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It has been a common practice to assay phosphoenolpyruvate carboxylase (PEPC) under high, nonphysiological concentra-
tions of Mg®* and bicarbonate. We have performed kinetic studies on the enzyme from maize (Zea mays) leaves at near
physiological levels of free Mg>" (0.4 mm) and bicarbonate (0.1 mm), and found that both the nonphosphorylated and
phosphorylated enzymes exhibited a high degree of cooperativity in the binding of phosphoenolpyruvate, a much lower
affinity for this substrate and for activators, and a greater affinity for malate than at high concentrations of these ions.
Inhibition of the phosphorylated enzyme by malate was overcome by glycine or alanine but not by glucose-6-phosphate,
either in the absence or presence of high concentrations of glycerol, a compatible solute. Alanine caused significant activation
at physiological concentrations, suggesting a pivotal role for this amino acid in regulating maize leaf PEPC activity. Our
results showed that the maximum enzyme activity attainable in vivo would be less than 50% of that attainable in vitro under
optimum conditions. Therefore, the high levels of PEPC protein in the cytosol of C, mesophyll cells might be an adaptation
for sustaining the steady-state rate of flux through the photosynthetic CO, assimilation pathway despite the limitations

imposed by the PEPC kinetic properties and the conditions of its environment.

In the leaves of C, plants, the initial reaction in the
assimilation pathway of atmospheric CO, is the es-
sentially irreversible carboxylation of phosphoenol-
pyruvate (PEP) by phosphoenolpyruvate carboxylase
(PEPC) (EC 4.1.1.31), which requires Mg“ for its
activity (Bandurski, 1955). As in the case of enzymes
catalyzing reactions involving ATP and ADP, the
substrate of the PEPC-catalyzed reaction is a complex
between Mg>* and substrate (Wedding et al., 1988;
Rodriguez-Sotres and Mufioz-Clares, 1990; Tovar-
Meéndez et al., 1998). This is surprising considering
that the stability constant of Mg-PEP (0.18 mwm)
(Wold and Ballou, 1957) is very low compared with
those of MgATP or MgADP (63 and 4 mwm, respec-
tively) (Dawson et al., 1986). Because the amount of
free Mg®" estimated to be in the plant cytosol is only
0.4 mmM, which is not believed to drastically change
under any plausible physiological condition (Yazaki
et al., 1988), the cytosolic Mg-PEP concentration is
about one-tenth of the PEP concentration. We have
recently proposed that the main features of the kinet-
ics of maize (Zea mays) leaf PEPC would lead to an
enzyme mostly inactive under the physiological con-
centrations of the substrate if the concentrations of
allosteric activators are low (Tovar-Méndez et al.,
1998).

! This work was supported by the Direccién General de Apoyo
al Personal Académico de Universidad Nacional Auténoma de
México (grant no. DGAPA-IN 211694). A.T.M. was the recipient of
a Direccion General de Apoyo al Personal Académico de Univer-
sidad Nacional Auténoma de México scholarship.

* Corresponding author; e-mail clares@servidor.unam.mx; fax
52-5-6225329.

The PEPC-catalyzed reaction had been regarded as
a non rate-controlling step of the CO, assimilation
pathway in leaves of maize plants, because the ex-
tractable PEPC activity was in great excess of that
needed for the observed flux of this photosynthetic
process (Avdeva and Andreeva, 1973; Usuda, 1984).
However, the importance of this step in the photo-
synthetic metabolism of C, plants is underscored by
the complex regulation of the activity of the C, PEPC
isoenzyme, which indicates an important role in the
control of the rate of CO, assimilation. At physiolog-
ical pH, C, PEPC is activated homotropically by its
substrate, Mg-PEP (Tovar-Méndez et al., 1998), and
heterotropically by phosphorylated sugars (Coombs
et al., 1973; Wong and Davies, 1973) and neutral
amino acids (Nishikido and Takanashi, 1973; Bandar-
ian et al., 1992), and is inhibited by dicarboxylic acids
(Huber and Edwards, 1975). The enzyme is also con-
trolled by phosphorylation on an N-terminal Ser res-
idue (Jiao and Chollet, 1988), which causes a decrease
in affinity for the dicarboxylic acids (Jiao and Chollet,
1988; Echevarria et al., 1994) and an increase in affin-
ity for PEP (Duff et al.,, 1995) or Mg-PEP (Tovar-
Meéndez et al., 1998). Recently, in a study of Amaran-
thus edulis mutants that have reduced amounts of
PEPC, control coefficients of 0.26 and 0.39 were de-
termined for the wild-type and mutant enzymes, re-
spectively, at high light and ambient CO, concentra-
tions (Dever et al., 1997), implying that the PEPC
protein is not in excess.

To understand the role of PEPC in varying the flux
through the CO, assimilation pathway of C, plants
under a wide range of conditions, one needs to un-
derstand the degree to which the enzyme is sensitive
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to changes in concentration of substrates and puta-
tive regulators in vivo. In some studies, care has been
taken to simulate in vivo conditions by assaying the
enzyme in the presence of the estimated cytosolic
concentrations of PEP and allosteric effectors (Don-
caster and Leegood, 1987; Echevarria et al., 1994; Gao
and Woo, 1996) or in the presence of high concentra-
tions of glycerol to simulate conditions of high pro-
tein concentration (Stamatakis et al., 1990). However,
these studies were carried out at high, nonphysi-
ological concentrations of Mg®" and, consequently,
substrate Mg-PEP. Moreover, the other substrate of
the PEPC reaction, bicarbonate ion, has also been
used at much higher concentrations than its esti-
mated concentration (77 uM) in the cytosol of meso-
phyll cells under air and normal illumination condi-
tions (Jenkins et al.,, 1989). Because regulation of
PEPC activity by metabolite effectors (Doncaster and
Leegood, 1987) or by post-translational modification
is mostly exerted at subsaturating concentrations of
substrate (Huber and Sugiyama, 1986; Echevarria et
al., 1994), the use of high substrate concentrations
would lead to erroneous estimates of in vivo PEPC
activity and confusion about the role and relevance
of its mechanisms of regulation.

In the present study, the kinetic features of maize
leaf PEPC were investigated at concentrations of free
Mg?* and bicarbonate close to those existing in vivo
in an attempt to understand how the enzyme re-
sponds to changes in the environment.

RESULTS

Effects of Mg®" on the Kinetics of Saturation of
PEPC by PEP

Figure 1 shows the saturation kinetics of nonphos-
phorylated PEPC by total PEP at 0.4 and 10 mw™ free
Mg?* and saturating bicarbonate (10 mm). The assays
were carried out at pH 7.3, which is the reported pH
of the cytosol of C, mesophyll cells (Rajagopalan et
al., 1993). As expected, since Mg-PEP is the reaction
substrate, the kinetics of saturation by total PEP at 0.4
mwum free Mg were clearly different from those at 10
mM, both in the absence and in the presence of effec-
tors. V.. values at 0.4 mm free Mg>* were very
similar to those at 10 mM under all conditions tested,
but the apparent S,5 for total PEP values were
around 4-fold higher at 0.4 than at 10 mwm free Mg**
(results not shown). There were important differ-
ences in the degree of cooperative binding of PEP by
the enzyme, as indicated by the Hill number, partic-
ularly in the presence of 5 mm malate, at which we
estimated a S, 5(total PEP) value of 13.4 mm and a n
value of 3.4 = 0.2 at the low Mg”>" concentration.
Even in the absence of malate, PEPC, which exhibited
a poor cooperativity at 10 mm free Mg®" (n = 1.4 =
0.1), became quite responsive to changes in total PEP
concentrations when assayed at 0.4 mwm free Mg”>*
(n = 21 %= 0.2). Qualitatively similar results were
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Figure 1. Kinetics of saturation of nonphosphorylated maize leaf
PEPC by total PEP at 10 mm bicarbonate and at 0.4 (O) or 10 mm (@)
free Mg?™ in the absence (A) and presence of 10 mm Glc6P (B), 10
mm Gly (C), or 5 mm malate (D). In the concentration range of total
PEP used in these experiments (0.028-22.4 mm), Mg-PEP concentra-
tions ranged from 0.0017 to 1.36 mm at 0.4 mm free Mg?* and from
0.0173 to 13.84 mm at 10 mm free Mg?*. Free PEP concentrations
(trianionic form) ranged from 0.0236 to 18.91 mm at 0.4 mm free
Mg?* and from 0.0096 to 7.69 mm at 10 mm free Mg?*. The points
are the experimental data. The lines are the result of the best fit of the
experimental data to Equation 9, 10, or 11 as appropriate. The
shaded area corresponds to the estimated physiological range of total
PEP concentration.

obtained with the phosphorylated form (results not
shown).

Given the kinetic properties of PEPC, the differ-
ences in initial velocity between the two Mg”" con-
centrations were important in the total PEP concen-
tration range of 0.1 to 3 mm (Fig. 1, shaded area),
especially in the presence of the inhibitor malate.
These two concentrations of PEP are believed to be
close to those existing in the cytosol of the mesophyll
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cells during the dark and light periods, respectively
(Leegood, 1985; Stitt and Heldt, 1985; Doncaster and
Leegood, 1987). It is clear that the potential in vivo
PEPC activity would be greatly overestimated if as-
says were carried out at Mg?* concentrations higher
than the physiological ones.

Effects of Free Mg”" on the Kinetics of Saturation of
PEPC by Effectors

The known effectors of PEPC, activators such as
Glc-6-phosphate (Glc6P) and Gly and inhibitors such
as malate, exert their action mainly at low concentra-
tions of substrate (Doncaster and Leegood, 1987).
Because of that, and since the true substrate of maize
leaf PEPC is the Mg-PEP complex, the evaluation of
their effects should be greatly dependent on the con-
centration of the metal ion used in the enzyme as-
says, and this was found to be the case. As can be
seen in Figure 2, the enzyme activities measured in
the presence of Glc6P (Fig. 2, A and C) or Gly (Fig. 2,
B and D) were much lower at physiological than at
high free Mg”" concentrations; this was especially
true at 0.1 mm total PEP (Fig. 2, A and B), at which
concentration they were very low even at saturating
concentrations of any of the activators. However,
when both activators were present, the activities of
the enzyme measured at 0.4 mm free Mg>" were
slightly higher than those at 10 mm free Mg”" in the
absence of activators. Concentrations of Glc6P higher
than 15 to 20 mM resulted in inhibition of the enzyme
(results not shown), as previously reported (Mdjica-
Jiménez et al., 1998). No inhibition by Gly was ob-
served even at very high concentrations.

Kinetics of Maize Leaf Phosphoenolpyruvate Carboxylase

The concentration of the metal ion in the assay
medium also affected the A, 5 values, which measure
the apparent affinity of the activators for the enzyme,
and the degree of cooperativity in their binding, as
assessed by the Hill number. The affinity of the en-
zyme for Gly was much lower than for Glc6P at 0.1
mw total PEP, but was very similar for both activa-
tors at 3 mMm PEP. Thus, the ratio between the A 5 for
Glc6P values determined at 0.1 and 3 mm total PEP
was 2.5, whereas the same ratio in the case of Gly was
almost 13. Because of the reciprocity in the hetero-
tropic effects, in the range of total PEP concentrations
from 0.1 to 3 mM, Gly causes greater increases in the
binding of this substrate to the enzyme than Glc6P
when both activators are at equimolar concentra-
tions. This was observed in the experiments shown in
Figure 1, B and C. At 3 mm PEP, saturation of the
enzyme with Gly was non-cooperative, whereas that
of Glc6P was still cooperative. In addition, the activ-
ity measured at saturating Glc6P was much lower
than that at saturating Gly. Again, similar results
were found with the phosphorylated form of the
enzyme (results not shown).

The kinetics of saturation by malate were also
greatly affected by the concentration of free Mg>*
(Fig. 3). The I5, was about 3- to 5-fold lower at low
compared with high free Mg”>", depending on the
concentration of total PEP. Under our experimental
conditions, the binding of malate to the enzyme was
noncoogerative, except at 3 mM total PEP and 10 mm
free Mg * when the best fit of the data was achieved
using Equation 1 (yielding a Hill number of 1.6 =
0.1). This is an indication that the enzyme may exist
in at least two states in equilibrium, one of which

30
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Figure 2. Kinetics of saturation of nonphospho-
rylated maize leaf PEPC by Glc6P (A and C) in
the absence (@, W) and presence ((J) of 50 mm
Gly and by Gly (B and D) in the absence (H, ®)
and presence ((J) of 10 mm Glc6P. The concen-
trations of free Mg?™* in the assays were 0.4 mm
(M, [J) or 10 mm (@), and total PEP was 0.1 mm
(A and B) or 3 mm (C and D). The points are the
experimental data. The lines are the result of the
best fit of the experimental data to Equation 12
or 13 as appropriate. Within parentheses are

given the A, 5 values estimated for each data set.
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Figure 3. Kinetics of saturation of nonphosphorylated maize leaf
PEPC by malate at 0.4 mm (@, l) or 10 mm (O, [J) free Mg?* and 0.1
mm (A) or 3 mm (B) total PEP. The inset shows the saturation by
malate at 0.4 mm free Mg?™ and 0.1 mm total PEP in a small scale.
The points are the experimental data. The lines are the result of the
best fit of the experimental data to Equation 14 or 15 as appropriate.
In Table Il are given the corresponding concentrations of free PEP
and Mg-PEP. Within parentheses are given the I, 5 values estimated
for each data set.

would be stabilized by the substrate and the other by
malate. The high concentration of substrate in the
latter experiment would displace the equilibrium to-
ward the enzyme form not able to bind malate.
These results show that the effects of the activators
are overestimated and the effects of the inhibitor
underestimated if a high, nonphysiological concen-
tration of the metal ion is used in the assays.

Effects of Activators on the Inhibition by Malate at
0.4 mm Free Mg>*

It has been reported that GlcoP effectively over-
comes the inhibition by malate (Huber and Edwards,
1975; Echevarria et al., 1994). On the other hand, Gly
has been found to be more effective than Glc6P in this
respect (Gao and Woo, 1996). Because these studies
were carried out at high concentrations of Mg”, we
were interested in examining the effects of Glc6P and
Gly, alone and in combination, on the I5, for malate
of the nonphosphorylated and phosphorylated PEPC
forms at 0.4 mm free Mg>". Table I shows the results
of these experiments carried out at the same two
fixed concentration of total PEP as above: 0.1 and 3
mwM. Under all the conditions tested, Gly was much
more effective in preventing inhibition by malate
than was Glc6P, confirming the report of Gao and
Woo (1996). The effects of 10 mm Gly were especially
significant at 3 mm PEP, where the activator in-
creased the I5, for malate more than 10-fold in both
enzyme forms. At the same PEP concentration, 10
mM Glc6P caused only a 2- to 3-fold increase. When
both activators were present, the I5, value was in-
creased with respect to the value in the absence of
activators 17- and 23-fold in the nonphosphorylated
and phosphorylated forms, respectively. Interest-
ingly, the ratios of the I5, values of the phosphory-
lated form to the I5, values of the nonphosphorylated
form are 2- to 3-fold lower at low compared with
high PEP concentration. Thus, the partial desensiti-
zation of the enzyme to the inhibitor malate caused
by phosphorylation is increased by high PEP concen-
trations and by the presence of activators (i.e. under
the conditions presumably prevailing during the
light period of the day).

Table 1. Effect of activators on the |, ; for malate of the nonphosphorylated and phosphorylated
forms of maize leaf PEPC at pH 7.3, 0.4 mm free Mg®*, and 10 mm bicarbonate

Values = sp are given in mm and were estimated by the best fit to Equation 6. Glc6P and Gly were

given at 10 mm concentrations.

Enzyme Form Total PEP Control GlcoP Gly GlcoP + Gly

mm
Nonphosphorylated PEPC 0.1 0.177 =0.01 0.23 £0.04 047 =0.05 1.74 +0.08
3.0 0.34=0.04 0.77£0.04 478 *0.23 5.82*0.24
Phosphorylated PEPC 0.1 0.37 =0.02 049 *0.03 0.67 £0.04 3.61 *0.03
3.0 1.53 £0.16 538 *0.16 17.1 £0.6 349 2.0
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15 Figure 4. Kinetics of saturation of nonphospho-
rylated (M) and phosphorylated ((J) maize leaf
PEPC by PEP (A), Gly (B), Glc6P (C), and malate
10 (D) at 0.4 mm free Mg?™ and 0.1 mm bicarbonate.
=) In B to D, the total PEP concentration was 3 mm.
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Kinetics of Saturation of PEPC by PEP, Glc6P, Gly, or
Malate at 0.4 mm Free Mg®* and 0.1 mm Bicarbonate

The concentration of bicarbonate in the cytosol of
maize mesophyll cells has been estimated to be as
low as 77 uM (Jenkins et al., 1989). This concentration
is much lower than those commonly used in the
assays of PEPC, which were 1 mm (Echevarria et al.,
1994; Duff et al., 1995; Gao and Woo, 1996; Ogawa et
al.,, 1997), or 10 mM (Uedan and Sugiyama, 1976;
Doncaster and Leegood, 1987; McNaughton et al.,
1989; Gillinta and Grover, 1995; Dong et al., 1997;
Tovar-Méndez et al., 1998), concentrations that are at
least 10- to 100-fold the K,,, for bicarbonate of the C,
PEPC (Uedan and Sugiyama, 1976; Bauwe, 1986; Janc
et al., 1992; Dong et al., 1997). To see whether our
conclusions might be affected qualitatively and/or
quantitatively by low bicarbonate concentrations, we
studied the kinetics of saturation of the nonphosphor-
ylated and phosphorylated forms of PEPC by total
PEP or by Glc6P, Gly, or malate at 0.4 mm free Mg*"
and 0.1 mm bicarbonate. Although we are aware that
this concentration is still higher than the physiologi-
cal one, we chose it to simplify the experiments. No
exogenous bicarbonate had to be added to the cu-
vette, thus avoiding possible errors in estimating its
concentration, and no further precautions, such as
extensive degassing and isolation of the samples
from air, were required. The results are shown in
Figure 4, and the apparent kinetic parameters ob-
tained by the best nonlinear fit of the experimental
initial velocity data to the appropriate equations are
given in Table II. Assaying the enzyme at low con-
centrations of bicarbonate resulted in increases in the

Plant Physiol. Vol. 123, 2000

estimated values of the S, 5 for total PEP and the A, 5
for Gly and Glc6P, and decreases in the I5, for malate
values with respect to those found at a high, saturat-
ing bicarbonate concentration. These findings are in
agreement with previous reports (Ogawa et al., 1997;
Parvathi et al., 1998). Interestingly, the Hill numbers
were not affected by lowering the concentration of
bicarbonate 100-fold.

As can be seen in Figure 4, the activity of the
phosphorylated form was higher than that of the

Table Il. Apparent kinetic parameters® of the nonphosphorylated
and phosphorylated forms of maize leaf PEPC at pH 7.3, 0.4 mm
free Mg?*, and 0.1 mm bicarbonate

Values *+ sp were estimated by the best fit to Equations 2, 5, and
6 for saturation by total PEP, by Glc6P or Gly, and by malate,
respectively.

Parameter Nonphosphorylated ~ Phosphorylated

Saturation by total PEP

V.ax (units mg™" protein) 13.4 + 0.3 11.0 £ 0.5

So.5 (MM) 12.3 £ 0.3 9.1 0.6

n 2.1 x0.1 2.0*x0.2
Saturation by Glc6P?

Vamax (Units mg™" protein) 5.5+0.2 5.8 0.1

Ags (M) 3.9+03 2.0 = 0.1

n 1.7 = 0.1 1.6 = 0.1
Saturation by Gly?

Vamax (Units mg™" protein) 16.1 = 0.5 11.5*=0.2

Ags (mm) 14.5 * 1.6 3.1+03

n 1.0 = 0.1 09 £ 0.1
Saturation by malate®

Iso (MM) 0.27 £ 0.01 0.72 £ 0.01

? The apparent kinetic parameters were determined at 3 mm

total PEP.
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Figure 5. Kinetics of saturation of phosphorylated maize leaf PEPC
by GlceP (W), Ala ((J), or Gly (@) and by Gly in the presence of 10
mm Glc6P (O). A was in the absence and B was in the presence of
20% (v/v) glycerol. The insets show the saturation by Glc6P in a
small scale. Assays were carried out in the presence of 20 mm malate
at 3 mm total PEP, 0.1 mm bicarbonate, and 0.4 mm free Mg?*. The
points are the experimental data. The lines are the result of the best
fit of the experimental data to Equation 12 or 13 as appropriate.

nonphosphorylated form at subsaturating concentra-
tions of total PEP, but slightly lower at saturating and
near-saturating concentrations of the substrate. The
increase in the affinity of the enzyme for the substrate
Mg-PEP, which was brought about by phosphoryla-
tion and observed at high, saturating concentrations
of bicarbonate, was therefore also observed at sub-
saturating concentrations. The different effects of
Glc6P and Gly on enzyme activity were also ob-
served at low bicarbonate concentrations. Thus, at 3
mM total PEP, the binding of Glc6P was still cooper-
ative, whereas that of Gly was not. The highest ac-
tivity measured at saturating concentrations of the
activators was indicative of saturation of the enzyme
by this substrate concentration in the presence of Gly
but not in the presence of Glc6P.

When 20 mM malate was added to the assay me-
dium to simulate near physiological conditions, the
kinetic differences between Glc6P and Gly were ac-
centuated. Figure 5A shows the kinetics of saturation
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of activity catalyzed by phosphorylated PEPC by the
addition of Glc6P or Gly at 3 mm total PEP, 0.4 mm
free Mg®", and 0.1 mm bicarbonate in presence of 20
mM malate. The effects on PEPC activity of Ala, the
most abundant neutral amino acid in mesophyll cells
(Weiner and Heldt, 1992), was also studied. Saturat-
ing the enzyme with Glc6P caused a rise of only
about 3-fold in the velocity, which was still well
below that measured at the same substrate concen-
tration but in the absence of malate and Glc6P. Sat-
urating the enzyme with Gly or Ala caused a 150-fold
increase, yielding the same enzyme activity observed
in the absence of malate and in the presence of sat-
urating concentrations of the neutral amino acids. As
a consequence, the maximum activity obtained under
the conditions of this assay at saturating Glc6P was
only about 2% of the maximum activity measured at
saturating Gly or Ala. Moreover, the estimated A5
for Glc6P was only 1.4-fold higher than that deter-
mined in the absence of malate and otherwise iden-
tical conditions, whereas the estimated A5 for Gly
was increased 13-fold.

These findings suggest that malate effectively pre-
vents the binding of Gly, and vice versa. Both ligands
are mutually exclusive. In contrast, Glc6P and malate
appear to bind simultaneously to the enzyme, even
though both are mutually competitive to a small
degree. The resulting enzyme-malate-Glc6P complex
seems not to bind the substrate (i.e. it behaves as an
inhibited enzyme form). As shown in Figure 5B,
qualitatively similar results were obtained when the
experiment was performed in the presence of 20%
(v/v) glycerol to simulate the low water activity level
likely existing in vivo. Saturating concentrations of
Gly or Ala completely overcome malate inhibition,
whereas saturating Glc6P concentrations only caused
small increases in the enzyme activity determined in
its absence. Moreover, PEPC inhibition occurred
when Glc6P was increased above 15 or 20 m in the
absence or presence of glycerol, respectively (not
shown). Although the enzyme activity in the absence
of activators was notably higher in the presence than
in the absence of glycerol, indicating that glycerol
opposed malate inhibition in some degree, it is inter-
esting that the maximum activity reached at saturat-
ing concentrations of neutral amino acids in the ab-
sence of glycerol was very similar to that in its
presence.

Whatever the mechanism of interaction between
the two kinds of activators and malate, it is clear from
our results that Glc6P by itself is a very inefficient
activator of PEPC if malate is present. Thus, the
neutral amino acids, particularly Ala, would be much
better activators of the enzyme than Glc6P under the
conditions prevailing during the day.

As a summary of the results described above, Fig-
ure 6 shows the combined effects of phosphorylation,
activators, and PEP concentration on the activity of
the phosphorylated and nonphosphorylated forms of
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20 Figure 6. Effects of activators on the specific
1A . B 1) activity of nonphosphorylated (black bars) and
-W = —M phosphorylated (gray bars) maize leaf PEPC in
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the enzyme at concentrations of free Mg“ and bicar- fully consistent with the kinetic model we have re-

bonate close to the physiological ones and in the
absence and presence of 20 mm malate. At the lowest
PEP concentration, the activities of both enzyme
forms were negligible unless high concentrations of
both activators were present, particularly in the pres-
ence of malate. It can be seen that 10 mm Gly pro-
duced higher increases in PEPC activity than 10 mm
Glc6P. It is interesting that the nonphosphorylated
enzyme may exhibit appreciable activity at low con-
centrations of total PEP if the concentration of malate
is low and both activators are present. The activities
of the phosphorylated form were always higher than
those of the nonphosphorylated form, but the differ-
ences between the forms were small in the absence of
malate. The advantages of phosphorylation were
clearly seen in the presence of the inhibitor. How-
ever, phosphorylation by itself without concomitant
increases in total PEP was not able to cause a signif-
icant increase in enzyme activity. Thus, at 0.1 mm
total PEP and 20 mm malate, the activity of the phos-
phorylated enzyme when both Glc6P and Gly (10 mm
each) were present was only 2.7% of the maximum
activity at saturating Mg-PEP and bicarbonate. With-
out phosphorylation, PEPC activity was equally low
at 2.2% of the maximum activity, even at high PEP
and activator concentrations (Fig. 6).

DISCUSSION

Effect of Mg>* and PEP in the Response of the
Enzyme to Its Allosteric Effectors

The kinetics of PEPC at 0.4 mwm free Mg?* are quite
different from the kinetics at high free Mg>* (Figs.
1-3). The experimental data shown in Figure 1A are
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cently proposed for maize leaf PEPC (Tovar-Méndez
et al., 1998), and they give a very good fit to this
model when free PEP or Mg-PEP are considered as
the variable substrate, yielding identical V., and
So5 for Mg-PEP values regardless of the metal ion
concentration (results not shown). Thus, the results
in this paper support the role of Mg”" ions in the
kinetics of the enzyme as part of the Mg-PEP com-
plex.

As part of the substrate, Mg®" indirectly affects the
binding of the allosteric ligands to the enzyme. The
same reasoning apphes to PEP. We attempted to
determine whether, in addition, free Mg?* or free
PEP could directly modulate the response of the en-
zyme to its effectors by comparmg the results ob-
tained at 10 mu free Mg®" with those obtained at 0.4
mM free Mg”*

For nonessential activators, the relationship be-
tween the A5 value and the normalized substrate
concentration ([S]/K,) is

Aps = a K, (1 + [S]/K)/(a + [SI/K) (1)

where « is the interaction factor that describes the
influence that the binding of the substrate has on the
binding of the activator and vice versa, and K, is the
activation constant (i.e. the dissociation constant of
the activator from the complex enzyme-activator).
When there is cooperative binding of the substrate
and activator, Equation 1 becomes:
Ao.sh =« Kah {1 + ([S1/Sps)"t/{a + ([S]/S0s)"t  (2)
When bicarbonate is saturating, the reaction cata-
lyzed by PEPC may be considered a single substrate
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reaction in which the normalized substrate concen-
tration ([S]/Sy5) is related to the initial velocity (v,)
by Equation 3, which was derived from the Hill
equation (Eq. 10):

Oo/ (Vimax = o) = ([51/505)" ®)

Thus, combining Equations 2 and 3, it is possible to
relate the A, 5 value with the degree of saturation of
the enzyme by the substrate, as indicated by the ratio
of the initial velocity in the absence of inhibitor to the

corresponding maximum velocity (v,/V nay)

AO.5h = Kah/{l + vo/vmax (1/0{ - 1)} (4)

Assuming that Glc6P and Gly behave as nonessential
activators able to bind to the free enzyme and to the
enzyme-substrate complex, and taking into account
the degree of saturation of the enzyme by Mg-PEP
(measured as v,/ V. under each condition) and the
Ay 5 obtained at the two concentrations of free Mg>™,
it is thus possible to estimate theoretical values for K,
for a given value of «a using Equation 4.

Similarly, the I5, value for a competitive inhibitor is
an apparent kinetic parameter related to the dissoci-
ation constant of the inhibitor-enzyme complex (Kj)
and to the normalized concentration of the substrate
by the following expression (Segel, 1975):

Iy = K (1 + [S]/K)) )

or when there is cooperative binding of the substrate
and inhibitor:

Is" = K1 + ([S]/S0s)" (6)
Combining Equations 3 and 6, we obtain:
ISOh = Kih/(l - Uo/Vmax) (7)

Thus, assuming that malate behaves as a competi-
tive inhibitor with respect to Mg-PEP, we can esti-
mate theoretical K; values using Equation 7 and the
experimentally determined I5, values. Therefore, for
a given Mg-PEP concentration, the K, and K; values
estimated by Equations 4 and 7, respectively, should
be independent of the concentration of Mg>* and
PEP if these ligands affect the binding of the alloste-
ric effectors only through the formation of the
enzyme/Mg-PEP complex. This was found for
malate and Glc6P within experimental error, but for
Gly we found important differences between the the-
oretical K, values estimated at low and high free
Mg?* and also between those estimated at low and
high total PEP for any given value of a (not shown).
Therefore, the binding of Gly appears not only to be
dependent on the steady-state level of the enzyme/
Mg-PEP complex, but also on the level of the en-
zyme/Mg or enzyme/PEP complex. This conclusion
is consistent with our previous finding that Gly
greatly increases the binding of free Mg®" and free
PEP to the active site of the enzyme (Tovar-Méndez
et al., 1998), and might explain why the A, 5 for Gly
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changed to a much greater extent than the A, 5 for
Glc6P when Mg or PEP were varied in a given con-
centration range (Fig 2). Although Gly promotes the
binding of free Mg " to the active site more than that
of free PEP, we have also shown that free PEP acti-
vates the enzyme by binding to the Glc6P allosteric
site (Tovar-Méndez et al., 1998). In fact, Gly increases
the affinity of the allosteric site for free PEP. There-
fore, it is expected that the free PEP bound to the
allosteric site would have a positive effect on the
binding of Gly, as has been found for phosphomycin,
another ligand of this allosteric site (Mtjica-Jiménez
et al., 1998).

Effect of Bicarbonate in the Response of the Enzyme to
PEP and the Allosteric Effectors

We observed a decrease in V., and an increase in
S5 for total PEP when the concentration of bicarbon-
ate was reduced from 10 to 0.1 mm at 0.4 mwMm free
Mg?*. Kinetic studies of maize leaf PEPC carried out
at pH 7.8 indicated that the addition of PEP and
bicarbonate to PEPC is random, but the reaction
pathway in which bicarbonate adds after PEP is pre-
ferred (Janc et al., 1992). In such a mechanism, V.,
is a function of the concentration of bicarbonate (Se-
gel, 1975):

appVmax = Vmax [bicarbonate]/

{K.,(bicarbonate) + [bicarbonate]} (8)

Therefore, the 2-fold decrease observed in the V.
value when the concentration of bicarbonate was
lowered is accounted for by the kinetic mechanism
assuming that the K (bicarbonate) at pH 7.3 is 0.1
mM (Dong et al., 1997). The decrease in the apparent
affinity of the enzyme for total PEP could also be
explained by the kinetic mechanism if the value of
the dissociation constant of Mg-PEP from the free
enzyme is higher than the value of its dissociation
constant from the enzyme/Mg-PEP/bicarbonate
complex in a random mechanism, or if the value of
the dissociation constant of Mg-PEP from the free
enzyme (K;,) is higher than K, ,(Mg-PEP) in a steady-
state ordered mechanism (Segel, 1975). However, in a
previous study, Janc et al. (1992) found that Kj, is
considerably lower than K_,(PEP). These discrepan-
cies may arise because total PEP and total Mg*>* was
used in those experiments and the data were ana-
lyzed assuming that PEPC has three substrates,
Mg>", PEP, and bicarbonate.

Assuming that the allosteric transition takes place
upon formation of the enzyme /Mg-PEP complex, the
observed effects that decreasing the concentration of
bicarbonate had on the affinity of the enzyme for its
allosteric regulators could be explained if the steady-
state levels of the enzyme/Mg-PEP complex were
lower at low compared with high bicarbonate con-
centrations. This would imply some degree of syner-
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gism in the binding of both substrates, which is con-
sistent with the observed effects of bicarbonate on the
apparent affinity for total PEP at a fixed free Mg>"
concentration. The finding that changing the concen-
tration of bicarbonate 100-fold did not affect the de-
gree of cooperativity observed in the kinetics of sat-
uration by total PEP rules out a cooperative binding
of bicarbonate under our experimental conditions,
which is in agreement with previous results (Uedan
and Sugiyama, 1976; Bauwe, 1986; Janc et al., 1992;
Dong et al., 1997). However, Parvathi et al. (1998)
observed cooperativity in the binding of bicarbonate
to the enzyme and postulated a bicarbonate-induced
conformational change to explain the effects of this
ion on the sensitivity of the enzyme to its allosteric
effectors.

Possible Physiological Role of Allosteric Regulation

Despite the low intracellular concentration of free
Mg, all potential activity of the enzyme could be
realized if the levels of total PEP were high enough to
produce saturating concentrations of Mg-PEP. How-
ever, considering that the S, s(total PEP) under near
physiological conditions is at least 10 mm, the levels
of total PEP required for saturation of the enzyme
would probably not be attainable in vivo. By increas-
ing the affinity of the enzyme for Mg-PEP, any of the
allosteric activators would allow saturation at much
lower total PEP concentrations, particularly if the in
vivo water activity resembles that in the presence of
20% (v/v) glycerol. Because we assayed a tetrameric
PEPC, the observed effects of the allosteric activators
or glycerol on PEPC activity are due to activator- or
glycerol-induced conformational changes that did
not involve changes in the aggregation state of the
enzyme, which is in agreement with the finding of
homotropic and heterotropic effects with the tet-
rameric form of maize leaf PEPC (Tovar-Méndez et
al., 1995; Mdjica-Jiménez et al., 1998). With respect to
glycerol, it is known that co-solutes that alter water
activity can affect the affinities of some proteins for
their ligands without affecting their state of aggrega-
tion (Colombo et al., 1992; Rand et al., 1993).

The two allosteric sites are by no means redundant.
Aside from connecting the CO, assimilation pathway
with the metabolic pathways of phosphorylated sug-
ars and neutral amino acids, the ligand-bound allo-
steric sites affect the binding of the substrate Mg-PEP
and inhibitor malate in quite different ways. These
kinetic differences acquire special relevance under
conditions close to those prevailing under illumina-
tion (Fig. 5), when the degree of activation of the
enzyme brought about by GIc6P is much lower than
that brought about by neutral amino acids. It is im-
portant to point out that the magnitude of the effects
of both kind of activators on malate inhibition cannot
be fully appreciated by measuring increases in I, for
malate caused by a fixed concentration of a given
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activator (Echevarria et al., 1994; Gao and Woo,
1996). To evaluate the full potential of the activators
in the presence of the inhibitor, it is necessary to
determine the maximum enzyme activity achieved at
the saturating concentration of the activator and at
the fixed physiological concentration of the inhibitor.

Among the phosphorylated sugars that bind to the
allosteric Glc6P site, Glc6P is the strongest activator
(Doncaster and Leegood, 1987; Bandarian et al., 1992;
Mtjica-Jiménez et al., 1998; A. Tovar-Méndez and
R.A. Mufioz-Clares, unpublished results). Because of
this, it is expected that saturation of the site by an-
other phosphorylated sugar will not result in higher
PEPC activity than that determined at saturating
Glc6P. The Glc6P site could be important during the
night or at the onset of illumination before the
buildup of malate during the first hour after illumi-
nation (Rodriguez-Sotres et al., 1987). Once the levels
of malate are high, saturation of the Glc6P site would
give only a marginal advantage. It is interesting that
increasing the concentrations of Glc6P above 20 mm
did not result in further increases in PEPC activity. In
fact, inhibition results. However, it is not likely that
inhibition would occur in vivo, because concentra-
tions of triose-P and Glc6P estimated to exist under
conditions of illumination do not exceed this level
(Stitt and Heldt, 1985).

Our results indicate that the allosteric site for neu-
tral amino acids is crucial for achieving appreciable
levels of PEPC activity under near-physiological con-
ditions. Unlike phosphorylated sugars, the neutral
amino acids do not inhibit PEPC at high concentra-
tions. Therefore, they will produce further increases
in activity even if their levels are increased above 100
mM. Under conditions of illumination and ambient
CO,, the concentration in mesophyll cytosol of two
ligands of this site, Gly and Ser, are low (about 2 mm;
Weiner and Heldt, 1992), but the concentrations of
Ala are sufficiently high (30 to 40 mm; Leegood, 1985;
Weiner and Heldt, 1992) to increase PEPC activity
significantly, even in the presence of high concentra-
tions of malate (Fig. 5). Thus, Ala may be the princi-
pal ligand of this allosteric site under normal condi-
tions. However, PEPC activation by Gly may be
important at low CO,, when the concentration of Gly
reaches levels similar to those of Ala at high CO,, but
the Ala concentration decreases dramatically (Lee-
good and von Caemmerer, 1994). In this way, Gly
may help to increase the flux through the C, pathway
under photorespiratory conditions.

We estimated that the limiting PEPC activity at-
tainable in vivo if saturation by Mg-PEP takes place
would be less than 50% of the maximum activity
attainable in vitro under optimum conditions of bi-
carbonate concentration. Laisk and Edwards (1997),
on the basis of very different experiments, proposed
that the activity of C, PEPC during steady-state con-
ditions of photosynthesis is 25% of the maximum
enzyme capacity. The high level of PEPC protein in
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the cytosol of C, mesophyll cells (Uedan and Sug-
iyama, 1976, Hague and Sims, 1980) might be an
adaptation for sustaining the steady-state rate of flux
through the photosynthetic CO, assimilation pathway
despite the limitations imposed by the PEPC kinetic
properties and the conditions of its environment.

MATERIALS AND METHODS
Chemicals and Biochemicals

PEP (monocyclohexylammonium salt), NADH (diso-
dium salt), Glc6P, malate, Gly, Ala, porcine heart malic
dehydrogenase, and 4-(2-hydroxyethyl)-1-piperazineeth-
anesulfonic acid (HEPES) were purchased from Sigma
Chemical (St. Louis). EDTA (disodium salt) was from Merck
KGaA (Darmstadt, Germany). All other chemicals of analyt-
ical grade were from standard suppliers.

Enzyme Purification and Assay

The purification procedure of the nontruncated and non-
phosphorylated, night form of PEPC from maize (Zea mays
L. cv Chalquernio) leaves, and the storage conditions of the
pure enzyme were as described elsewhere (Tovar-Méndez
et al., 1997). PEPC activity was measured spectrophoto-
metrically with a coupled enzyme assay using malate de-
hydrogenase, and following the oxidation of NADH at 340
nm with a spectrophotometer (DU-7500, Beckman Instru-
ments, Fullerton, CA) equipped with a kinetics software
package (Tovar-Méndez et al., 1998). The specific activity
of the enzyme preparation used, determined in a standard
assay in the presence of 5 mm total PEP and 10 mm total
Mg®" at pH 7.3 and 30°C, was 33 pumol min ' mg '
protein. The enzyme preparation was fully phosphorylated
in vitro by the method described by Duff et al. (1995). The
phosphorylation status of PEPC was assessed as described
in Tovar-Méndez et al. (1998).

Kinetic Studies

Steady-state initial velocity studies were performed at
30°C in a final volume of 0.5 mL of 100 mm HEPES-KOH
buffer (pH 7.3), 1 mm EDTA, 0.2 mMm NADH, and 8 units
mL ™! malate dehydrogenase, with the concentrations of
NaHCO;, total PEP, free Mg2+, malate, Glc6P, Gly, Ala, or
glycerol stated in each experiment. The amounts of total
Mg>* (as MgCl,) and PEP used to give the desired concen-
trations of the free species were calculated using the pro-
cedure and dissociation constants of the Mg-PEP, Mg-
Glc6P, and Mg-Gly complexes described by Tovar-Méndez
et al. (1998). The dissociation constants used for Mg-malate
and Mg-Ala were 28.2 and 10 mM, respectively (Dawson et
al., 1986). No exogenous bicarbonate was added to the
assays, in which the concentration of bicarbonate was 0.1
mM. Theoretical calculations (Segel, 1976) assuming a par-
tial pressure of CO, of 300 ubar gave a concentration of
bicarbonate of 107 uM in aqueous solutions at pH 7.3 in
equilibrium with air. We confirmed this theoretical value
by end point determinations following a modification of
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the method described by Bauwe (1986). We determined the
amount of NADH produced in an coupled assay at 30°C
using pure maize leaf PEPC and saturating concentrations
of PEP and Mg*>* without adding exogenous bicarbonate.

Assays were initiated by the addition of 10 to 15 pg of
PEPC to cuvettes with 10 mm bicarbonate and 50 to 100 ug
to cuvettes with 0.1 mm bicarbonate. The progress of the
reaction was followed during the first 30 s. To avoid cold
inactivation (Kleczkowski and Edwards, 1990), the enzyme
was kept at room temperature throughout the experiments,
which were started at least 3 h after thawing the frozen
enzyme preparation. We used an enzyme preparation in
which PEPC is tetrameric, as assessed by exclusion chro-
matography and as indicated by the lack of hysteresis in
assays in which the reaction was allowed to proceed for
several minutes. PEPC cannot significantly dissociate dur-
ing the assay procedure in any of the conditions tested,
given that the half-time for dissociation in the incubation
mixture in the absence of substrates is very long (30 min in
the presence of 20 mM malate and 190 min in its absence)
(A. Tovar-Méndez and R.A. Muinoz-Clares, unpublished
results). Each point shown in the figures is the average of
duplicate determinations. Initial velocities are expressed in
wmoles of product formed per minute. We display the
results of the kinetics of saturation of the enzyme by its
substrate PEP by considering total PEP as the variable
substrate instead of free PEP or Mg-PEP to facilitate the
evaluation of the effects of the different conditions tested in
the physiological range of concentration of this metabolite.

Data Analysis

PEPC kinetic data were analyzed by nonlinear regres-
sion calculations using a commercial computing program
formulated with the algorithm of Marquardt (1963). Kinetic
data, which were dependent upon varied concentration of
substrate, were fitted to the Michaelis-Menten equation
(Eq. 9) for hyperbolic kinetics, to the Hill equation (Eq. 10)
for sigmoidal kinetics, or to the substrate inhibition equa-
tion (Eq. 11),

0 = Vo [SI/(K; + [S]) ©)
0 = Vo [SI'/(Sos" + [S]) (10)
v = Vmax [S]/{Km + [S](l + [S]/KIS)} (11)

where v is the experimentally determined initial velocity,
Vinax the maximum velocity, [S] is the concentration of the
variable substrate, K, and S5 are the concentrations of
substrate that give half-maximum velocity, Kig the inhibi-
tion constant for the substrate, and 7 is the Hill number.
In the experiments in which the concentration of the
activator was varied at a constant concentration of sub-
strates, Equations 12 or 13 were used to fit the data to

hyperbolic or sigmoidal saturation curves, respectively.
va = {(Uamax - vo)[A]/(AO.S + [A])} + vO (12)
U, = {(vamax - Uo)[A]n/(AO.Sn + [A]n)} + UO (13)
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where v, and v, are the initial velocities in the presence and
absence of activator, respectively, v,,,., is the highest ve-
locity obtained at saturating activator concentrations, [A] is
the activator concentration, and A, 5 is the concentration of
activator that gives half-maximum activation at fixed con-
centrations of substrates.

When the concentration of inhibitor was varied at a
constant concentration of substrates, the experimental data
were fitted to Equation 14 or 15 for data conforming to
hyperbolic or to sigmoidal binding of the inhibitor, respec-
tively:

v = 0,150/ (Is + [I]) (14)
v = v, 15"/ (Isg" + [1]") (15)

where v; and v, are the initial velocities in the presence and
absence of inhibitor, respectively, I5, is the concentration of
inhibitor that gives half-maximum inhibition, and [I] is the
inhibitor concentration.

The points in the figures are the experimentally deter-
mined values, whereas the curves are calculated from fits
of these data by the appropriate equation. The best fits
were determined by the relative fit error, error of the
constants, and absence of significant correlation between
the residuals, and other relevant variables such as observed
velocities, substrate concentration, and data number.
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