heat stress and provides a new
strategy for improving crop yield under such stress conditions.

RESULTS

Evolution of Thermostable RCA Variants

To identify variants with improved thermostability, we developed
a high-throughput screening method that directly assays Ru-
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bisco activation activity. In the primary screen, RCA1 variants
expressed in E. coli were selected for their ability, in crude cell
lysates, to activate Arabidopsis Rubisco at 25°C. A second tier
screen assayed for the relative thermostability of active clones by
incubating the host E. coli soluble fraction at different temper-
atures prior to the Rubisco activation assay. Selected RCA vari-
ants were purified and assayed in a third tier screen to determine
specific activity and thermostability. After two rounds of shuffling
and screening (3200 clones per round), seven variants exhibiting
improved thermostability were identified.

To further characterize the properties of the improved variants
and to select leads for plant transformation, purified proteins
were analyzed using three different assays (Figure 1). Analysis of
Rubisco activation by the shuffled leads indicates that the 2nd
round variants (301C7 and 382D8) exhibit high thermostability at
40 and 45°C treatments (Figure 1A). The activity of 382D8 after
45°C treatment was 80% higher than RCA1 at the same tem-
perature treatment and only 10% less than RCA1 activity incu-
bated at 25°C. The response of activase activity to elevated
temperatures was also evaluated by monitoring its ability to
maintain Rubisco in an active state during heat treatment
(Rubisco activation under catalytic conditions; Crafts-Brandner
and Salvucci, 2000). While wild-type RCA maintained a Rubisco
activation state of 0.5 at 40°C, the three leads were able to
maintain activation states of 0.62 to 0.72 under the same con-
dition (Figure 1B). Relative to reactions at 25°C, the activation
state of Rubisco maintained by the thermostable variants at 40°C
was in the range of 78 to 98%, versus 70% for the wild-type
enzyme. The protein displaying the highest specific activity at
25°C was the best variant isolated in the first round, 183H12
(Figures 1A and 1B).

RCA is an ATPase (contains the AAA+ domain) that requires
ATP to loosen the binding of Rubisco for sugar phosphates
(Portis, 2003). We therefore monitored the ATPase activity of the
RCA complex independent of its interaction with Rubisco. Re-
sults (Figure 1C) showed that the stability of 2nd round variants at
35 and 40°C was improved >10-fold compared with RCA1,
whereas 183H12 exhibited 20 and 30% improvement at 25 and
40°C, respectively. These results indicate that the improvement
through gene shuffling affects multiple RCA1 properties: the
thermostability of the RCA1 molecules to hydrolyze ATP (ATPase
activity), the residual activity of the RCA1- RCA1 multimeric
complex to activate Rubisco (activation of inactive Rubisco), and
the RCA1-Rubisco complex (Rubisco activation under catalytic
conditions).

Sequence analysis revealed that one amino acid substitution
in 183H12 (T274R) was sufficient to improve activity and ther-
mostability. Three amino acid substitutions in the 2nd round
variants 301C7 (F168L, V2571, and K310N) and 382D8 (M131V,
V2571, and K310N) resulted in a 10°C increase in stability of
Arabidopsis RCA1. The variant 383A12 contains mutations from
both 183H12 and 301C7 (F168L, V2571, T274R, and K310N) and
exhibited relative low activity at 25°C (82% of the 183H12 ac-
tivity) but maintained high activity at 40°C (102% of 301C7 ac-
tivity). Two substitutions shared in variants 301C7 and 382D8 are
also present as natural variation in plant species; V2571 is present
in the cucumber (Cucumis sativus) enzyme, and K310N is con-
served in wheat, rice, spinach, and maize.
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Figure 1. Characterization of Wild-Type RCA (RCA1) and Thermostable
Variants (183H12, 301C7, and 382D8).

(A) Rubisco activity after activation by activase after treatment at 25°C
(white), 40°C (gray), and 45°C (black). Activase proteins were incubated
at the indicated temperatures for 15 min prior to assaying at 25°C.

(B) Activation of Rubisco under catalytic conditions at 25°C (white) and
40°C (gray).

(C) ATPase activity (relative to RCA1 activity at 25°C) of activase proteins
incubated at the indicated temperatures for 15 min prior to assaying
at 25°C.

Characterization of an RCA Deletion Mutant

To study the physiological effects associated with the thermo-
stable RCA variants, we screened fast neutron deletion muta-
genesis Arabidopsis lines (Li et al., 2001) and isolated an RCA
deletion mutant harboring a 3.4-kb deletion (Arca; see Methods).
The Arca lacks exons 5 to 7 of the rca locus. Our Arca mutant

possesses major advantages as a host system. First, the phe-
notype and photosynthesis and growth rates of a complemented
mutant are affected directly and solely by the properties of the
shuffled variants, without the influence of the wild-type enzyme.
Secondly, the absence of endogenous RCA1 and RCA2 mimics
the screening and selection process for improved shuffled var-
iants, which was performed in the absence of the wild-type
genes. Finally, the absence of RCA1 and RCA2 avoids the po-
tential formation of a heterocomplex with the shuffled variants,
which could affect their complex properties.

The Arca mutant was characterized for expression of endog-
enous RCA, photosynthetic performance, and growth rates to
link the genotype to the phenotype. Immunoblot analysis of wild-
type, heterozygous, and homozygous plants (genetic back-
grounds RCA/RCA, RCA/Arca, and Arca/Arca, respectively)
revealed that the gene products (long and short forms) were ex-
pressed at similar levels in wild-type and heterozygous plants
(Figure 2A). The absence of the short and long isoforms in plants
homozygous for the deletion confirmed that the mutation abro-
gates the expression of both RCA1 and RCA2. Arca plants grown
at ambient CO, levels exhibited low photosynthetic performance
(Fg'/Fm’ values) compared with the wild type (0.185 + 0.038 and
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Figure 2. Characterization of the Arca Mutant at Ambient CO,.

(A) Immunoblot analysis from leaves of Arabidopsis wild-type (RCA/
RCA), heterozygous (RCA/Arca), and homozygous (Arca/Arca) plants.
The blot was immunodecorated with polyclonal antibodies raised against
the recombinant Arabidopsis RCA1.

(B) Photosynthetic performance (Fq'/Fm’) of 3-week old wild-type (top)
and Arca (bottom) plants as measured using fluorescence image anal-
ysis.

(C) Leaf area (mm2) of the plants described in (B) (50 plants per pheno-
type) at the indicted age.

(D) Eight-week-old wild-type (top) and Arca (bottom) plants.



0.332 + 0.0833, respectively) (Figure 2B) and significantly lower
leaf area after 3 weeks on soil (2.93 = 0.49 and 395.4 + 8.75
mm?, respectively) (Figure 2C). Two-month-old Arca homozy-
gotes were severely stunted and chlorotic in comparison with
wild-type plants (Figure 2D). We used the deletion line as a host
to study the physiological effects of transgenes specifying the
expression of RCA1 and thermostable variants.

Complementation of Arca

Since Arca homozygotes cannot flower and produce seeds, we
have used the following complementation cascade: (1) selection
of heterozygous plants for the deletion by high-throughput PCR
using a single-leaf 96-well DNA extraction method (Xin et al.,
2003) with specific primers for the wild-type and deleted alleles
(see Methods), (2) transformation with the gene of interest, (3) TO
selection for antibiotic resistance and PCR analysis for homozy-
gosity, and (4) self-pollination of the resultant homozygous plants
to obtain T1 transgenic lines. As shown in Figure 3A, the wild type
(RCA/RCA) expresses short and long isoforms of activase,
whereas transgenic Arca lines complemented by the transgenes
express only the 43-kD short isoform. Since RCA is extremely
sensitive to proteolytic degradation (Salvucci et al., 1993), the
additional 39-kD faint band detected by the RCA antibodies
is most likely a degradation product of the transgene. Under
22°C growth conditions (see Methods), the transgenic lines ex-
hibited similar growth rates as the wild-type untransformed plants
(Figure 3B). The Fq'/Fm’ values of transgenic deletion lines ex-
pressing RCA1 or variants 183H12, 301C7, or 382D8 (ArcaRCA1,
Arca183H12, Arca301C7, and Arca382D8, respectively) were
similar to wild-type untransformed plants, indicating that expres-
sion of the short form is sufficient for functional complementation
of Arca under normal growth conditions (Figure 3C). Under these
conditions, the photosynthetic activity of ArcaRCA1-1 was similar
to Arca183H12-3, Arca301C7-3, and Arca382D8-1 (Figure 3D).
Temporary exposure to 30°C for 1 h resulted in 12% decreased
photosynthesis in ArcaRCA1-1. Conversely, lines Arca183H12-3,
Arca301C7-3, and Arca382D8-1 exhibited 16, 22, and 16% in-
creased photosynthesis after 1 h at 30°C.

Effect of Thermostable Activase on Growth and
Development under Moderate Heat Stress Conditions

Since exposure of Arabidopsis plants to 30°C causes minor
induction of heat shock proteins (typically induced at 32°C and
above) and minor effects on stomatal aperture (Feller et al., 1998;
Salvucci et al., 2001), we predicted that growth under prolonged
heat treatment would be positively affected by a thermostable
activase. Four-week-old transgenic lines exposed for 2 weeks to
moderate heat stress (see Methods) displayed normal phenotype
and leaf color but varied in size (Figure 4A). ArcaRCAT1 (lines 1, 8,
and 9) were stunted in comparison with wild-type untransformed
plants and to the Arca lines that express the shuffled variants
(Figure 4B). Transgenic Arabidopsis expressing the 1st round variant
(Arca183H12-3, Arca183H12-2, and Arca183H12-20) that pos-
sesses the highest in vitro-specific activity were the largest
plants. Lines that expressed the thermostable 2nd round variants
Arca301C7 and Arca382D8 were larger than ArcaRCA1 lines but
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Figure 3. Functional Complementation of Arca Mutants Expressing
RCA1 and Thermostable Variants 183H12, 301C7, and 382D8 under
Normal Growth Conditions (22°C).

(A) Immunoblot analysis of total protein from 3-week old leaves. Num-
bers indicate the line designations of independent transformation events.
(B) Photographs depicting the similar size of all the plants described
above when grown under normal conditions.

(C) Photosynthetic performance (Fq'/Fm’) of the plants (8 to 10 plants/
independent line) described above monitored by fluorescence image
analysis.

(D) Effect of temporary (1 h) moderate heat stress treatment on photo-
synthesis rates (umol m—2 s—) of Arca transgenic lines expressing RCA1
and thermostable variants. The net photosynthesis of four independent
plants per line was monitored using an infrared gas analyzer at 22°C
(white) and 30°C (gray).
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Figure 4. Effect of Moderate Heat Stress (30°C for 4 h per d) on Wild-
Type Plants and Arca Mutants Expressing RCA1 or Thermostable
Variants 183H12, 301C7, and 382D8 at the Vegetative Stage.

(A) Photograph of the plants showing differential growth rates mediated
by the RCA variant. Numbers indicate the line designations of indepen-
dent transformation events.

(B) Leaf area (mm?) of 8 to 10 independent plants per line, analyzed using
a fluorescence image analysis system. Means followed by common
letters are not significantly different at P = 0.05 using a protected least
significant difference.

(C) Net photosynthesis (umol m—2 s—) of four independent plants from
selected lines, monitored by gas exchange analysis after 2 h at 30°C.

did not reach the leaf area levels of the Arca183H12 lines. While
Arca lines expressing only the short form of the wild-type gene
(RCA1) were smaller than wild-type untransformed lines (express-
ing both short and long forms), most transgenic lines expressing
the shuffled variants exhibited greater leaf area than wild-type
untransformed plants (Figure 4B), and all lines expressing the
shuffled variants were significantly larger (P = 0.01) than the Arca
transformants expressing RCA1. The best line from each variant
was further analyzed for photosynthetic activity during the moder-

ate heat stress cycle (after 2 h at 30°C). Transgenic lines showed
a CO, fixation pattern that correlated with leaf area. Rates of CO,
fixation in lines Arca183H12-3, Arca301C7-3, and Arca382D8-1
were 30, 25, and 23% higher, respectively, than in the ArcaRCA1-1
line (Figure 4C). These results demonstrate that RCA is a limiting
factor in photosynthesis under the experimental conditions.

Four-week-old plants exposed to 2 weeks of moderate heat
stress also showed differences in rates of plant development
(Figure 5A). At the end of the treatment period, 74, 44, and 33% of
Arca183H12, Arca301C7, and Arca382D8, respectively, had ma-
ture inflorescences with open flowers, while 100% of untrans-
formed wild-type plants and 88% of ArcaRCA1 lines had emerging
immature inflorescences with no open flowers. Additionally, 12%
of the ArcaRCAT1 lines were in the vegetative stage with no visible
inflorescences. Under normal growth conditions, Arabidopsis
plants flower after 4 weeks. Therefore, the relatively high percent-
age of Arca183H12, Arca301C7, and Arca382D8 lines showing
normal development is likely due to improved RCA thermostabil-
ity, which minimized the inhibition of photosynthesis and growth
under moderate heat stress conditions.

Mature plants (10 weeks old) exposed for 8 weeks to moderate
heat stress were similar in appearance. A slight positive effect on
plant height was detected in Arca183H12-3, Arca301C7-3, and
Arca382D8-1 lines (116, 121, and 119%, respectively) compared
with ArcaRCA1-1 (Figure 5B). A dramatic difference was observed
inthe number of siliques per plant, which was 130.8 == 48.2,84.3 =
19.6, and 100.8 = 26.9 for Arca183H12-3, Arca301C7-3, and
Arca382D8-1, respectively, compared with 40.2 + 16.3and 47.5 +
15.8 for ArcaRCA1-1 and the wild type, respectively (Figure 5C).
To confirm that the relatively enhanced formation of siliques in
transformants expressing improved RCA was not at the expense
of individual seed size, we compared the weights of lots of 1000
seeds. As shown in Figure 5D, Arca183H12-3 and Arca382D8-1
produced slightly larger seeds (18 and 32%, respectively) than
ArcaRCA1-1, while the seed weight of Arca301C7-3 and wild-
type plants was similar to that of ArcaRCA1-1.

Effect of Thermostable Activase on Seed Yield under
Continual 26°C Temperature Stress

To further analyze the effect of improved RCA on growth under
moderate temperature stress, T3 lines expressing the most ac-
tive clone at 25°C (in vitro), 183H12, were grown continuously at
26°C under higher light intensity and humidity than in the previous
experiment (see Methods). Wild-type and ArcaRCA1 lines grown
at 26°C produced slightly decreased overall biomass and exhib-
ited slow rates of plant development than under normal growth
conditions, whereas the biomass and the developmental pro-
cess of lines of Arca183H12 was unchanged (data not shown).
By contrast, the number of siliques per plant produced by Arca
plants grown at 26°C was dramatically affected by the variant of
RCA they expressed (Figure 6A). Arca183H12 lines possessed
50 to 100 more siliques per plant than ArcaRCA1 lines and 40 to
80 more siliques per plant than wild-type plants. In addition, the
siliques of Arca183H12 were larger and produced more seeds
than the wild-type plants and the ArcaRCA1 lines (Figure 6B).
Siliques from Arca183H12 at 26°C exhibited a similar phenotype
to the wild type grown under normal growth conditions but
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Figure 5. Effect of Moderate Heat Stress (30°C for 4 h per d) on Mature Wild-Type Plants and Arca Mutants Expressing RCA1 or Thermostable Variants

183H12, 301C7, and 382D8.

(A) Developmental analysis of plants described in Figure 4. Numbers represent the percentage of plants in each developmental stage after 4 weeks of

growth.
(B) Photograph of mature plants (8 weeks old).

(C) Number of siliques per plant. Eight to 10 independent plants per line were analyzed.
(D) Seed weight (mg/1000 seeds) of seeds harvested from the selected lines (five independent plants per line).

produced fewer seeds. Under normal growth conditions, a minor
decrease in seed weight was observed in Arca lines expressing
RCA1 and 183H12 compared with wild-type plants (Figure 6C;
white bars). Under continuous exposure to 26°C, however, 50 to
150% greater seed weight was observed in lines of Arca183H12
than in either wild-type plants or ArcaRCA1 lines. In compar-
ing seed weight for each line grown at 26°C to that of the same
line grown at 22°C, lines Arca183H12-2, Arca183H12-3, and
Arca183H12-20 were strikingly less affected by the higher growth
temperature than the ArcaRCA1 lines or the wild type. Since ex-
posure to 26°C resulted in small siliques containing few seeds of
small seed weight, we further analyzed seed viability using a
germination test. Seeds from the wild type, ArcaRCA1-1, and
Arca183H12-3 were collected from plants grown at normal growth
conditions and 26°C and then germinated at 22°C. Seeds from
ArcaRCA1-1 and Arca183H12-3 lines of parents grown at 22°C
showed the same germination rate (86%), which was slightly
lower than that of wild-type plants (94%) (Figure 7). Complete
inhibition of germination (4%) was observed in ArcaRCA1-1 seeds
collected from parents grown at 26°C and significant inhibition in

wild-type seeds (26%). Conversely, Arca183H12-3 seeds col-
lected from parents grown at 26°C exhibited relatively high ger-
mination rates of 70%.

DISCUSSION

Damage to the photosynthetic electron transport chain has been
considered the primary cause for inhibition of photosynthesis
under heat stress due to the heat sensitivity of photosystem I
(Berry and Bjorkman, 1980). Based on enzyme kinetics and
modeling, previous researchers hypothesized that RCA thermo-
lability is a primary cause for the inhibition of plant photosynthe-
sis under moderate temperature stress. Crafts-Brandner and
Salvucci (2000) analyzed the thermostability of Rubisco and RCA
and demonstrated that RCA is the limiting enzyme in vitro. Similar
results were observed across a wide variety of taxa, including C3
plants (spinach and tobacco), C4 plants (maize), plants that grow
in hot (cotton and creosote bush [Larrea tridentata]) and cold
(Antarctic hairgrass) climatic conditions, and for trees grown under
natural conditions (Crafts-Brandner and Salvucci, 2000, 2002;
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Figure 6. Effect of 26°C Heat Stress on Development and Yield of Wild-Type Plants and Arca Mutant Lines Expressing RCA1 and the Thermostable

Variant 183H12.

(A) Number of siliques per plant. Ten to 12 independent plants per line were analyzed.
(B) Photograph of siliques from selected lines grown at the indicated temperature showing variation in silique size and seed set. Bar = 0.5 cm.
(C) Seed weight (mg/1000 seeds) of seeds harvested from the plants described in (A).

Haldimann and Feller, 2004; Salvucci and Crafts-Brandner,
2004a, 2004b). Based on the CO,, O,, ATP, and ribulose-1,5-
biphosphate concentrations, the gas solubilities at elevated
temperatures and the activities of the key C4 enzymes, pyruvate
phosphate dikinase and PEP carboxylase, and the components
of the photosynthetic electron transport chain, Crafts-Brandner
and Salvucci (2002) predicted that maize photosynthesis would
increase at elevated temperatures (25 to 45°C) if the system in-
cluded a thermostable activase.

Two approaches to validate their hypothesis are (1) transgenic
replacement of the native RCA with an enzyme modified to in-
crease thermostability or (2) expression of a thermostable RCA
isolated from a heat-resistant species in a heat-sensitive host,
such as Arabidopsis. Using site-directed mutagenesis to convert
GIn-111 to Glu, Kallis et al. (2000) increased Arabidopsis RCA1
activity by 250% in vitro but observed no improvement in ther-
mostability. Heat-tolerant activase enzymes from plants grown
in warm regions, such as creosote bush, jojoba (Simmondsia
chinensis), tobacco, and cotton, have been characterized (Salvucci

and Crafts-Brandner, 2004b), but the enzymes have not yet been
expressed in transgenic heat-sensitive hosts. Such experiments
could be complicated by the species dependence of the Rubisco—
RCA interaction (Wang et al., 1992). Gene shuffling represents an
attractive approach to improve thermostability while maintaining
species specificity.

In our efforts to generate Arabidopsis RCA variants with both
improved activity and thermostability, we developed a method to
screen directly for improved activation of Rubisco. This strategy
eliminated the risk that screening for increased ATPase activity or
thermostability would not result in corresponding improvement of
Rubisco activation. Measuring RCA activity using the ATP hy-
drolysis assay represents the intrinsic activity of activase, re-
gardless of its interaction with Rubisco, whereas the Rubisco
activation assay takes RCA subunit interaction and RCA-Rubisco
interaction into account. The improvement of thermostable ATPase
activity was more dramatic than the improvement in Rubisco ac-
tivation activity (cf. Figures 2A and 2C), which is a more biolog-
ically significant parameter.



100 4

Germination rates (%) »>

wt-Col

Thermostability of Rubisco Activase 3237

B

80 - :
60 - <
40 - . ]
20 - ﬁ i

0

RCA1-1 183H12-3

wt-Col RCA1-1 183H12-3

Figure 7. Effect of 26°C Heat Stress on the Germination Rates of Seeds from the Wild-Type Plants and the Arca Mutant Lines Expressing RCA1 and the

Thermostable Variant 183H12.

(A) Germination rates (at 22°C) of seeds (250 seeds per line) harvested from Arabidopsis plants that were grown at 22 or 26°C (gray).
(B) Plantlets described in (A) harvested from Arabidopsis plants that were grown at 22°C (top) or 26°C (bottom).

We isolated variants exhibiting higher Rubisco activation ac-
tivity at 40°C than the activity of the wild-type enzyme at 25°C.
After two rounds of shuffling, we increased the ratio of activity
after treatment at 40°C versus treatment at 25°C from 54 % for the
wild-type enzyme to an average of 93%, while maintaining spe-
cific activity at 25°C comparable to the wild-type enzyme. Var-
iants 301C7 and 382D8 also possessed greater thermostability
than the redox-regulated Arabidopsis RCA long form (RCA2) (Zhang
and Portis, 1999; Zhang et al., 2002). Two rounds of DNA shuf-
fling allowed us to identify RCA variants similar to those reported
from plants adapted to warm temperatures, such as tobacco,
cotton, and creosote bush (Salvucci and Crafts-Brandner, 2004b).

Introducing shuffled RCA variants into an Arabidopsis Arca line
enabled us to directly evaluate the physiological effects of
increased RCA thermostability under elevated temperature con-
ditions. Higher photosynthetic rates were observed after 1 h at
30°C in Arca lines. Under prolonged exposure to moderate heat
stress (30°C for 4 h per day), transgenic lines expressing the
thermostable variants exhibited increased leaf area and silique
number in comparison to Arca lines expressing RCA1 and a
minor increase compared with the wild-type plants (Figures 4
and 5). The comparison of Arca 183H12 and Arca RCA1 lines
under 26°C showed similar results; namely, Arca 183H12 ex-
hibited larger leaf area, a higher number of siliques, higher seed
weight, and higher germination rates compared with Arca RCA1
lines and wild-type plants under this treatment (Figure 6).

An additional strategy to improve the Rubisco activation state
under heat stress is by overexpression of enzymes that indirectly
increase RCA stability. Yang et al. (2005) recently reported an
alternate strategy to improve RCA activity under heat stress.
They observed that accumulation of Gly betaine in the tobacco
chloroplast prevents sequestration of RCA to the thylakoid mem-
branes and maintains higher Rubisco activation state, growth
rate, and photosynthetic rate at elevated temperatures (Yang
et al., 2005). However, this strategy might not effectively stabilize
RCA in all plants since accumulation of Gly betaine requires
adequate amounts of choline in the chloroplast. Protection of
RCA under heat stress conditions was recently shown by the
expression of the enzyme SBPase (Feng et al., 2007). Although

the mechanism of RCA thermoprotection of SBPase in vivo is not
clear, transgenic rice plants overexpressing SBPase exposed to
heat stress exhibited high photosynthetic rates and accumulated
more biomass compared with wild-type plants. Protein gel blot
analysis of wild-type plants and transgenic rice plants showed
that under heat stress, the RCA content in the soluble fractions
decreased and the association of RCA with thylakoids increased
in wild-type plants. Thus, Feng et al. (2007) suggested that in
transgenic rice plants exposed to heat stress, the levels of RCA
available to activate Rubisco in the stroma are higher than in
wild-type plants.

Kim and Portis (2005), studying Arabidopsis mutants deficient
in both short and long form of RCA (rca-), demonstrated that the
short-term photosynthetic performance of the mutant express-
ing the short form had a similar pattern to wild-type plants in
response to temporary heat stress. Similar results were recently
demonstrated by Salvucci et al. (2006), who analyzed the effect
of suboptimal levels of RCA on photosynthesis inhibition under
moderate heat stress. Low levels of the short isoform (12% of
total levels of short and long forms) expressed in the rca- mutants
resulted in lower growth rates at normal growth conditions and
greater sensitivity of photosynthesis to inhibition by moderate
heat stress compared with wild-type plants. By contrast, we ob-
served a significant heat sensitivity of the ArcaRCA1 (expressing
short form, but lacking long form) lines compared with wild-type
plants (expressing both short and long forms) when exposed to
extended heat stress. All the transgenic lines under moderate
heat treatment (4 h, 30°C) failed to maintain the leaf area, silique
number, and seed weight that were observed under normal growth
conditions. It is possible that the long form plays an additional
role as a molecular chaperone during prolonged exposure to
heat stress that could be partially compensated at 26°C by the
thermostable short form (183H12). In the absence of the long
form, ArcaRCA1 lines express about half as much activase as
wild-type plants. This amount could be sufficient to sustain
photosynthesis and growth rates under normal conditions while
it is insufficient to maintain the wild-type phenotype under mod-
erate heat stress. It is possible that this negative effect can be
minimized in lines that express active and thermostable shuffled
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variants. Another possibility is the effect of heat stress, at 30°C
but not 26°C, on photosystem Il activity and increased mem-
brane leakiness (Sharkey, 2000). Finally, we cannot rule out that
at 26°C the thermostable and active short form is sufficient to
maintain the biomass, silique number, and viability of the prog-
enies, whereas under moderate heat stress (30°C, 4 h), additional
physiological factors unrelated to photosynthesis are required to
produce a normal plant phenotypes.

Transgenic line Arca183H12-3 grown at 26°C was significantly
less affected at leaf area, number of siliques, seed weight, and
germination rates compared with Arca RCA1 lines and wild-type
plants (Figures 6 and 7). In developing embryos of Brassica napus
under normal growth conditions, Rubisco provides metabolic
pathway without the Calvin cycle that increases the efficiency of
transforming carbohydrates to oil (Schwender et al., 2004). It is
possible that under a moderately elevated temperature (26°C)
solely, inactivation of Rubisco due to thermolability of RCA limits
seed development and maturation, while under high tempera-
tures, the thermotolerance of mature dry seed and imbibed seed
can be acquired by expression of heat shock proteins. Prieto-
Dapena et al. (2006) recently demonstrated that expression of the
sunflower (Helianthus annuus) seed-specific heat stress transcrip-
tion factor (Ha HSFA9) in tobacco plants increases the abundance
of two classes of cytosol-localized heat shock proteins Cl and CII.
The transgenic tobacco plants exhibited seed with high germina-
tion rates and viability under heat stress conditions.

Taken collectively, our data support models proposing that the
thermolability of RCA plays a significant role in decreased photo-
synthetic rate, growth rate, and seed yield associated with mod-
erate heat stress. For the past 50 years, Rubisco has been a
prime target enzyme for improving crop photosynthetic perfor-
mance (Parry et al., 2003; Sinclair et al., 2004). To date, it has not
proven possible to engineer higher-plant Rubisco with improved
carboxylation activity or improved CO./O, specificity. Improving
RCA represents a promising strategy to enhance Rubisco activ-
ity and photosynthetic performance under moderate tempera-
ture stress. It is known that the RCA enzymes from several crop
plants including maize (Crafts-Brandner and Salvucci, 2002),
cotton (Law and Crafts-Brandner, 1999; Crafts-Brandner and
Salvucci, 2000; Salvucci and Crafts-Brandner 2004a), and wheat
(Law and Crafts-Brandner, 1999) are thermolabile. Although it
is unknown whether or not the thermolability of RCA plays any
protective roles by slowing/shutting down photosynthesis/pho-
torespiration under certain temperature conditions, our results
demonstrate that under moderate heat stress conditions, in-
creased thermostability of RCA does exert positive impacts on
photosynthesis and growth. Use of the methodology developed
in this work to improve thermostability of crop species’ own RCA
is highly feasible. This approach would avoid incompatibility be-
tween Rubisco and a foreign RCA and would very likely improve
photosynthesis, growth, and yield under moderate heat stress.
Nuclear transformation of crop plants has become routine, and
RNA interference technology may be used to eliminate or reduce
wild-type RCA for maximal performance of the engineered RCA.
Our future research will explore expressing improved RCA var-
iants in crop plants with the goal of improving yield under normal
and moderate heat stress conditions and expanding cultivated
acreage to warmer locations.

METHODS

Arabidopsis thaliana RCA Cloning and Shuffling

Arabidopsis RNA was isolated from green leaves using TrizolIR reagent
according to the manufacturer’s protocol (Invitrogen). RCA cDNA was
PCR cloned into TOPOR vector (Invitrogen) using the TITANIUM one-step
RT-PCR kit (BD Biosciences-Clontech). For single gene shuffling in the
first round, the mature RCA short form (coding region Val-59 to Lys-438)
was PCR amplified (Qiagen Tag DNA polymerase or Stratagene Muta-
zyme DNA polymerase), fragmented, and reassembled in a primerless
PCR reaction as previously described (Stemmer, 1994). The shuffled
genes were then rescued with flanking primers 5’ (5'-GGCCATGGT-
GAAAGAAGACAAACAAAC-3’) and 3’ (5'-CGGATCCTTAATGATGATGA-
TGATGATGGCTGCTGCCCTCGAGCTT-3’) that contain an Ncol and
BamHI site, respectively. The library of variants was cloned into an
Escherichia coli expression vector (pET16b; Novagen) digested with Ncol
and BamHI. To increase the pool of genetic diversity in the first round,
synthetic shuffling (Ness et al., 2002) was performed using sequences
from wheat, rice, cotton, spinach, and cucumber and cloned into pET16b
as described above. A second round of gene shuffling using first-round
variants as parents was performed as previously described (Crameri
et al., 1998).

High-Throughput Screening for Rubisco Activation

E. coli BL21/DE3 cells (Stratagene) expressing shuffled RCA were grown
in 200 pL 2xYT media in 96-well plate format, induced (0.4 mM
isopropylthio-B-galactoside) at 28°C for 18 h, and harvested by centrif-
ugation at 4000 rpm for 20 min. Cell pellets were resuspended and
incubated for 30 min at 4°C in 100 pL sonication buffer that contained
100 mM Tricine- KOH, pH 8, 20 mM ascorbic acid, 3 mM Mg-ATP, 10 mM
MgCl,, 10% (v/v) glycerol, 10 mM 2-mercaptoethanol, Protease inhibitor
cocktail Set V (EMD-Calbiochem), 10 units mL~' Benzonase (Novagen),
and 1 mg mL~" Lysozyme (Sigma-Aldrich). Plates were sonicated at 4°C
in a 96-well Microplate Sonicator (Misonix) for 5 min. Cell debris was
removed by centrifugation at 4000 rpm for 20 min at 4°C. Twenty-two
microliters of the soluble fraction of the E. coli cell lysate was incubated
with 10 pg of purified noncarbamylated Arabidopsis Rubisco (Salvucci
and Crafts-Brandner, 2004b) for 9 min in a 50-p.L (final volume) reaction
containing an ATP-regenerating system, ribulose-1,5-biphosphate, and
['“C]NaHCO3 as previously described (Shen et al., 1991). The activation
of Rubisco by cell lysate expressing shuffled variants was terminated by
addition of 1 N HCI, and the incorporation of '#CQ, into 3-phosphoglyceric
acid was determined by liquid scintillation spectroscopy. All assays were
corrected for the background rates of noncarbamylated Arabidopsis
Rubisco incubated with E. coli cell lysate expressing empty vector.

Protein Purification and Enzymatic Assays

Recombinant RCA was affinity purified on an Ni-NTA Superflow (Qiagen)
column according to the instructions of the manufacturer at 4°C with the
following modification: all buffers contained 20 mM ascorbic acid, 3 mM
Mg-ATP, 10 mM MgCl,, 10% (v/v) glycerol, and 10 mM 2-mercaptoethanol.
Purified proteins were transferred into buffer containing 100 mM Tricine-
KOH, pH 8, 3 mM Mg-ATP, 10 mM MgCl,, 10% (v/v) glycerol, and 10 mM
2-mercaptoethanol in a NAP-5 SephadexR G-25 column (Amersham
Biosciences). The purity of affinity-purified RCA proteins was 90 to 95%
as determined by 10% SDS-PAGE followed by staining with SimplyBlue
SafeStain (Invitrogen). Protein concentrations were determined using
Coomassie Plus protein assay reagent (Pierce) with BSA as standard.
Recombinant purified RCA was assayed for activation of deactivated
Rubisco as described above for high-throughput assay in a 100-pL
reaction for 6 min. For heat treatment, purified protein was incubated at



the indicated temperature for 15 min prior to assaying. Rubisco activation
under catalytic conditions was performed as previously described
(Crafts-Brandner and Salvucci, 2000). To increase the heat sensitivity of
RCA during the assays, 5% (w/v) polyethylene glycol-3500 was replaced
with 10% (v/v) glycerol (Salvucci, 1992). ATPase activity of pretreated
RCA at the indicated temperature was determined using the spectro-
photometric assay (Shen et al., 1991).

Isolation of the Arabidopsis RCA Deletion Mutant

To select an Arabidopsis RCA deletion mutant (Arca), 40 mega DNA pools
(each mega pool contained DNA representing 2592 lines) were screened
by PCR. Using the primers 16057R (5'-GTGGCAACTTGGCCAATCCG-
CATCGTGTGGAND-3")and 10314F (5'-TCTCGGAAGTCTCTCATCACC-
GAGTCTACC-3’) that are located 179 bp from the first exon and 3170 bp
from the last exon and flank 5.8 kb in the wild-type genome, we detected a
2.4-kb PCR product. PCR analysis was subsequently performed on the
constituent super pools and pools that contained DNA representing 288
and 18 lines, respectively. Seeds from the 18 lines of the selected pool
were planted, and the DNA was extracted and analyzed by PCR. Se-
quence analysis indicated that the deleted fragment contained exons 5 to
7 of the RCA locus and an additional putative open reading frame encoding
for 90 amino acids with no homology to any known gene in GenBank.

Plant Transformation and Selection, Growth Conditions, and
Photosynthesis Analysis

To express RCA1 and the shuffled variants in their native form in trans-
genic Arabidopsis plants (Arca), the transgenes encoding the chloroplast
transit peptide and the coding region of rca? or the shuffled gene variants
were cloned into pMAXY4384, which contains the Mirabilis Mosaic
Caulimovirus promoter with a double enhancer domain (Day and Maiti,
1999), the UBQ3 terminator, and the kanamycin resistance gene nptll.
Heterozygous Deleteagene RCA mutants were transformed by Agro-
bacterium tumefaciens strain GV3101 using the floral dipping method
(Clough and Bent, 1998). To identify Arca homozygotes expressing shuf-
fled variants, two sets of primers were designed based on the sequence
analysis and mapping of the deleted fragment: RCA primers (forward
5'-CAGACAATGTTGGCCTC-3' and reverse 5'-ACGAGTAACGATGG-
TAGG-3') specific for the wild-type allele that produce a 1.5-kb product
and rca primers (forward 5'-GTCTATACCTTGAGC-3'and reverse 5'-TCA-
GTCATACTCGG-3’) that produce a 1.5-kb product in the deleted allele
and 4.9 kb in the wild-type allele. To amplify the 1.5-kb product with the
rca primers but not the 4.9 kb, we set the PCR amplification cycle to 1.5 min.
Those two sets of primers were used to characterize the genetic back-
ground of the T1 plants.

Protein was extracted from plant tissue (2 to 3 g fresh weight) in liquid
N> and 1 mL of extraction buffer (100 mM Tricine-KOH, pH 8, 1 mM EDTA,
pH 8, 10 mM 2-mercaptoethanol, and Protease inhibitor cocktail Set V).
The crude extract was clarified by successive centrifugation for 5 min at
3000g and 20 min at 12,000g. Ten micrograms of soluble protein extract
was separated on 10% SDS-polyacrylamide gels and transferred to a
nitrocellulose membrane (according to the instructions supplied by In-
vitrogen). The blot was immunodecorated with the polyclonal antibodies
raised against the recombinant Arabidopsis RCA1, and the proteins were
detected using the AP-conjugated substrate kit (Bio-Rad).

Normal growth conditions are defined as 22°C in a 16-h-light (225 pmol
photons m—2s—1)/8-h-dark regime. For moderate heat stress, plants were
grown under the same light intensity and regime, but during the light cy-
cle, the temperature was 22°C for 6 h, rapidly increased to 30°C (2°C per
min) for 4 h, then returned to 22°C for additional 6 h to complete the day
cycle. The temperature during the 8 h dark cycle remained at 22°C. A third
temperature treatment was continuous growth at 26°C, with a 16-h-light
(300 wmol photons m—2 s—) and 8-h-dark cycle with 85% humidity.
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Steady state net photosynthesis was analyzed during normal and
gradual heat treatment (indicated in the text) using the portable infrared
gas analyzer (Li-Cor6400; Li-Cor) under 150 wmol photons m—2 s—' and
350 pbar CO, supplied by the built-in CO, injection system. Photosyn-
thetic performance (photosystem |l operating efficiency: Fq'/Fm’) and
growth rates were analyzed using the chlorophyll a fluorescence imaging
system (Fluorlmager; Qubit Systems) as previously described (Baker et al.,
2001). Characterization of growth, biomass, and yield was performed as
previously described (Barth et al., 2003).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers NM179990, AY206372, AF480497,
DQ233255, JO3610, X67674, and AY063838.
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