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The photosynthetic assimilation of CO, in C, plants is potentially limited by the enzymatic rates of Rubisco, phosphoenolpyruvate
carboxylase (PEPc), and carbonic anhydrase (CA). Therefore, the activity and kinetic properties of these enzymes are needed to
accurately parameterize C, biochemical models of leaf CO, exchange in response to changes in CO, availability and temperature.
There are currently no published temperature responses of both Rubisco carboxylation and oxygenation kinetics from a C, plant,
nor are there known measurements of the temperature dependency of the PEPc Michaelis-Menten constant for its substrate HCO;,
and there is little information on the temperature response of plant CA activity. Here, we used membrane inlet mass spectrometry
to measure the temperature responses of Rubisco carboxylation and oxygenation kinetics, PEPc carboxylation kinetics, and the
activity and first-order rate constant for the CA hydration reaction from 10°C to 40°C using crude leaf extracts from the C, plant
Setaria viridis. The temperature dependencies of Rubisco, PEPc, and CA kinetic parameters are provided. These findings describe a
new method for the investigation of PEPc kinetics, suggest an HCOj limitation imposed by CA, and show similarities between the

Rubisco temperature responses of previously measured C; species and the C, plant S. viridis.

Biochemical models of photosynthesis are often used
to predict the effect of environmental conditions on net
rates of leaf CO, assimilation (Farquhar et al., 1980; von
Caemmerer, 2000, 2013; Walker et al., 2013). With cli-
mate change, there is increased interest in modeling
and understanding the effects of changes in tempera-
ture and CO, concentration on photosynthesis. The
biochemical models of photosynthesis are primarily
driven by the kinetic properties of the enzyme Rubisco,
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the primary carboxylating enzyme of the C, photo-
synthetic pathway, catalyzing the reaction of ribulose-
1,5-bisphosphate (RuBP) with either CO, or oxygen.
However, the CO,-concentrating mechanism in C,
photosynthesis utilizes carbonic anhydrase (CA) to
help maintain the chemical equilibrium of CO, with
HCOj and phosphoenolpyruvate carboxylase (PEPc) to
catalyze the carboxylation of phosphoenolpyruvate
(PEP) with HCO, . These reactions ultimately provide
the elevated levels of CO, to the compartmentalized
Rubisco (Edwards and Walker, 1983). In C, plants, it
has been demonstrated that PEPc, Rubisco, and CA can
limit rates of CO, assimilation and influence the effi-
ciency of the CO,-concentrating mechanism (von
Caemmerer, 2000; von Caemmerer et al., 2004; Studer
et al., 2014). Therefore, accurate modeling of leaf pho-
tosynthesis in C, plants in response to future climatic
conditions will require temperature parameterizations
of Rubisco, PEPc, and CA kinetics from C, species.
Modeling C, photosynthesis relies on the parameter-
ization of both PEPc and Rubisco kinetics, making it
more complex than for C; photosynthesis (Berry and
Farquhar, 1978; von Caemmerer, 2000). However, the
activity of CA is not included in these models, as it is
assumed to be nonlimiting under most conditions (Berry
and Farquhar, 1978; von Caemmerer, 2000). This as-
sumption is implemented by modeling PEPc kinetics as
a function of CO, partial pressure (pCO,) and not HCO;
concentration, assuming CO, and HCO; are in chemical
equilibrium. However, there are questions regarding the
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amount of CA activity needed to sustain rates of C,
photosynthesis and if CO, and HCOj are in equilibrium
(von Caemmerer et al., 2004; Studer et al., 2014).

The most common steady-state biochemical models
of photosynthesis are derived from the Michaelis-
Menten models of enzyme activity (von Caemmerer,
2000), which are driven by the V. and the K . Both of
these parameters need to be further described by their
temperature responses to be used to model photosyn-
thesis in response to temperature. However, the tem-
perature response of plant CA activity has not been
completed above 17°C, and there is no known mea-
sured temperature response of KA HCO, for PEPc (Ky).
Alternatively, Rubisco has been well studied, and there
are consistent differences in kinetic values between C,
and C, species at 25°C (von Caemmerer and Quick,
2000; Kubien et al., 2008), but the temperature re-
sponses, including both carboxylation and oxygenation
reactions, have only been performed in C, species
(Badger and Collatz, 1977; Jordan and Ogren, 1984;
Bernacchi et al., 2001, 2002; Walker et al., 2013).

Here, we present the temperature dependency of
Rubisco carboxylation and oxygenation reactions, PEPc
kinetics for HCO;, and CA hydration from 10°C to 40°C
from the C, species Setaria viridis (succession no., A-010)
measured using membrane inlet mass spectrometry.
Generally, the 25°C values of the Rubisco parameters
were similar to previous measurements of C, species. The
temperature response of the maximum rate of Rubisco
carboxylation (V_,,) was high compared with most
previous measurements from both C; and C, species, and
the temperature response of the K, for oxygenation (K)
was low compared with most previously measured
species. Taken together, the modeled temperature re-
sponses of Rubisco activity in S. viridis were similar to the
previously reported temperature responses of some C,
species. Additionally, the temperature response of the
maximum rate of PEPc carboxylation (V,,,,) was similar
to previous measurements. However, the temperature
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response of K}, was lower than what has been predicted
(Chen et al., 1994). For CA, deactivation of the hydration
activity was observed above 25°C. Additionally, models
of CA and PEPc show that CA activity limits HCO;
availability to PEPc above 15°C, suggesting that CA
limits PEP carboxylation rates in S. viridis when com-
pared with the assumption that CO, and HCO; arein full
chemical equilibrium.

RESULTS

Rubisco Temperature Response

The V.., and maximum rate of Rubisco oxygenation
(Vomax)s the K, for carboxylation (K.) and K, and the
specificity of the enzyme for CO, over oxygen (S¢,c)
were measured simultaneously using membrane inlet
mass spectrometry from 10°C to 40°C on crude leaf
extracts of S. viridis (Table I). The maximum turnover
rates for carboxylation (k_,cq,) and oxygenation (k_,q,)
were determined at 25°C using combined spectropho-
tometry and radiolabeled binding of the enzyme. At
25°C, the values of k_,;-,, k00 Ko, and K, for S. viridis
are within ranges previously measured for other C,
species (Yeoh et al, 1980; Sage and Seemann, 1993;
Kubien et al., 2008). At 25°C, the ko, was 544 *
0.44 mol CO, mol " site s™', and the K. and K, were
947 = 151 Pa and 289 = 54 kPa, respectively. The
measured S o in S. viridis at 25°C was 1,610 = 66 Pa Pa .
The ratio of the maximum carboxylation rate to the max-
imum oxygenation rate (V ../ Vomax) at 25°C was 5.54 *
0.73, and the ratio of the K for oxygenation to carboxyl-
ation (K/K) had a 25°C value of 0.31 = 0.04 kPa Pa™".

The V.. increased exponentially from 10°C to 40°C,
with an energy of activation (E,) of 78.0 = 4.1 k] mol !
(Fig. 1). The temperature response of V__ .. was lower
compared with V. with an E, equal to 55.3 + 6.2 k]
mol ! (Fig. 1). The K. and K, had E, values of 64.2

4.5 and 10.5 * 4.8 kJ mol ™, respectively (Fig. 1). The

Table I. Measured values at 25°C, modeled values at 25°C (k,s), and E, using the equation parameter = k,sexp(E,(T, — 298.15)/(298.15RT,)) for all

measured temperature responses * st

For parameters kg, and V..,

, a deactivation was included using the model parameter = k,exp(E,(T, — 298.15)/(298.15RT))(1 + exp((298.15AS —

Hy/(298.15R)))/(1 + exp((TAS — H)/(TR))), where T, is the temperature in Kelvin, R is the molar gas constant, AS is the entropy factor, and H is the

heat of deactivation.

Parameter Units Measured at 25°C kys E, AS Hy
k) mol™’ kJ mol™" K k) mol™"
kea umol CO, m™?s " Pa”’ 124 = 6
Normalized to 1 at 25°C 1.0 = 0.02 1.03 = 0.05 40.9 £ 70.7 0.21 = 0.19 64.5 = 50.9
ki, s 0.039 = 0.000 0.038 = 0.000 95.0 = 1.0 - -
Vormax umol HCO; m™2 7! 450 + 16
Normalized to 1 at 25°C 1 1.01 = 0.07 94.8 + 40.8 0.25 * 0.12 73.3 = 39.6
Kp Pa CO, 16.0 £ 1.3 139 1.0 363 2.4 - -
um HCO3 62.8 = 5.0 60.5 = 2.4 272 £2.8 - -
K acon mol CO, mol ™" site s~ 5.44 * 0.44
max Normalized to 1 at 25°C 0.96 * 0.04 0.89 * 0.05 78.0 = 4.1 - -
Vid Vo at 25°C 0.18 = 0.03 0.16 = 0.01 553 + 6.2 - -
K. Pa of CO, 94.7 = 15.1 121 7 64.2 = 4.5 - -
Ky kPa of oxygen 28954 292 1.9 10.5 + 4.8 - -
Soo Pa Pa”’ 1,610 = 66 1,310 * 52 ~31.1 %29 - -
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Figure 1. Temperature responses of Rubisco kinetic parameters in S. viridis compared with corresponding values from the lit-

erature normalized to S. viridisat 25°C. The V.___(A), V.

max (A), Voo (B), K (O), and K, (D) were determined using membrane inlet mass
spectrometry on crude leaf extracts of S. viridis at pH 7.7 (at 25°C). The solid lines are the modeled temperature responses from
this report (Table 1), with the 95% confidence intervals shaded in gray. Dashed lines are temperature responses from previous
reports normalized to S. viridis at 25°C (Badger and Collatz, 1977; Jordan and Ogren, 1984; Bernacchi etal., 2001, 2002; Walker
et al., 2013). Black circles are the means of four technical replicates = se. P values refer to the significance of the temperature
response from zero, and adjusted R? values describe the amount of variation in the measured parameter explained by the model.

Vmax/ Vomax increased from 10°C to 40°C (Fig. 2), but the
Ko/ K decreased with temperature (Fig. 2). The ratio of the
catalytic rate of carboxylation to the K- and the catalytic
rate of oxygenation to K increased with temperature
(Fig. 2). The S¢ o decreased with temperature from 10°C
to 40°C, with an E, value of —31.1 = 2.9 k] mol " (Fig. 3).

Rates of Rubisco carboxylation (v.) and oxygenation
(v,) were modeled at pCO, of 400 Pa and oxygen partial
pressure (pO,) of 35 kPa in response to temperature for
kinetic parameters from S. viridis and previously pub-
lished values normalized to S. viridis values at 25°C
(Fig. 4). The temperature response of v in S. viridis (Fig.
4) was similar to those measured in vitro in Atriplex
glabriuscula (Badger and Collatz, 1977) and Spinacea
oleracea (Jordan and Ogren, 1984) but larger than those
measured in vivo Arabidopsis (Arabidopsis thaliana;
Walker et al., 2013) and Nicotiana tabacum (Bernacchi
et al., 2001, 2002; Walker et al., 2013). The temperature
response of v, in S. viridis was similar to previous
measurements (Fig. 4). Additionally, the temperature
dependency of S. viridis was compared with non-
normalized temperature responses of v, and v, from
previous measurements (Supplemental Fig. S1). Under
the low pCO, (25 Pa) and ambient pO, (21 kPa) expected
in mesophyll of a C; leaf, v, was lower in S. viridis
(Supplemental Fig. S1) compared with the C; species
(Jordan and Ogren, 1984; Bernacchi et al., 2001, 2002;
Walker et al., 2013), with the exception of A. glabriuscula
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(Badger and Collatz, 1977). The S. viridis v, response
(Supplemental Fig. S1) was similar in all reports with
the exception of A. glabriuscula (Badger and Collatz,
1977), which had a lower value above 35°C. At high
pCO,, the predicted rates of v. for S. wviridis
(Supplemental Fig. S1) were not different from those for
S. oleracea (Jordan and Ogren, 1984), N. tabacum
(Bernacchi et al., 2001, 2002), and, below 25°C, Arabi-
dopsis (Walker et al., 2013). At high pCO,, S. viridis had
a higher predicted v, (Supplemental Fig. S1) at all
temperatures compared with the C; species (Badger
and Collatz, 1977; Jordan and Ogren, 1984; Walker
etal., 2013), with the exception of N. tabacum (Bernacchi
et al., 2001, 2002) above 25°C.

PEPc Temperature Response

The kinetic parameters of PEPc were measured using
membrane inlet mass spectrometry on crude leaf
extracts of S. viridis from 10°C to 40°C (Table I;
Supplemental Fig. 52). The V., at 25°C was 450 * 16
umol m ™2 s~ when measured on freshly collected leaf
tissue. The V__ increased with temperature from 10°C
to 40°C, with an apparent deactivation at 35°C and 40°C
(Fig. 5), noted by a deviation from linearity when
plotted as a log transformation (transformation not
shown). The measured K was 60.2 um HCO; at 25°C.

The K, was calculated as 16 = 1.3 Pa CO, assuming a
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Figure 2. Temperature responses of the ratios of Rubisco parameters in S. viridis compared with corresponding values from the

literature normalized to S. viridis at 25°C. V,../ Vi max

(A), Ko/Ke (B), keyicor/Ke (©), and k,0,/Ko (D) were calculated from data

presented in Figure 1. The solid lines are the modeled temperature responses from this report, with the 95% confidence intervals
in gray. Dashed lines are temperature responses from previous reports normalized to S. viridis at 25°C (Badger and Collatz, 1977;
Jordan and Ogren, 1984; Bernacchi et al., 2001, 2002; Walker et al., 2013). Black circles are the means of four technical
replicates = se. P values refer to the significance of the temperature response from zero, and adjusted R values describe the
amount of variation in the measured parameter explained by the model.

pH of 7.2 and a dissociation constant (pKa) of 6.12 ap-
propriate for the mesophyll cytosol at 25°C (Jenkins
et al., 1989). Values of K, increased exponentially from
10°C to 40°C, with an E, of 36.3 + 2.4 k] mol !, when
modeled in pCO, assuming full equilibrium with
HCO; (Fig. 5). The temperature dependency of leaf
PEPc activity (v,) modeled at a mesophyll cytosol pCO,
of 12 Pa at all temperatures increased with temperature
but plateaued between 35°C and 40°C (Fig. 5).

CA Temperature Response

The rate constant for CA hydration activity (k-,) was
determined from crude leaf extracts using membrane
inlet mass spectrometry to measure rates of '*O ex-
change between labeled *C'*O, and H,'°O (Table I;
Supplemental Fig. S3). At 25°C, freshly collected leaf
tissue of S. viridis had a k., of 124 = 6 umol CO, m *s ™"
Pa"'. The k-, increased from 10°C to 30°C but plateaued
from 30°C to 40°C (Fig. 6). When CA activity was
modeled for an expected mesophyll pCO, of 12 Pa,
the hydration rate (v,) was 1,488 umol m 2s !at25°C
(Fig. 6). The temperature change in v, was identical to
ke, because the mesophyll pCO, was assumed to be
12 Pa at all temperatures. Alternatively, the temperature
response of the uncatalyzed rate of CO, hydration in the
leaf increased exponentially with temperature and
is described by the rate constant, having an E, of 95 *
1.0 k] mol ! (Fig. 6). The E, for the uncatalyzed rate is

Plant Physiol. Vol. 169, 2015

much higher than that for the catalyzed rate; however,
the uncatalyzed rate is at least 10° times lower from 10°C
to 40°C (Fig. 6).

The supply of HCO; provided to PEPc by the hy-
dration activity of CA was investigated using the model
of Hatch and Burnell (1990) and the temperature re-
sponses reported here (Fig. 7). At 12 Pa CO,and pH 7.2,
CA activity limits PEPc carboxylation above 15°C by
more than 5% compared with assuming full chemical
equilibrium between CO, and HCO; (Fig. 7). Addi-
tionally, the modeled HCO; concentration is lower at
all temperatures compared with the concentration as-
suming HCO; is in full equilibrium with CO, (Fig. 7).
The modeled activity of CA relative to PEPc activity
(v,/vy) increased with temperature and is lower when
v, is modeled based on HCO; availability provided
by CA activity compared with assuming CO, and
HCO; are in chemical equilibrium (Fig. 7). It should be
noted that the modeled limitation of CA to PEPc de-
pends on temperature, pH, and ionic strength, as all
these conditions influence the ratio of CO, to HCO;.

DISCUSSION
Rubisco Temperature Response

The C, biochemical model of photosynthesis uses
both carboxylase and oxygenase parameters of Rubisco
(von Caemmerer, 2000); therefore, it is important to
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Figure 3. Temperature responses of S¢,, compared with corresponding
values from the literature normalized to S. viridis at 25°C. Black circles
represent the averages of four technical replicates * st of S. viridis
measured on crude leaf extracts using membrane inlet mass spec-
trometry. The solid line is the modeled temperature response from this
report (Table 1), with the 95% confidence interval in gray. Dashed lines
are temperature responses from previous reports normalized to S. viridis
at 25°C (Badger and Collatz, 1977; Jordan and Ogren, 1984; Bernacchi
et al., 2001, 2002; Walker et al., 2013). The P value refers to the sig-
nificance of the temperature response from zero, and the adjusted R?
value describes the amount of variation in the measured parameter
explained by the model.

know the temperature dependency of both reactions in
order to model C, photosynthesis in response to tem-
perature. Rubisco kinetic parameters have been mea-
sured in numerous C; and C, species at 25°C (Yeoh
etal., 1980; Sage and Seemann, 1993; Kubien et al., 2008;
Galmés et al., 2014); however, there are few studies that
measure both Rubisco carboxylation and oxygenation
parameters from C, species (Kubien et al., 2008;
Cousins et al., 2010). The S. viridis 25°C values of
Rubisco parameters are similar to previous measure-
ments of C, species. Notably, the K. value is at the
higher end of measured C, species but similar to Setaria
italica (Jordan and Ogren, 1983) and lower than Setaria
geniculata (Yeoh et al., 1980). The S, was low com-
pared with Flaveria C, spp. and maize (Zea mays;
Kubien et al., 2008; Cousins et al., 2010) but larger than a
previous measure of S. italica (Jordan and Ogren, 1983).
However, the values reported here fit the tenuous un-
derstanding that C, species have higher K and k_,,,
values and lower S, values compared with C; species
(Yeoh et al., 1980; Sage, 2002; Kubien et al., 2008; Savir
et al., 2010; Whitney et al., 2011).

Currently, there are no known temperature depen-
dencies of the full suite of Rubisco kinetics for a C,
enzyme. However, for C, plants, there are two in vitro
temperature responses of both carboxylase and oxy-
genase parameters (A. glabriuscula and S. oleracen)
and three in vivo measurements from Arabidopsis and
N. tabacum (Badger and Collatz, 1977; Jordan and
Ogren, 1984; Bernacchi et al., 2001, 2002; Walker et al.,
2013). These C, temperature responses are typically
applied to C, Rubisco 25°C values, with the assumption
that the temperature response is similar between
these two photosynthetic functional types (Berry and
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Farquhar, 1978). However, this assumption has not
been tested for the Rubisco parameters used in the C,
model of photosynthesis, and the previous compari-
sons of C; and C, Rubisco temperature responses have
been limited to k_,;co, and S (Bjérkman and Pearcy,
1970; Jordan and Ogren, 1984; Sage, 2002; Galmés et al.,
2015) and a recent investigation comparing k., Kc
and S.,o between C; C,, and intermediate species
within the Flaveria lineage (Perdomo et al, 2015).
However, these studies lack comparisons of the oxy-
genation parameters k_,,, and Ky needed to accurately
predict the temperature response of carboxylation and
oxygenation. Here, we report the temperature response
of complete C, Rubisco kinetics from 10°C to 40°C. In
general, the temperature responses of Rubisco param-
eters in S. viridis were similar to reports from previous
C, species; however, variation exists in how individual
kinetic parameters change with temperature in relation
to one another.

For example, S, has been reported to decrease with
temperature, but the reason for the decrease has been
debated (Badger and Andrews, 1974; Jordan and Ogren,
1984; Walker et al., 2013). However, there are no con-
sistent trends in the literature on the temperature re-
sponse of V_.../ V.o sSuggesting that the temperature
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responsesof V_ .. and V__ arenearly identical (Badger
and Andrews, 1974; Jordan and Ogren, 1984; Bernacchi
et al., 2001; Walker et al., 2013). Additionally, there ap-
pears to be very little V. /K- temperature dependency
(Fig. 2). The decrease of K,/ K. and increaseof V... /K,
with temperature are consistent between studies (Fig. 2;
Badger and Collatz, 1977, Jordan and Ogren, 1984;
Bernacchi et al., 2001, 2002; Walker et al., 2013). Taken
together, it is likely that the insensitivity of K to tem-
perature drives the decrease in specificity in Rubisco,
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because between species and measurement methods, the
temperature responses of V..., Vi aw and K- are similar
and are higher compared with K (Badger and Collatz,
1977; Jordan and Ogren, 1984; Bernacchi et al., 2001,
2002; Walker et al., 2013).

For comparing the predicted v, and v,, the values
were plotted in units of mol CO, mol ' sites ™', so thata
comparison of the predicted tradeoff of k -, and K¢
between C; and C, species could be analyzed with
temperature. Because no k-, values in these units are

S. viridis .
- - - Hatch and Burnell, 1989 , ~

A

- e

o )]
.
N

k., (umol CO, m*s” Pa”)
(normalized to 1 at 25 °C)
o
&)

15000
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(nmol m™*s™)
N - (o] [e+] o

Bt
uncatalyzed CO, hydration % leaf (umol CO, m™ s7)

10 15 20 25 30 35 40

Temperature (°C)

Figure 6. Temperature responses of CA parameters in S. viridis. A, The
ke was measured on crude leaf extracts using membrane inlet mass
spectrometry and is compared with a previously published maximum
hydration rate from maize (Hatch and Burnell, 1990) normalized at 25°C.
B, The k., from S. viridis was used to calculate leaf CA activity (v, solid
line) assuming a constant 12 Pa of CO, above the liquid phase and the
temperature-dependent change in dissolved CO, (dashed line). C, Tem-
perature responses of the uncatalyzed CO, v, for the mesophyll cytosol
calculated assuming a cytosol volume of 30 wL. mg ™" chlorophyll (Badger
and Price, 1994) and 200 mg chlorophyll m™ leaf tissue at a constant
12 Pa of CO,. Black circles represent average values of three biological
replicates, each with three technical replicates per temperature, * st (n=
3). The solid lines represent models fit to measured data (Table ), with the
95% confidence intervals shown in gray. Calculations of the catalyzed
and uncatalyzed v;, account for changes in pH and CO, that occurred
when measuring at different temperatures (Supplemental Fig. S1); how-
ever, it was assumed that the pH of the mesophyll cytosol was buffered at
7.2. P values refer to the significance of the temperature response from
zero, and adjusted R* values describe the amount of variation in the
measured parameter explained by the model.
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Figure 7. Effects of CA activity on PEPc activity with temperature. A, v,
modeled assuming chemical equilibrium (CA saturated) and calculated
based on CA activity (CA limited). B, Concentration of HCO; at equi-
librium and calculated based on CA activity. C, v,/v, calculated as-
suming equilibrium and based on CA activity. Calculations assume a
constant leaf pH of 7.2 and a 25°C hydration as well as dehydration rate
constants described by Jenkins et al. (1989), with the temperature re-
sponses for the rate constants described by Sanyal and Maren (1981)
applied. The model used a measured V... of 450 wmol m™?s™', a
measured k., of 124 umol m™? s™' Pa~' at 25°C, and a constant
mesophyll pCO, of 12 Pa at all temperatures.

available for three of the previous four temperature
response Publications, the in vitro value of 3.3 mol
CO, mol ! site s ' measured by Walker et al. (2013) for
both Arabidopsis and N. tabacum was applied to all
species except S. viridis. At low pCO,, the previously
reported C; Rubisco has higher v, compared with the
S. viridis enzyme, with the exception of A. glabriuscula,
because the K. for A. glabriuscula at 25°C is 3 times
larger than for other C; enzymes included in this
analysis. However, at high pCO,, the S. viridis Rubisco
has a slightly higher v, compared with the C; enzymes.
The minimal difference of v, observed between C, and
S. viridis Rubisco at high pCO, is likely the result of the
high K- measured in S. viridis.

The absolute values of kinetic parameters measured
at 25°C for S. viridis are similar to previously pub-
lished values from C, plants, which generally differ
from C, parameters (Yeoh et al., 1980; von Caemmerer
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and Quick, 2000; Kubien et al., 2008; Savir et al., 2010;
Whitney et al., 2011). However, there is less support
in the literature for differences in the temperature
response between C,; and C, Rubisco (Jordan and
Ogren, 1984; Sage, 2002; Galmés et al., 2015; Perdomo
et al., 2015). The Rubisco temperature responses of
S. viridis presented here are similar to the available
temperature responses of C; species, suggesting a
generally conserved variation in kinetic parameters.
While the temperature response of Rubisco is be-
coming increasingly well studied, less work has fo-
cused on PEPc kinetics, especially the temperature
response of K.

PEPc Temperature Response

The temperature response of V., presented here
(Fig. 5) was similar to measurements from other species
(Buchanan-Bollig et al., 1984; Wu and Wedding, 1987;
Chen et al., 1994; Massad et al., 2007), which showed a
change in the temperature response above 25°C. While
this change in the temperature response has been ob-
served previously, the magnitude varies between
studies and species (Buchanan-Bollig et al., 1984, Wu
and Wedding, 1987; Chen et al., 1994; Massad et al,,
2007). It is unclear if there are differences in the tem-
perature response of V.. between species, because
there are not sufficient comparisons made within a
single study.

The K, is important for modeling the response of
PEPc to changes in HCO; availability. However, the
temperature response of K, has been left out of models
of C, photosynthesis (Berry and Farquhar, 1978; von
Caemmerer, 2000) or a predicted temperature response
has been used (Chen et al., 1994; Massad et al., 2007).
This is in contrast to the incorporation of measured
Rubisco temperature responses that have been used in
the C, model (Berry and Farquhar, 1978). The temper-
ature response of K, measured here was lower than a
predicted temperature response (Fig. 5; Chen et al,,
1994); however, it should be noted that the temperature
response from Chen et al. (1994) was not actually
measured but selected to have a 2.1-fold change for
every 10°C (Q,,). Because the temperature depen-
dency of V., is similar between this study and
Massad et al. (2007), the effect of differences in K,
temperature response can be seen on modeled v, in
Figure 5, where there is an 80 umol m ™2 s™ ! increase
in the optimum occurring 5°C higher. This shift in
modeled v, suggests that the use of the measured K
presented here is important for estimates of V..., values
based on leaf gas exchange.

CA Temperature Response

CA activity is considered necessary for C, photo-
synthesis because it provides PEPc with HCO; by
facilitating the hydration of dissolved CO, in the
mesophyll cytosol (von Caemmerer et al., 2004).
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Additionally, the v /v, can influence the isotopic
CO, exchange in C, plants (Farquhar, 1983). How-
ever, the activity of CA is not included in models
of C, photosynthe51s and is generally thought to
have little effect on >CO, isotope exchange, be-
cause v, /v, is assumed to be low (Berry and Farquhar,
1978; Farquhar, 1983; von Caemmerer, 2000). However,
in some C, grass species, leaf activity (leaf v,) is
reported to be just sufficient to maintain rates of C,
photosynthesis at 25°C (Hatch and Burnell, 1990;
Cousins et al., 2008). Therefore, under conditions that
limit leaf CO, availability, the rate of leaf v, may re-
strict C, photosynthesis and influence leaf CO, iso-
tope exchange. This limitation may be particularly
important at temperatures higher than 25°C; how-
ever, the temperature response of leaf v, is poorly
understood.

The measured 25°C values of leaf v, and the first-
order k., in S. viridis are 4-fold higher than previ-
ously published values for other C, grasses (Cousins
et al., 2008). Published CA activity varies widely
between studies, species, tissue collection methods,
and growth conditions (Hatch and Burnell, 1990;
Gillon and Yakir, 2001; Affek et al., 2006; Cousins
et al., 2008). This variation is poorly understood;
however, it raises questions regarding CA responses
to changes in growth conditions, particularly those
that limit CO, availability to the leaf such as drought
and temperature.

The measured temperature response of k-, from 10°C
to 25°C was similar to the 1.9-fold change for every 10°C
(Q,p) measured from 0°C to 17°C and intermediate to
two isozymes of human CA measured from 0°C to 37°C,
but it deviated at 30°C and above (Fig. 6A; Sanyal and
Maren, 1981; Burnell and Hatch, 1988). The CA tem-
perature response reported here plateaued between
25°C and 40°C, suggesting a deactivation of CA activity
in S. viridis at temperatures above 25°C (Fig. 1). This
apparent deactivation was not observed in previous
studies (Sanyal and Maren, 1981; Burnell and Hatch,
1988).

As expected for a chemical reaction, the uncatalyzed
rate of CO, hydration increases exponentially (Fig. 1).
The E, reported here for the uncatalyzed rate constant
of CO, hydration at pH 8 was larger than that measured
previously for pH 7.2 (Sanyal and Maren, 1981). Fol-
lowing the assumptions of Badger and Price (1994) re-
garding the volume of the mesophyll cytoplasm per
unit of leaf area, the amount of the uncatalyzed CO,
hydratlon estimated in the mesophyll cytoplasm was
10° times lower than the leaf v,. The importance of the
uncatalyzed rate when modeling isotopic discrimina-
tion is unclear and should be investigated further, but
the estimated uncatalyzed rates presented here are in-
sufficient to support rates of photosynthesis at any
temperature (Fig. 6).

Using the steady-state model of Hatch and Burnell
(1990), HCO; concentration and v, were modeled us-
ing the temperature responses of k., V. and K,

pmax’

measured for S. viridis assuming a constant mesophyll
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pCO, of 12 Pa. This model was compared with the as-
sumption of current gas-exchange models that assume
HCO; is at chemical equilibrium with CO, in the
mesophyll cytosol (Fig. 7). The results show that CA
limits v, by more than 5% above 15°C when compared
with the full equilibrium model due to reduced HCO;
availability to PEPc (Fig. 7). These results are contra-
dictory to the assumptions of gas-exchange models,
which assume that CA activity is high enough to
maintain full chemical equilibrium between CO, and
HCO;, and may have important implications for
comparing models and measurements of C, photo-
synthesis. For example, in wild-type maize plants pre-
sented by Studer et al. (2014), there is an 80% reduction
in in vivo compared with in vitro V.. The in vivo
value is calculated from the initial slope of net CO, as-
similation against intercellular CO, concentration (A-C;
curve); therefore, the lower V__ calculated from an
A-C; curve is possibly driven by inaccurate estimates of
the conductance of CO, from the intercellular air space to
the mesophyll cytosol (g,) and the proposed dis-
equilibrium between CO, and HCO; due to limiting
CA activity. Both of these factors would lower the ini-
tial slope of an A-C, curve and, therefore, in vivo
estimates of V..

The CA limitation in wild-type maize is initially
hard to reconcile with evidence from CA mutants
showing little change in net CO, assimilation, except
for homozygous mutants at subambient CO, (Studer
et al., 2014). However, using the model of Hatch and
Burnell (1990) combined with the PEPc-limited
models of net CO, assimilation (von Caemmerer,
2000) and the in vitro data set presented by Studer
et al. (2014), the predicted apparent in vivo V.,
the wild-type, heterozygous, and homozygous plants
are 34, 33, and 13 umol m™~* 5™, respectively. These
values are similar to the gas- exchange estimates of
in vivo V. presented by Studer et al. (2014), rean-
alyzed here using just the linear portion of the A-C;
curves as 36 * 2,34 = 2, and 16 = 1 for the wild- type,
heterozygous, and homozygous plants, respectively.
This demonstrates that the in vitro data of CA and
PEPc activities used with the Hatch and Burnell
(1990) model and the PEPc-limited models of net CO,
assimilation (von Caemmerer, 2000) can accurately
predict subtle changes in leaf gas exchange measured
in plants with low CA.

Although the difference between in vivo and in vitro
PEPc can generally be predicted in the example pre-
sented above, there are still unknown factors that po-
tentially regulate in vivo PEPc activity. Of critical
importance for estimating in vivo V.. are the values
of g,.; however, there are no robust means for measur-
ing g, in C, plants, which also limits the accuracy of
defining a CA limitation to gas-exchange measure-
ments. Therefore, more work is needed to define the
importance of CA in C, photosynthesis, especially in
linking leaf-level gas exchange to biochemical models
in order to better define carbon flux through the C,
pathway.
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CONCLUSION

Rubisco, PEPc, and CA are potentially rate-limiting
steps in the photosynthetic assimilation of atmospheric
CO, in C, plants. Therefore, the activity and kinetic
properties of these enzymes are needed to accurately
parameterize biochemical models of leaf CO, exchange
in response to changes in CO, and temperature. To
address this issue, the temperature responses of
Rubisco carboxylation and oxygenation kinetics, PEPc
carboxylation kinetics, and CA hydration reaction from
the C, plant S. viridis (succession no., A-010) were an-
alyzed using a membrane inlet mass spectrometer.
These findings suggest that the C, Rubisco of S. viridis
has a similar temperature response to previously mea-
sured C; Rubisco, the K}, of PEPc increases with tem-
perature, and, although modeling shows that CA limits
HCOj availability to PEPc in S. viridis, it also supports
previous findings that large changes in CA activity
have minimal effect on net CO, assimilation. These re-
sults advance our understanding of the temperature
response of CO, assimilation in C, plants and help to
better parameterize the models of C, photosynthesis.
However, more work is needed, including leaf gas-
exchange and isotopic measurements, to determine
the importance and implications of CA limitation to C,
photosynthesis.

MATERIALS AND METHODS
Growth Conditions

Seeds of Setaria viridis (A-010) were planted in 7.5-L pots with LC-1 Sunshine
mix (Sun Gro Horticulture). Plants were grown in environmental growth
chambers (Enconair Ecological GC-16) with a temperature of 28°C/18°C
day /night, photoperiod of 16/8 h day /night, and light intensity of 1,000 wmol
quanta m 2 s™! at canopy level using 50% 400-W high-pressure sodium and
50% 400-W metal halide lighting. Relative humidity was not controlled and
varied from 30% to 85% during the life of the plants as measured by the growth
chamber. Plants were watered as needed and fertilized twice per week using
Peters 20-20-20 (J.R. Peters) and supplemented with Sprint 330 iron chelate
(BASF) as needed. Plants were grown for 6 weeks after germination and sam-
pled periodically between 3 and 6 weeks.

Sample Preparation

CA Extraction

Leaf discs were extracted on ice in a glass homogenizer in 1 mL of 50 mm
HEPES (pH 7.8), 1% (w/v) polyvinylpolypyrrolidone (PVPP), 1 mm EDTA,
10 muM dithiothreitol (DTT), 0.1% (v/v) Triton X-100, and 2% (v/v) protease
inhibitor cocktail (P9599; Sigma-Aldrich). Crude extracts were centrifuged at
4°C for 1 min at 17,000g, and the supernatant was collected for immediate use in
the CA assay.

PEPc Extraction

The midveins of youngest fully expanded leaves were removed, and the
remaining tissue was cut into small pieces prior to grinding to a fine powder in
liquid nitrogen using mortar and pestle. The frozen powder was transferred to an
ice-cooled mortar containing extraction buffer and ground on ice using a pestle
until fully homogenized. Approximately 2 g of leaf tissue was ground in 4 mL of
100 mm HEPES (pH 7.8), 10 mm DTT, 25 mm MgCl,, 1 mm EDTA, 10 mm
NaHCO,, 1% (w/v) PVPP, 0.5% (v/v) Triton, 33 uL of protease inhibitor
cocktail (Sigma-Aldrich) was used for every gram of leaf tissue used, and sand.
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The extract was spun at 17,000¢ for 10 min at 4°C. The supernatant was col-
lected and desalted using an Econo Pac 10DG column (Bio-Rad), filtered
through a Millex GP 33-mm syringe-driven filter unit (Millipore), and then
centrifuged using Amicon Ultra Ultracel 30K centrifugal filters (Millipore) at
4°C for 1 h at 4,000 rpm (3,000g). The layer maintained above the filter unit was
collected, brought to 20% (v/v) glycerol, flash frozen in liquid nitrogen, and
stored at —80°C until measured. Three individual plants were used, with one
extraction per plant.

Rubisco Extraction

Rubisco extraction followed that of PEPc except that most Rubisco activity
was found to be in the green layer of the pellet and not the supernatant fol-
lowing the first centrifugation. The supernatant was discarded, and the upper
portion of the pellet was collected, avoiding sand and PVPP. The pellet was
resuspended in extraction buffer and spun again at 4°C, for 9 s, up to 17,000g to
remove large particulates. The supernatant was collected and run through
Econo Pac 10DG desalting columns (Bio-Rad), and the dark green fraction was
collected and centrifuged at 4°C, for 10 min, at 17,000g. Although no pellet
formed, a gradient in color, from light green at the top of the tube to dark green
at the bottom, was noted. Most Rubisco activity was found to be in the bottom
half of the sample. The upper light green portion of the sample was discarded to
concentrate Rubisco. The sample was brought to 20% (v/v) glycerol, flash
frozen in liquid nitrogen, and stored at —80°C until measured. After being
thawed for use, the extract was allowed to activate in 15 mm MgCl, and 15 mm
NaHCO, for 10 min at room temperature before being placed on ice for the
duration of the measurement. Measurements for a single oxygen level lasted
approximately 1 h, and a single aliquot was used per oxygen level. A new al-
iquot was thawed for each of the four oxygen levels.

Extraction for Spectrophotometry

Rubisco activity and PEPc activity at 25°C were measured on freshly col-
lected leaf discs homogenized on ice in 1 mL of 100 mm HEPES (pH 7.8), 1%
(w/v)PVPP, 1mmEDTA, 10 mm DTT, 0.1% (v/v) Triton, and 1% (v/v) protease
inhibitor cocktail using a glass homogenizer. The extract was then centrifuged
at 17,000g for 1 min at 4°C, and the supernatant was collected. The supernatant
was activated in 15 mm MgCl, and 15 mm NaHCO, for 10 min at room tem-
perature and placed on ice.

Membrane Inlet Mass Spectrometry

CA Measurements

CA activity was measured using a membrane inlet mass spectrometer to
measure the rates of '*0, exchange from labeled *C*0, to H,'°O with a total
carbon concentration of 1 mum (Silverman, 1982; Badger and Price, 1989; Hatch
and Burnell, 1990). The hydration rates were calculated from the enhancement
in the rate of ®O loss over the uncatalyzed rate with the nonenzymatic first-
order rate constant for the hydration of CO, calculated for the assay pH 8.03 at
25°C using the equation from Jenkins et al. (1989). The measured temperature
response was applied to the 25°C rate constant correcting for the change in
assay pH at each temperature (Supplemental Fig. S3). The CO, concentration
was calculated using the temperature-appropriate pKa assuming an ionic
strength of 0.1 M (Harned and Bonner, 1945), and the pCO, was calculated using
the temperature-appropriate Henry’s constant (Sander, 2015). The temperature
response was determined on three biological replicates separately extracted and
measured three times (technical replication) from frozen leaf tissue in 5°C in-
crements from 10°C to 40°C. Total leaf CA activity at 25°C was determined from
four biological replicates measured on fresh tissue.

PEPc and Rubisco Measurements

PEPc and Rubisco assays were conducted in a 600-uL temperature-
controlled cuvette linked to a mass spectrometer as described by Cousins
et al. (2010). CO, and oxygen calibrations were made daily at the measurement
temperature as described by Cousins et al. (2010), with the exception that no
oxygen-zero or membrane consumption was determined, because it was as-
sumed to be accounted for in the blank rate made immediately prior to mea-
surement of the enzymatic rate. To determine the oxygen concentration
dissolved in water during equilibrium with air, the temperature dependency of
the Henry’s constant for oxygen was taken into account given the measurement
temperature. Because calibrations account for the concentrations of CO, and
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total inorganic carbon, the concentration of HCOj; was calculated as the dif-
ference between total inorganic carbon and CO,.

Measurements of PEPc bicarbonate kinetics were similar to the method
presented by Cousins et al. (2010), except that only one oxygen level (ap-
proximately 80 um) was used with five HCO; concentrations ranging from
0to0 3,000 uM. The assay buffer contained 200 mm HEPES (pH 7.8; measured at
25°C), 20 mm MgCl,, 8 ug mL™! CA, 5 mm Glc-6-P, and 4 mm PEP. For all
measurement points, except the lowest HCO;, 30 s were sampled prior to the
initiation of the reaction as the blank rate; following a 30-s mixing period after
the injection of PEP to initiate the reaction, the next 30 s were sampled as the
enzymatic rate (Fig. 1). The blank rate was subtracted from the enzymatic
rate. For the lowest HCOj; concentration, the slope was found to change
rapidly over the course of 30 s; therefore, the slope was calculated every 5 s
during the 30-s interval. Three biological replicates were measured in 5°C
increments from 10°C to 40°C.

Measurements of Rubisco kinetics were made following the methods of
Cousins et al. (2010). Samples were measured at four oxygen concentrations
ranging from 40 to 1,600 um, and five CO, concentrations ranging from 10 to
200 uMm at each oxygen level, for a total of 20 data points per measurement.
Measurements were made in 5°C intervals from 10°C to 40°C, and four repli-
cates were measured per temperature. The assay buffer contained 200 mm
HEPES, 20 mm MgCl,, 0.1 mMm a-hydroxypyridinemethanesulfonic acid,
8 ug mL~! CA, and 0.6 mm RuBP. A total of 20 to 100 uL of extract was
added per measurement depending on the Rubisco concentration of the
extract. One measurement initiating the reaction with RuBP was made at
each oxygen concentration to test for any non-RuBP-dependent con-
sumption of CO, and oxygen. Non-RuBP-dependent consumption of CO,
and oxygen was considered negligible because it did not have a significant
effect on the final calculations of Rubisco kinetic parameters.

For PEPc measurements, % and HCOj concentration ([HCO;]) were fit to
the equation:

Vpmax[HCO; |

T HCo ke v

solving for V..., and Kp. For Rubisco measurements, v and v, were normalized
by dividing all measured values by their average to give uniform weight during
the fitting calculation. The normalized v, and v,, and corresponding CO, con-
centration ([CO,]) and oxygen concentration ([O,]), were fit simultaneously to
the following equations:

_ chax [COZ]
% = [CON] + Ke(1+ 03/Ko) @
0o = Vomax[O2] 3)

[02] + Ko(1 4+ COz/Kc)

solving for the parameters K- and K, This was repeated using the non-
transformed v, and v, values while holding K and K, constant and solving for
Vimax and V. The normalizing of data before solving for K. and K im-
proved the fits for v,. The K and K, data obtained this way match the methods
of plotting the apparent K. against oxygen concentration (von Caemmerer
et al., 1994). All model fits were performed in the software package Origin

8 (OriginLab) using the nonlinear curve-fit function NLfit.
Enzyme Quantification

Rubisco Quantification

Rubisco activity was determined by enzyme-coupled spectrophotometry,
monitoring the conversion rate of NAD (NADH) to NAD" at 340 nm (Evolution
300 UV-Vis; Thermo Fisher Scientific). The 1-mL assay contained 100 mm 4-(2-
hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS; pH 8 with NaOH),
20 mm MgCl,, 1 mm EDTA, 1 mm ATP, 5 mm creatine phosphate, 20 mm
NaHCO,, 0.2 mm NADH, 12.5 units mL ™' creatine phosphokinase, 250 units
mL™' CA, 22.5 units mL ™! 3-phosphoglyceric phosphokinase, 20 units mL ™"
glyceraldehyde 3-phosphate dehydrogenase, 56 units mL ™" triose-phosphate
isomerase, 20 units mL ™" glycerol-3-phosphate dehydrogenase, and 10 uL of
fresh leaf extract. The reaction was initiated with 0.5 mm RuBP. Rubisco content
was determined from the stoichiometric binding of radiolabeled [14C]carb0xy-
arabinitolbisphosphate (MCABP; Collatz et al., 1979; Walker et al., 2013). For
MCABP binding assays, the extract was incubated in 1 mm "“CABP for 45 min at
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room temperature and then passed through a chromatography column (737-
4731; Bio-Rad) packed with Sephadex G-50 fine beads (GE Healthcare Biosci-
ences). Rubisco content was determined from the Rubisco-bound fractions
using a scintillation counter and the specific activity of the *CABP (Collatz
et al., 1979; Walker et al., 2013).

The extract used to measure Rubisco kinetics was too viscous to move
through the columns used for "CABP site quantification. To normalize the
temperature response of V. and V.. from the membrane inlet mass spec-
trometry measurements, each extract was measured at 25°C for V.. using
enzyme-coupled spectrophotometry. The 25°C V. value was used to nor-
malize rates obtained from 10°C to 40°C using membrane inlet mass spec-
trometry. There was no significant difference between the 25°C values
measured on the spectrophotometer compared with the membrane inlet mass
spectrometer.

PEPc Quantification

A similar enzyme-coupled spectrophotometric assay as described above
for Rubisco was conducted for PEPc to determine the leaf-level V... The
1-mL assay contained 100 mm EPPS (pH 8 NaOH), 20 mm MgCl,, 1 mm EDTA,
5 mm Gle-6-P, 1 mm NaHCOj;, 0.2 mm NADH, 12 units of malate dehydro-
genase, and 10 uL of freshly collected leaf extract. The reaction was initiated
with 4 mm PEP.

Modeling the Temperature Response

The temperature responses of the kinetic parameters k; (for the first order rate

constant for the hydration of CO,), Kp, V0 Vomaxw Ko Ko, and S, were fit to
the following equation:
parameter = ky5 b (T ~ 29815/ (298.15RT,) )

where k,; is the value of the parameter at 25°C and R is the molar gas constant
(Badger and Collatz, 1977). The fit was calculated by taking the natural log of
the data plotted against (T —298.15)/ T using the linear function in Origin 8,
such that the intercept was equal to In(k,;) and the slope was equal to E,/
(298.15R). The temperature responses of kc, and V.., were modeled to include

the heat of deactivation (Hy) and entropy factor (AS) using the following
equation (Farquhar et al., 1980; Leuning, 1997):

L+ £(298.1548 — H)/(298.15R)
1 + ¢(TAS — Ha)/(TR)

(i —298.15)/(298.15R Ty,

parameter = ks e

This model fitting was performed using the nonlinear curve-fit function NLfit
in Origin 8.

Modeling the Supply of HCO; by CA

The model of Hatch and Burnell (1990) was used to calculate the CA-limited
model (Fig. 7). The rates of PEP carboxylation and HCO; concentration were
calculated by solving for the following equations:

Uh = pCOszA (6)

[HCO; |V

% = Ky + [HCO; | @

V4 =0n—7p (8)
04 k[HCO; ]

o k[COy @)

pCO, = Ky[CO) (10)

where v, is the rate of HCOj dehydration catalyzed by CA, k, is the uncatalyzed
rate constant for the reverse reaction, k; is the uncatalyzed rate constant for the
forward reaction, and Ky is the Henry’s law constant used to determine
the concentration of CO, for any given pCO, at the appropriate temperature.
The pCO, was held constant at 12 Pa. The uncatalyzed rates of the forward and
reverse reactions at 25°C and pH 7.2 were calculated using the following
equations from Jenkins et al. (1989):
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ke =622x10""/[H'] +3.8%x10 2 (11)

=2X107% +4.96 X 10*[H] (12)

where the temperature response of k; and k, measured by Sanyal and Maren
(1981) for pH 7.2 was applied.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Non-normalized temperature response of v,
and v,.

Supplemental Figure S2. Measurement of PEPc kinetics.

Supplemental Figure S3. Measurement of CA parameters.
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