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Our objective was to determine the sensitivity of components of the photosynthetic apparatus of maize (Zea mays), a C4
plant, to high temperature stress. Net photosynthesis (Pn) was inhibited at leaf temperatures above 38°C, and the inhibition
was much more severe when the temperature was increased rapidly rather than gradually. Transpiration rate increased
progressively with leaf temperature, indicating that inhibition was not associated with stomatal closure. Nonphotochemical
fluorescence quenching (qN) increased at leaf temperatures above 30°C, indicating increased thylakoid energization even at
temperatures that did not inhibit Pn. Compared with CO, assimilation, the maximum quantum yield of photosystem II
(F,/F,,) was relatively insensitive to leaf temperatures up to 45°C. The activation state of phosphoenolpyruvate carboxylase
decreased marginally at leaf temperatures above 40°C, and the activity of pyruvate phosphate dikinase was insensitive to
temperature up to 45°C. The activation state of Rubisco decreased at temperatures exceeding 32.5°C, with nearly complete
inactivation at 45°C. Levels of 3-phosphoglyceric acid and ribulose-1,5-bisphosphate decreased and increased, respectively,
as leaf temperature increased, consistent with the decrease in Rubisco activation. When leaf temperature was increased
gradually, Rubisco activation acclimated in a similar manner as Pn, and acclimation was associated with the expression of
a new activase polypeptide. Rates of Pn calculated solely from the kinetics of Rubisco were remarkably similar to measured
rates if the calculation included adjustment for temperature effects on Rubisco activation. We conclude that inactivation of

Rubisco was the primary constraint on the rate of Pn of maize leaves as leaf temperature increased above 30°C.

It has long been recognized that C4 plant species
have a higher temperature optimum for photosyn-
thesis than C3 plants due to the operation of a CO,-
concentrating system that inhibits Rubisco oxygenase
activity (Berry and Bjorkman, 1980; Edwards and
Walker, 1983). In C3 plants, inhibition of net photo-
synthesis (Pn) at moderately high temperatures has
usually been ascribed to an increase in the ratio of
Rubisco oxygenase:Rubisco carboxylase activities. As
temperature increases, the ratio of dissolved O,/CO,
and the specificity of Rubisco for O, increase, thus
favoring oxygenase activity (Monson et al., 1982; Jor-
dan and Ogren, 1984; Sage and Sharkey, 1987) and
resulting in inhibition of Pn. As a consequence, when
C3 plants are exposed to high CO, and/or low O,, i.e.
conditions that reduce oxygenase activity, the tem-
perature optimum for Pn is increased (Berry and
Bjorkman, 1980; Edwards and Walker, 1983).

For C3 and C4 plants, the temperature range for
optimum Pn is broad, and at temperatures above this
range, Pn decreases (Edwards and Walker, 1983).
Temperature-induced decreases in Pn in C3 species
are closely associated with inactivation of Rubisco
(Law and Crafts-Brandner, 1999), and when the acti-
vation state of Rubisco and gas solubilities are taken
into account, the rate of Pn at any given temperature
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or level of atmospheric CO, or O, reflects Rubisco
kinetics (Crafts-Brandner and Salvucci, 2000). The
temperature-induced decrease in Rubisco activation,
and the associated inhibition of Pn, in C3 plants
results in large part from the inability of Rubisco
activase activity to keep pace with a faster rate of
Rubisco inactivation as temperature is increased
(Crafts-Brandner and Salvucci, 2000). Activase kinet-
ics and physical denaturation of activase appear to be
causative factors contributing to the decrease in
Rubisco activation at high temperature (Crafts-
Brandner and Salvucci, 2000; Salvucci et al., 2001).
Although C4 plants have a higher temperature op-
timum than C3 plants, Pn is usually inhibited when
leaf temperatures exceed about 38°C (Berry and
Bjorkman, 1980; Edwards and Walker, 1983). Al-
though the C4 photosynthetic system is more com-
plex than the C3 system, the ultimate limitation to
CO, fixation for both photosynthetic types is the
activity of Rubisco (von Caemmerer et al., 1997; Ed-
wards et al., 2001). Low temperature effects on C4
photosynthesis have been frequently examined (La-
bate et al., 1991; Long, 1998). Studies pertaining to the
effects of high temperature on C4 photosynthetic
metabolism are less common, and we hypothesized
that high temperature may inactivate Rubisco and
limit Pn in a similar manner as for C3 plants. How-
ever, it seemed feasible that heat stress might also
impact C4-specific processes such as fixation of CO,
by phosphoenolpyruvate (PEP) carboxylase, shuttling
of C4 acids from mesophyll to bundle sheath cells, or
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energy balance due to the differential localization of
PSIT and the Calvin cycle. Therefore, our objective
was to probe the effect of heat stress on photosyn-
thetic processes, including Rubisco activation, activ-
ities of PEP carboxylase, and pyruvate phosphate
dikinase (PPDK), and PSII stability, in maize (Zea
mays) leaves. We report that the most heat-sensitive
process in maize leaves is the activation of Rubisco
by Rubisco activase, and that acclimation to heat
stress is associated with the expression of novel form
of activase.

RESULTS

Pn in maize exhibited a broad temperature opti-
mum between 28°C and 37.5°C (Fig. 1). Pn was in-
hibited as temperature exceeded 37.5°C, and the rel-
ative inhibition was much greater when the leaf
temperature was increased rapidly compared with
gradually. For example, at 45°C, Pn was inhibited
>95% and 50% for the rapid and gradual heat stress
treatments, respectively. Increasing the level of atmo-
spheric CO, 3-fold above ambient did not alter the
temperature response of Pn (data not shown). Con-
sistent with reports for other plant species (Jiao and
Grodzinski, 1996, Law and Crafts-Brandner, 1999),
the inhibition of Pn by heat stress was not associated
with stomatal closure, as evidenced by progressive
increases in transpiration (Fig. 1, inset) and stomatal
conductance (data not shown) as leaf temperature
was increased.

Nonphotochemical fluorescence quenching (qN)
was quite sensitive to leaf temperature, with detect-
able increases occurring at 32.5°C to 37.5°C (Fig. 2),
well before detectable heat inhibition of Pn (Fig. 1),
and progressively increasing at temperatures up to
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Figure 2. Effect of leaf temperature on gN of maize leaves. An
attached leaf was dark adapted for 1 h at 28°C prior to conducting
nonphotochemical quenching analysis. Subsequent measurements
were made on the same leaf tissue after increasing the leaf temper-
ature at 1°C min~" in the dark to 32.5°C for 1 h and then to 37.5°C
for 1 h. Each curve represents the mean = st of three independent
measurements. At 28°C, gN was the same for plants that were dark
adapted for 1 and 3 h (data not shown).

45°C (data not shown). In contrast to qN, the maxi-
mum quantum yield of PSII (F,/F,,) was relatively
insensitive to leaf temperatures up to 42.5°C (Fig. 3).
As leaf temperature was increased above 42.5°C,
F,/F,, decreased below 80% relative to the 28°C con-
trol. However, even at 45°C, F,/F,, was still 70% of
the 28°C control.

The effect of leaf temperature on two key enzymes
of C4 photosynthesis, PPDK and PEP carboxylase,
was assessed. We first determined if assay tempera-
ture equivalent to the highest leaf temperature treat-
ment inhibited either enzyme. When extracted from
leaves sampled at 28°C and assayed at 30°C and 45°C
for several minutes, the activity of PEP carboxylase
was higher at 45°C, and the activity of PPDK was

100 -

(=2} 2]
o (=]
I I
| |

»
(=]
i
{

60 T T T T 1 T T T

L » .
g —
R<ary
o0 40
>N —~
2e L5
8 2oz
o 3 ‘;"‘E 9 ]
& E 20 -5

- E
“6 ~ Leg?Teel?pe?gture
z a °c)

0 ] I | L 1 1 |

25 30 35 40 45
Leaf Temperature (°C)

Figure 1. Effect of leaf temperature on Pn and transpiration (inset) of
maize leaves. After attaining steady-state net Pn and transpiration at
28°C, leaf temperature was increased rapidly at 1°C min~' (O) or
gradually at 2.5°C h™' ((J). Pn and transpiration were determined
after 1 h at the indicated temperature. Different plants were used for
each rapid temperature increase treatment, whereas the same leaf
was used for the gradual heat stress treatment. Each data point
represents the mean = st of three independent measurements.
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Figure 3. Effect of leaf temperature on the F/F,, of maize leaves.
Intact leaves were dark adapted for 1 h at 28°C, F,/F,,, was measured,
leaf temperature was increased at 1°C min~' to the indicated tem-
perature, and F,/F, was measured again. Different plants were used
for each temperature treatment, and the data points represent the
mean * st of three independent measurements. The average F,/F,,
for the 28°C treatment was 0.801 = 0.005.
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Table I. Effect of leaf temperature on the activities of PPDK, PEP carboxylase, and Rubisco

All assays were conducted at 30°C. Values represent the mean = st of four replicates for PPDK and

PEP carboxylase, and three replicates for Rubisco.

Leaf PEP Carboxylase Rubisco
PPDK?
Temperature Vi Malate sensitivity© Initial® Total®
°C wmol m—2 s~ ! % Inhibition wmol m—2 57!
28 15.7 =1 308 = 14 513 32 £2 31 =1
40 - - 59 £ 1 -
42.5 - - 63 =3 - -
45 134 =1 295 = 10 66 = 2 6+ 1 29 =3

? PPDK assayed under conditions to preserve the in vivo activation state.
optimal conditions to indicate total potential activity.
presence or absence of 0.5 mm L-malate; indicates the in vivo activation state.
measured immediately after extraction; indicates in vivo activity.

b Assayed under
“Assayed using limiting substrate in the
4 Initial activity
¢ Total activity measured after

incubating in CO, and Mg>* to fully activate Rubisco.

similar at 30°C and 45°C (data not shown). Thus,
when assayed in vitro, both enzymes were tolerant of
high temperature.

Although the leaf tissue was rapidly extracted and
assayed, the recovered activity of PPDK was low
relative to the rate of photosynthesis. However, when
extracted from leaves heated to 45°C, PPDK activity
was similar to activity extracted from leaves treated
at 28°C, when both were assayed at 30°C (Table I).
Likewise, PEP carboxylase activity, assayed under
optimal conditions to reflect total potential enzyme
activity, was insensitive to leaf temperature up to at
least 45°C (Table I). However, when assayed at lim-
iting substrate levels and in the presence of the in-
hibitor malate, conditions designed to reflect the in
vivo activation state (Giglioli-Guivarc’h et al., 1996),
the enzyme extracted from the heated leaf was sig-
nificantly more sensitive to inhibition by malate (Ta-
ble I). For example, malate inhibited PEP carboxylase
activity by about 50% when leaf temperature was
28°C, whereas this inhibition was 59% and 66% when
leaf temperature was 40°C and 45°C, respectively.

Similar to the two C4 enzymes, and consistent with
results for C3 plant species (Weis, 1981a, 1981b;
Crafts-Brandner and Law, 2000), the total activity of
Rubisco was not affected by leaf temperatures up to
at least 45°C (Table I). However, the activation state
of Rubisco was decreased progressively as leaf tem-
perature was increased above 28°C (Fig. 4). When
leaf temperature was increased rapidly to 40°C, acti-
vation state was decreased to a level that was 58%
relative to the 28°C control. Rapidly increasing the
leaf temperature to 45°C led to a nearly complete
inactivation of Rubisco. In contrast, when leaf tem-
perature was increased gradually, Rubisco inactiva-
tion was much less severe at 42.5°C or 45°C, indicat-
ing acclimation of the activation process.

The temperature-induced inactivation of Rubisco
was associated with markedly decreased levels of
3-phosphoglyceric acid (3-PGA) and moderate in-
creases in ribulose-1,5-bisphosphate (RuBP; Table II).
These data are consistent with decreased carboxyla-
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tion of RuBP by Rubisco as leaf temperature in-
creased (Weis, 1981a; Kobza and Edwards, 1987; Law
and Crafts-Brandner, 1999).

The effect of heat stress on decreasing Rubisco
activation in C3 plants has been attributed to an
effect on Rubisco activase (Crafts-Brandner and Sal-
vucci, 2000). In some plant species, including maize,
heat stress induces the synthesis of constitutive and
apparent novel activase polypeptides (Sanchez de
Jiménez et al., 1995; Law and Crafts-Brandner, 2001;
Law et al.,, 2001). Under control conditions, maize
leaves contain a 42-kD activase polypeptide that has
sequence homology to the short activase polypeptide
found in many species (Ayala-Ochoa et al., 1998).
Similar to the report by Sdnchez de Jiménez et al.
(1995), when maize plants were subjected to 2 d of
heat stress, there was significant accumulation of a
putative activase polypeptide that was larger than
the constitutive activase polypeptide (Fig. 5). This
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Figure 4. Effect of leaf temperature on the activation state of Rubisco
in maize leaves. Leaves were allowed to attain steady-state Pn (1 h)
under high light and ambient CO, at a given temperature prior to
sampling. Leaf temperature was increased rapidly at 1°C min~" or
gradually at 2.5°C h™', and samples were taken after 1 h at the
indicated temperature. Different plants were used for each temper-
ature treatment, and the data points represent the mean = st of three

independent measurements.
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Table Il. Effect of leaf temperature on abundances of 3-PGA and
RuBP in maize

Portions of each leaf were sampled after treatment first at 28°C and
again after leaf temperature was rapidly increased to the higher
temperature. Values represent the mean = st of four replicates for
each treatment.

Leaf 3-PGA RuBP
Temperature

°C wmol m~2

28 427 = 14 51 %5

37 228 £ 16 60 = 12

28 440 = 44 56 * 6

42 82 8 96 = 20

putative new activase polypeptide was visible on
western blots within 8 h of applying the heat stress
gradually. Sequencing of this polypeptide revealed
an N terminus of AKEV, a sequence identical to
maize activase (Ayala-Ochoa et al., 1998).

DISCUSSION
Pn

As is typical in C4 species (Berry and Bjorkman,
1980; Edwards and Walker, 1983), maize Pn was
tolerant of relatively high leaf temperatures, with
inhibition not observed until leaf temperature ex-
ceeded 37.5°C (Fig. 1). In addition, there was signif-
icant acclimation of Pn when leaf temperature was
increased gradually such that over 50% of the maxi-
mum rate was retained even at the extreme leaf tem-
perature of 45°C. This degree of acclimation was
greater than was observed for the C3 plants cotton
(Gossypium hirsutum) and wheat (Triticum aestioum)
that were grown and analyzed under similar condi-
tions (Law and Crafts-Brandner, 1999). The general
temperature response of Pn in maize was similar to
the response of C3 plants that were analyzed under
high atmospheric CO, (Crafts-Brandner and Salvucci,
2000). This similarity suggests that the CO,-concen-
trating mechanism of maize provided substantial
compensation for the photosynthetic inhibition by
high temperature normally observed in C3 plants un-
der ambient conditions.

Chlorophyll Fluorescence

The effect of heat stress on chlorophyll fluorescence
traits of maize leaves was similar to results reported
for C3 plants (Bilger et al., 1987; Feller et al., 1998;
Law and Crafts-Brandner, 1999), with perturbations
in qN occurring well before any detrimental effects
on F,/F,, (Figs. 2 and 3). At the moderate leaf tem-
peratures of 32.5°C to 37.5°C, increased gN (Fig. 2)
indicated an increased thylakoid energization associ-
ated with an increased ratio of ATP:ADP. For C3
plants, this increase in qN induced by heat stress is
correlated with decreased Pn and it is considered to

indicate inhibition of Calvin cycle activity (Bilger et
al., 1987; Feller et al., 1998; Law and Crafts-Brandner,
1999). However, for maize there was no inhibition of
Pn up to 37.5°C. As discussed below, we suggest that
under moderate heat stress, the energy supply avail-
able for photosynthetic metabolism was increased
but did not lead to higher rates of Pn because of
compensatory limitations in the activation state of
Rubisco.

Heat stress did lead to decreases in F, /F,,, but this
inhibition was marginal until leaf temperature ex-
ceeded 42.5°C (Fig. 3). PSII is well known to be
sensitive to high temperature, and it is often cited as
the most heat-sensitive component of photosynthesis
(Berry and Bjorkman, 1980; Havaux, 1993; Heck-
athorn et al., 1998). At very high leaf temperatures,
i.e. 45°C, there was a marked decline in F,/F,,, and,
therefore, it is likely that damage to PSII contributed
to the inhibition of Pn at this temperature. However,
with maize and several C3 species that we have
examined (Crafts-Brandner and Salvucci, 2000), qN
perturbations, and also decreases in Rubisco activa-
tion state, consistently occur at leaf temperatures
lower than required to inhibit F, /F ...

C4 Enzymes

PEP carboxylase and PPDK are key C4 enzymes,
and both are subject to light/dark regulation (Ashton
et al.,, 1990). Inhibition of either enzyme by heat
stress, especially PPDK due to its low activity (Fur-
bank et al., 1997), may decrease the supply of C4
acids available for decarboxylation, thereby limiting
the supply of CO, to Rubisco. Under conditions de-
signed to preserve the activation state of the enzyme
in vivo (Ashton et al., 1990), we could not detect any
inhibition of PPDK (Table I) even at leaf tempera-
tures that completely inhibited Pn (Fig. 1).

Although total PEP carboxylase activity was insen-
sitive to leaf temperatures up to 45°C, there was
evidence that the activation state of the enzyme was
marginally sensitive to temperatures of 40°C or
higher (Table I). This apparent inactivation of PEP

b e G eus e

8h heat 48h heat control

Figure 5. Western-blot analysis of the effect of heat stress on abun-
dance of Rubisco activase in maize leaves. Controls were treated for
two diurnal cycles of 14 h of light at 28°C and 10 h of dark at 24°C,
and leaf tissue was sampled at the end of the dark period of the 2nd
d (control). Other plants were treated for two diurnal cycles of 14 h
of light at 40°C and 10 h of dark at 34°C, and leaf tissue was sampled
at the end of the dark period on the 2nd d (48 h heat). In addition, for
some plants, the leaf temperature was increased at 2.5°C h™" in the
light until reaching 42.5°C, and after 1.5 h at 42.5°C, leaf tissue was
sampled (8 h of heat). Just above the constitutive 42-kD activase
polypeptide, the arrow indicates a polypeptide that was immunore-
active to activase antibodies and that contained an N-terminal se-
quence identical to the constitutive maize activase.
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carboxylase could be explained if temperature differ-
entially affected the activities of the regulatory kinase
or the phosphatase, thereby decreasing the extent of
phosphorylation of PEP carboxylase in the light (Jiao
and Chollet, 1991). It is not known how high temper-
ature affects the levels of oxaloacetic acid, malic acid,
and Asp, but an increased level of these metabolites,
coupled with the increased sensitivity of PEP carbox-
ylase to inhibition, would decrease the activity of
PEP carboxylase (Ashton et al., 1990) and could po-
tentially impact Pn at leaf temperatures above 40°C.

Rubisco Activation

Although Pn was constant between 28°C and
37.5°C (Fig. 1), Rubisco activation decreased over this
temperature range (Fig. 4) in a similar manner as
reported for C3 species measured under ambient lev-
els of CO, and O, (Weis, 1981a, 1981b; Kobza and
Edwards, 1987; Law and Crafts-Brandner, 1999;
Crafts-Brandner and Salvucci, 2000). However, as
leaf temperature was rapidly increased to 40°C or
higher, activation state and Pn of maize declined to
levels approaching zero. Thus, of all the traits that
were measured, loss of Rubisco activation was most
closely associated with inhibition of Pn at high leaf
temperatures.

The fact that loss of Rubisco activation was not
accompanied by a decrease in Pn at leaf temperatures
ranging from 28°C to 37.5°C (Fig. 1) can be explained
by the CO,-concentrating mechanism of C4 plants. In
C3 plants, Rubisco activity is limited by the CO,
concentration and, as temperature increases, the af-
finity of the enzyme for CO, and the solubility of CO,
decrease. In addition, Rubisco deactivation occurs at
a faster rate as temperature is increased (Crafts-
Brandner and Salvucci, 2000). Because of these limi-
tations, the catalytic turnover rate of Rubisco in-
creases only minimally with temperature, even at
low O,. As a consequence, Pn declines at leaf tem-
peratures greater than about 32°C in C3 plants be-
cause this slight increase in catalytic turnover is
offset by a decrease in Rubisco activation state
(Crafts-Brandner and Salvucci, 2000). In maize,
Rubisco activation also decreased at leaf tempera-
tures above 32°C, but the high level of CO, in the
mesophyll chloroplasts allowed for a substantial
temperature-dependent increase in the catalytic turn-
over rate of activated Rubisco, thus counteracting the
effects of decreased activation state until temperature
approached 40°C. Thus, Pn of maize was relatively
constant between 28°C and 37.5°C, a result that was
similar to C3 plants that were measured under ele-
vated atmospheric CO, (Crafts-Brandner and Sal-
vucci, 2000).

Although the CO,-concentrating system of maize
alleviated inhibition of Pn between 28°C and 37.5°C,
the progressive inactivation of Rubisco prevented the
potential increases in Pn predicted based on Rubisco

Heat Sensitivity of C4 Photosynthesis

kinetics, gas solubilities, and an internal CO, concen-
tration of 2,500 ubar (Fig. 6). In support of this, when
the predicted rates of Pn were adjusted for tempera-
ture effects on Rubisco activation, the temperature
response (Fig. 6) was closely related to the experi-
mentally determined values (Fig. 1) over the entire
temperature range that was evaluated. Therefore,
similar to C3 plants (Crafts-Brandner and Salvucci,
2000), decreased activation state of Rubisco appeared
to be the major limitation to the rate of Pn in maize as
leaf temperature increased.

We propose that the mechanism of Rubisco inacti-
vation associated with moderate increases in leaf
temperature in maize is the same as reported for C3
plants, namely, that as temperature increases, the
rate of inactivation occurs faster than the ability of
Rubisco activase to mediate reactivation (Crafts-
Brandner and Salvucci, 2000). The increase in qN at
moderately high leaf temperatures (Fig. 3) indicated
that ATP supply was not a limitation to Pn at mod-
erate leaf temperatures. In addition, ATP production
via noncyclic photophosphorylation appears to be
stimulated during heat stress (Bukhov et al., 1999,
2000) and, in isolated chloroplasts, heat stress led to
an increase in the ratio of ATP:ADP (Weis, 1981a).
Consistent with this, the level of RuBP was increased
even when the temperature exceeded 40°C (Table II).
The results presented here indicate that energy sup-
ply for photosynthetic carbon metabolism, including
metabolite shuttling between bundle sheath and me-
sophyll cells and regeneration of RuBP, was not lim-
iting and that the inability of Rubisco activase to
maintain a high Rubisco activation state was the
primary limitation to Pn over the temperature range
of 28°C to 37.5°C. Thus, our results detailing the

ynthesis

(umol m-2 s"')

Predicted Rate of Net Photos

25 30 35 40 45
Temperature °C

Figure 6. The effect of temperature on the rates of net Pn of maize
leaves predicted based on the kinetics of Rubisco. Net Pn at 28°C
was assumed to be equal to the maximum activity of Rubisco at
28°C. Net Pn at each temperature was estimated assuming full
activation of the enzyme at each temperature (O) or after adjusting
the predicted rate for experimentally determined activation state at
each temperature (®; from Fig. 4, rapid heat). The adjusted rates of Pn
are closely related to the measured rates of Pn for rapid heat stress
treatments (see Fig. 1).
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effects of high temperature on the biochemistry of C4
photosynthesis differ from those proposed by Sage
(2002), who used biochemical analysis and modeling
to predict that RuBP or PEP regeneration, and not
Rubisco capacity, would be the major limitations to
C4 Pn at high temperature.

As leaf temperature was increased above 37.5°C,
the increased catalytic turnover of activated Rubisco
was apparently not sufficient to overcome the sub-
stantial inactivation of the enzyme, leading to inhi-
bition of Pn. As noted above, inactivation of PEP
carboxylase and damage to PSII also may contribute
to inhibition of Pn at very high leaf temperatures.
However, we suspect that direct effects of extremely
high temperature on the physical stability of activase
may be the major factor limiting Rubisco activation.
We have reported that activase denatures in vivo and
in vitro at a temperature of about 40°C (Feller et al.,
1998; Salvucci et al., 2001).

At 28°C, the activation state of Rubisco approached
100%. These data are interesting because the esti-
mated level of CO, around Rubisco in C4 plants
(Edwards et al., 2001) would cause substantial inac-
tivation of the enzyme in leaves of C3 plants (Sage et
al., 1988, 1989; Crafts-Brandner and Salvucci, 2000).
Furthermore, increasing the level of CO, around
maize leaves to 1,200 ubars did not affect the Rubisco
activation state or alter the effect of high temperature
(data not shown). The effect of high CO, on Rubisco
activation in C3 plants was postulated to result from
unfavorable ATP:ADP ratios (Crafts-Brandner and
Salvucci, 2000). It is apparent that the ATP:ADP ra-
tios are adequate for full Rubisco activation even
though the CO, levels are elevated.

Acclimation to Heat Stress

Acclimation of Pn and Rubisco activation to heat
stress was significant when the leaf temperature was
increased gradually (Figs. 1 and 4), and this acclima-
tion was associated with the appearance of a new
activase polypeptide (Fig. 5). Increased synthesis of
constitutive activase polypeptides, or induction of
novel polypeptides, has been implicated in the mech-
anism of response to heat stress in wheat and cotton
(Law and Crafts-Brandner, 2001; Law et al., 2001).
Thus, the induction of new activase polypeptides in
response to heat stress appears to be widespread
among plant species.

Conclusions

Taken together, our results indicate that maize
leaves responded to heat stress in a similar manner as
C3 plants. For both photosynthesis types, inactiva-
tion of Rubisco occurred after only moderate temper-
ature increases, and at high temperature, inactivation
was nearly complete. The increased temperature op-
timum for Pn of C4 versus C3 plants can be attributed

to the CO,-concentrating system of C4 plants, which
compensates for Rubisco inactivation by increasing
the CO, level around Rubisco. As for C3 plants
(Crafts-Brandner and Salvucci, 2000), the experimen-
tal rate of Pn in maize could be predicted solely from
the kinetics of Rubisco if adjustments were made for
temperature effects on Rubisco activation. We con-
clude that as leaf temperature increases, Rubisco ac-
tivation state declines due to decreased Rubisco ac-
tivase activity, eventually constraining Pn.

MATERIALS AND METHODS
Plant Material

Kernels of maize (Zea mays var. Pioneer brand 33A14) were planted in 15-
X 15-cm pots containing a commercial potting mixture (Summer Winds
Garden Center, Boise, ID). Plants were grown in an air-conditioned green-
house maintained at 28°C for 14 h and at 24°C for 10 h. Natural light
intensity peaked at an average of 1,900 umol m 2 s~ ! photosynthetically
active radiation (PAR) on most days. Plants were fertilized three times per
week with 750 mL of solution containing 2 g L™ 20-20-20 fertilizer (Grow
More, Gardena, CA) supplemented with 0.5 mL L' of a micronutrient
solution containing 2 mm MnCl,, 10 mm H3BO;, 0.4 mm ZnSO,, 0.2 mMm
CuS0Oy, 0.4 mMNa,MoO,, and 0.1 mm NiCl,. In addition, 750 mg of chelated
Fe [sodium ferric ethylenediamine, di-(o-hydroxyphenyl acetate)] and 3.8 g
of Hi Yield 0-45-0 superphosphate fertilizer (Voluntary Purchasing Groups,
Bonham, TX) were incorporated into the upper 2 cm of the potting soil. For
all experiments, the fifth or sixth leaf was used.

Gas Exchange

Pn, transpiration, and leaf conductance were measured with a portable
photosynthesis system (model 6400; Li-Cor, Lincoln, NE) using a light
intensity of 1,800 pmol m 2 s~' PAR and a constant 350 ubar partial
pressure of CO, in the sample chamber. For some experiments, the partial
pressure of CO, was increased above 350 ubar using the built-in CO,
injection system of the photosynthesis unit. Plants were moved from the
greenhouse to a plant growth chamber prior to determining gas exchange
traits. By maintaining a high relative humidity in the growth chamber, and
by using the internal heating system of the photosynthesis unit in conjunc-
tion with the growth chamber heating system, the leaf temperature could be
increased from 28°C to 45°C. For rapid heat stress treatments, leaf temper-
ature was increased at 1°C min~! to the desired temperature and was then
held at constant temperature for 1 h prior to making gas exchange mea-
surements. For gradual heat stress treatments, leaf temperature was in-
creased in increments of 2.5°C (at 1°C min ') once every 60 min until the
desired leaf temperature was attained. Gas-exchange measurements were
made 1 h after attaining the desired temperature. In all cases, steady-state
conditions were attained prior to measuring gas-exchange traits. Measure-
ments for each treatment were repeated three times using different plants.

Chlorophyll Fluorescence

F,/F, and qN were determined using a portable fluorometer (PAM-
2000; Walz, Effeltrich, Germany) as described previously (Law and Crafts-
Brandner, 1999). Plants were dark adapted in a plant growth chamber for 1 h
at 28°C prior to fluorescence measurements. The leaf temperature was then
increased to the desired level, and after 1 h, measurements were taken from
the same leaf tissue. Controls kept at 28°C and measured after 1 and 3 h of
dark indicated that fluorescence traits were not significantly altered by the
amount of time in the dark (data not shown). Leaf temperature was manip-
ulated by changing the temperature in the high humidity growth chamber,
and the temperature was verified using a thermocouple. Measurements for
each treatment were repeated three times using different plants.

Enzyme Activities

For PEP carboxylase and PPDK assays, fresh leaf tissue was extracted in
buffer and was assayed immediately after a particular temperature treat-
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ment. Controls were sampled after 1 h of treatment at 28°C, 1,800 umol m~?

s™! PAR, and a constant 350 pbar partial pressure of CO, in the sample
chamber of the photosynthesis system (Li-Cor). For high temperature treat-
ments, leaf temperature was increased rapidly at 1°C min~' to the desired
temperature, and leaf tissue was sampled after 1 h. Leaf temperature was
controlled using the portable photosynthesis unit and plant growth
chamber.

PEP carboxylase was extracted in ice-cold 100 mm HEPES, pH 7.5, 10 mm
MgCl,, 1 mm EDTA, 1% (w/v) casein, 1% (w/v) polyvinylpyrrolidone, 5
mM 2-mercaptoethanol, and 0.05% (v/v) Triton X-100. The extraction buffer
for PPDK was the same as for PEP carboxylase with the following modifi-
cations: The buffer was 50 mm HEPES, pH 8.0, and 5 mm dithiothreitol was
used in place of 2-mercaptoethanol. The extraction buffer for PPDK was
maintained at room temperature.

PEP carboxylase was assayed spectrophotometrically at 30°C as de-
scribed by Giglioli-Guivarc’h et al. (1996). Assays conducted at pH 8.0 under
optimal conditions provided an estimate of the maximum potential enzyme
activity, and assays conducted at pH 7.3 using limiting levels of the sub-
strate PEP in the presence or absence of 0.5 mm L-malate provided an
indication of the phosphorylation status of the enzyme.

PPDK was assayed spectrophotometrically at 30°C as described by Ash-
ton et al. (1990). The assay mixture contained 12.5 um Cibacron blue F3GA
to preserve the in vivo activation state of the enzyme (Ashton et al., 1990).

To test the effect of assay temperature per se on enzyme activity, PEP
carboxylase (optimal assay) and PPDK were extracted from leaves of control
plants and were assayed at 30 and 45°C.

Immediately after temperature treatment, leaf samples to be used for
Rubisco activation assays were rapidly frozen between two pieces of metal
cooled to the temperature of liquid N, and stored at —80°C prior to deter-
mination of enzyme activity. Leaf temperature was increased rapidly or
gradually using a light intensity of 1,800 pmol m 2 s~ ! PAR and a constant
350 ubar partial pressure of CO, in the sample chamber of the photosyn-
thesis system (Li-Cor). Leaf tissue was extracted and assayed for initial and
total Rubisco activity as described in detail by Crafts-Brandner and Salvucci
(2000) except that total activities were determined after incubation in CO,
and Mg** for 5 min, which was determined to be adequate for full activa-
tion of extracted Rubisco (data not shown). Rubisco activity was determined
by incorporation of **CO, into acid-stable products at 30°C (Salvucci, 1992).
The activation state, or percentage of activation (Perchorowicz et al., 1981),
of Rubisco was determined by the ratio of initial total enzyme activities.

For C4 enzymes, activities were determined using extracts from leaves of
four different plants. For Rubisco activity, activities were determined using
extracts from leaves of three different plants, and each of the three extracts
was assayed in duplicate.

Western-Blot Analysis

Leaf tissue was homogenized in 100 mm potassium phosphate, pH 7.5,
and 14 mM 2-mercaptoethanol, and aliquots were immediately mixed with
SDS-PAGE sample buffer and boiled for 3 min as described by Feller et al.
(1998). Samples representing equal amounts of leaf area were electropho-
resed in 10% (w/v) SDS-PAGE gels according to the method of Chua (1980).
Polypeptides were electrophoretically transferred to nitrocellulose and were
probed with a monospecific polyclonal antibody against isolated recombi-
nant tobacco (Nicotiana tabacum) Rubisco activase (Feller et al., 1998) accord-
ing to procedures described by Salvucci et al. (1998).

Metabolite Analysis

Leaf temperature was manipulated using the portable photosynthesis
system (Li-Cor) as described above. Leaf tissue was sampled after attaining
steady-state photosynthesis at 28°C, 1,800 umol m~2 s ! PAR, and a con-
stant 350 ubar partial pressure of CO, in the sample chamber. Using a
different section of the same leaf, the leaf temperature was subsequently
rapidly increased at 1°C min ' to the desired level and, after attaining
steady-state Pn, leaf tissue was sampled. Leaf tissue was flash frozen by
pressing the tissue between two pieces of metal cooled to temperature of
liquid N,. RuBP and 3-PGA were extracted in ice-cold 5% (v/v) trifluoro-
acetic acid and were determined as described in detail in Law and Crafts-
Brandner (1999). At least four replicates were sampled for each temperature

Heat Sensitivity of C4 Photosynthesis

treatment. For a given plant, portions of the same leaf were sampled after
treatment first at 28°C and then after treatment at a higher temperature.

Isolation of Activase for N-Terminal Sequencing

Activase was partially purified from heat-stressed maize leaves by rapid
extraction and ammonium sulfate precipitation (Law et al., 2001). The
partially purified preparation was fractionated by SDS-PAGE and the
polypeptides were transferred to polyvinylidene difluoride membrane (Law
et al., 2001). Bands corresponding to polypeptides of 44 and 42 kD were
excised and sequenced at the Protein Sequencing Facility at Arizona State
University (Tempe; Law et al., 2001). Immunoblotting showed that these
polypeptides were recognized by antibodies to activase (see above).

Predicted Rates of Pn

Photosynthetic rates were predicted based on the kinetics of Rubisco with
or without adjustment for Rubisco activation state using the full equations
of Laing et al. (1974) as described previously (Crafts-Brandner and Salvucci,
2000) and assuming saturating levels of RuBP at all temperatures. Rubisco
activity at 28°C was based on the measured rate of Pn at this temperature
assuming an activation state of 100%. Rubisco activity was adjusted for
temperature and changes in gas solubilities as described previously (Crafts-
Brandner and Salvucci, 2000). A CO, concentration of 2,500 ubar (Edwards
et al., 2001) and published kinetic constants for the maize enzyme (Jordan
and Ogren, 1981) were used for the calculations.
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