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A phosphoglycerate to inorganic phosphate ratio is the major factor in
controlling starch levels in chloroplasts via ADP-glucose
pyrophosphorylase regulation
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Abstract Purified barley leaf ADP-glucose pyrophosphorylase,
a key enzyme of the starch synthesis in the chloroplast stroma,
was analysed with respect to its possible regulation by factors
defining the metabolic/effector status of the chloroplast during
light and dark conditions. The enzyme required 3-phosphogly-
ceric acid for the maximal activity and was inhibited by inorganic
phosphate. The optimal pH for the enzyme was at circa 7.0,
regardless of the presence or absence of 3-phosphoglyceric acid,
whereas the maximal activation by 3-phosphoglyceric acid was
observed at pH 8.5 and higher. Changes in the concentration of
Mg>* and dithiothreitol had little or no effect on the enzymatic
activity of AGPase. It has been directly demonstrated for the
first time that a 3-phosphoglyceric acid/inorganic phosphate
ratio, a crucial regulatory parameter, could be directly related to
a defined activation state of the enzyme, allowing the prediction
of a relative AGPase activity under given conditions. The
predicted changes in the enzyme activity were directly correlated
with earlier reported responses of starch levels to the 3-
phosphoglyceric acid/inorganic phosphate ratio in chloroplasts.
Consequences of this for the starch biosynthesis are discussed.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

ADP-glucose pyrophosphorylase (AGPase) catalyses the
production of ADP-glucose which is the substrate for the
starch biosynthesis in all plants [1-3]. Mutations and antisense
approaches that eliminate most or all of the AGPase activity
cause a severe reduction in the starch content [4-8], indicating
that the enzyme is the major, if not the only, route for pro-
viding carbon skeletons for the starch formation. In photo-
synthetic tissues, AGPase is tightly regulated by 3-phospho-
glycerate (PGA) and inorganic phosphate (Pi), which serve as
enzyme activator and inhibitor, respectively [1,2,9]. Based on
studies with starch deficient mutants of Arabidopsis [10], AG-
Pase was proposed to exert a considerable but not absolute
control on the rates of starch synthesis in leaves. Under cer-
tain conditions, other enzymes of the starch pathway (e.g.
phosphoglucomutase) may also substantially contribute to
the control of starch formation. It has been proposed [10]
that AGPase utilises only a fraction of its maximal activity
during the starch synthesis, which may imply a regulatory
mechanism involving yet unidentified factors affecting the

*Corresponding author. Fax: (46) (90) 786 6676.
E-mail: leszek.kleczkowski@plantphys.umu.se

AGPase rate in vivo. Elucidating these factors may have far
reaching implications for biotechnological approaches aimed
at tailoring starch levels to a given agricultural or industrial
need via manipulation of the AGPase gene expression [1,4,11].

Starch synthesis in leaves occurs only during photosynthe-
sis, possibly reflecting an increased internal stromal concen-
tration of PGA, the first stable product of photosynthesis in
many plants, and lower levels of Pi, which is utilised during
the photophosphorylation [12-14]. However, the diurnal met-
abolic/effector status of the chloroplast stroma depends also
on other factors, including pH changes, the Mg?* concentra-
tion and redox status [12]. Light-dependent changes in these
parameters have all been implicated in the diurnal regulation
of a number of chloroplast enzymes [12,15]. No comprehen-
sive investigation on the effects of these factors has been car-
ried out with regard to leaf AGPase.

In the present study, the barley leaf AGPase was analysed
with respect to its possible regulation by factors defining the
metabolic/effector status of the chloroplast during light and
dark conditions. The mode of regulation by pH, Mg?* and
the redox status is presented, along with a characterisation of
the effects of the PGA/Pi ratio, identified as the key factor
coupling the activation state of AGPase with the rate of
starch synthesis in leaves.

2. Material and methods

The enzyme was purified to homogeneity from leaves of barley
(Hordeum vulgare, cv. Bomi), as described in [16]. The specific activity
of the purified enzyme, when assayed in the direction of pyrophos-
phorolysis, was 74 U/mg protein. The AGPase was stored with 20%
glycerol at —80°C.

The enzyme was assayed in the direction of the ADP-glucose for-
mation (synthesis direction), using Mg-ATP and '4C-labelled glucose-
1-phosphate (glu-1-P) as substrates [16,17]. Reactions were initiated
with the enzyme. All components of the reaction mixtures are given in
the legends to the Figures and Table.

The protein content was determined using the Bio-Rad assay, with
bovine serum as a standard.

3. Results and discussion

3.1. Regulation by pH

The AGPase activity was monitored in different assay pHs,
ranging from 6.4 to 9.2 (Fig. 1). The enzyme was assayed by
measuring the rate of ADP-glucose production, i.e. in a phys-
iologically relevant direction of the reaction. The maximal
activity of the enzyme was observed at pH 7.0, regardless of
the presence or absence of PGA, but the activating effect of
PGA was most evident at higher pH values, with a circa 18-
fold activation at pH 9.0 (Fig. 1). Similar data were obtained
for spinach AGPase [2], but not for the enzyme from green
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Fig. 1. Effects of pH and PGA on the activity of barley leaf AG-
Pase. Assays contained 100 mM glycylglycine, 100 mM Mops, 7 mM
MgCly, 2.5 mM ATP and 0.5 mM glu-1-P. Prior to assays, the pH
of each reaction mixture was adjusted with 5 M NaOH. Where indi-
cated, assays contained 2.5 mM PGA

algae where pH 8.5 was optimal for assays both in the absence
and in the presence of PGA [18].

A diurnal change of the pH in chloroplast stroma is one of
the most recognised factors defining the light/dark transition
and it may potentially affect the activity of several photosyn-
thetic enzymes [12]. However, based on data in Fig. 1, it
appears unlikely that the pH regulation of AGPase represents
any significant factor in the light-dependent control of the
starch synthesis in plants. In fact, when considering the effect
of pH aside from other regulatory factors (e.g. inhibition by
Pi), the data suggest that AGPase should be more active at a
lower pH, i.e. conditions prevalent in darkened chloroplasts
[19]. In the dark, control of the AGPase activity is probably
exerted via changes in the metabolite effector concentration
and substrate availability rather than pH conditions.

3.2. Regulation by redox and magnesium

For several photosynthetic enzymes, dithiothreitol (DTT) is
believed to mimick the effect of reduced thioredoxin(s), low
molecular weight proteins, that regulate selected enzymes via
redox control [12,15]. In the present study, DTT was tested as
a possible effector of AGPase, using assay pH values that are
characteristic of darkened (pH 7.0) and illuminated (pH 8.5)
chloroplast stroma. It was expected that, provided that AG-
Pase is responsive to redox control, assays would reveal DTT-
induced changes in the AGPase activity. The assays were car-
ried out for 15 min, which is usually a sufficient time for DTT-
mediated reduction of thioredoxins-responsive enzymes [12].
At both pH values that were used in the present study, DTT

Table 1
Effects of DTT, PGA and Mg?** on the activity of barley leaf AG-
Pase

Assay reagents Activity (%)

pH 7.0 pH 8.5

_Mg2+* +Mg2+ _Mg2+* +Mg2+
Control (—PGA, —DTT) 100 105 31 24
+DTT 103 98 25 21
+PGA 350 370 280 285
+PGA+DTT 360 380 250 228

Reaction mixtures contained 100 mM Tes (pH 8.5) or 100 mM Mops
(pH 7.0), 1 mM ATP, 0.5 mM glu-1-P and 1.5 mM MgCl,. Where
indicated, 1 mM PGA, 1 mM DTT and/or 3 mM MgCl; were added
to the assays.

*Assays contained about 0.5 mM Mg>*.
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decreased rather than increased the rate of the AGPase reac-
tion, regardless of the presence or absence of PGA (Table 1).
Also, a 30 min pre-incubation of the enzyme with 1 mM DTT
before the assays had no effect on the AGPase activity (data
not shown). The pre-incubation with DTT was also carried
out for AGPase from crude leaf extracts to test for a possible
direct effect of internal DTT-reduced thioredoxin(s) on the
AGPase activity. No such an effect was detected (data not
shown). Thus, the redox control seems unlikely to influence
the starch formation via AGPase regulation. Although DTT is
not a factor in regulating the AGPase activity, it may still
have a stabilising effect on the enzyme.

Similarly to DTT, changes in [Mg?*] had no apparent effect
on the AGPase activity, regardless of the pH (Table 1). In
chloroplast stroma, changes in [Mg?*] are intrinsically con-
nected to the light-induced movement of protons across the
thylakoid membrane. Depending on the experimental design,
stromal levels of Mg?* during light and dark conditions were
estimated at 1-3 mM and 3-6 mM, respectively [20]. In the
present studies, the levels of free magnesium were set at circa
0.5 mM (—Mg>*) and 3.5 mM (+Mg?>"). Calculations of
Mg?* took into consideration the complexation of ATP and
magnesium to form Mg-ATP, which is probably the true sub-
strate of AGPase. Under assay conditions (1 mM ATP and
4.5 mM MgCly for (+Mg?") conditions), virtually all ATP
was in the form of Mg-ATP [21]. Although having apparently
no effect on the AGPase activity, magnesium may be of im-
portance in stabilising the conformation and/or aggregation
states of AGPase subunits [22].

3.3. Regulation by the PGAIPi ratio

Varying PGA at three varied fixed concentrations of Pi
resulted in sigmoidal plots of the AGPase activity versus the
PGA/Pi ratio (Fig. 2). An increasing concentration of PGA
reversed the inhibition by Pi. For the three concentrations of
Pi, the plots overlapped, with the highest activity observed at
a PGA/Pi value of circa 1.5. The highest values were circa 25—
30% higher than those obtained with PGA in the absence of
Pi (100% activity in Fig. 2), confirming our earlier evidence
[16] that Pi may act synergistically with PGA in activating the
leaf enzyme. This may reflect a fine interplay between binding
sites for PGA and Pi, leading to conformational changes fa-
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Fig. 2. The regulation of barley leaf AGPase by a PGA to Pi ratio.
Pi concentrations were maintained at 0.2, 1 and 5 mM, whereas
PGA was varied from 0 to 30 mM. The activity of 100% refers to
that recorded for assays with 1| mM PGA in the absence of Pi. As-
says contained 200 mM Tes (pH 8.0), 7 mM MgCl,, | mM ATP,
0.5 mM glu-1-P and indicated concentrations of PGA and Pi.
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Fig. 3. Control of the starch synthesis via effects of the PGA/Pi ra-
tio on the AGPase activity. Data for starch levels and the corre-
sponding stromal PGA and Pi concentrations (allowing for calcula-
tion of PGA/Pi ratios) were taken from [24]. The calculated PGA/Pi
ratios were correlated with the AGPase activity obtained in the
present study (Fig. 2). Values in brackets correspond to stromal
concentrations of PGA and Pi obtained in [24]. The value for 100%
activity of AGPase was taken from Fig. 2 and it corresponds to the
maximal activity at the PGA/Pi ratio when Pi was kept at 5 mM.

cilitating or restraining the access of a given effector [16,23].
The synergistic effect of PGA and Pi in activating AGPase, as
found for the barley leaf enzyme, has not been reported for
other AGPases, either of plant or bacterial origin.

The most important feature of this study is that the plots of
the PGA/Pi ratio versus the AGPase activity roughly over-
lapped, regardless of individual concentrations of PGA or Pi
(Fig. 2). Previously, the effect of PGA and Pi was studied in
such a way as to vary either PGA or Pi in one or two con-
centrations of the second effector, resulting in a range of non-
overlapping sigmoidal response curves [9,16]. In the present
study, it was the PGA/Pi ratio that was varied over a wide
range of values at three pre-set levels of Pi. The data in Fig. 2
may be regarded as a calibration curve to predict the relative
activity of the enzyme. Any concentrations of PGA and Pi
resulting in a PGA/Pi ratio below circa 1.3 would deem the
enzyme prone to a very fine regulation. If, on the other hand,
levels of both effectors result in PGA/Pi ratios above 1.3, this
would have only a relatively small effect on catalysis (Fig. 2).

3.4. Control of the starch synthesis via regulation of AGPase

It has been noted that starch formation may directly de-
pend on the PGA/Pi ratio in isolated chloroplasts [24]. The
authors provided the chloroplasts with a defined concentra-
tion of Pi to estimate the kinetics of PGA and Pi changes in
the stroma in relation to starch levels. To my knowledge, this
is the only study where stromal levels of both PGA and Pi as
well as the starch content were determined. In the present
study, these data were plotted against the expected AGPase
activity depending on the reported stromal PGA/Pi ratios and
starch levels (Fig. 3). The resulting plot gave a straight line,
where starch levels were directly correlated with the AGPase
activity. This high correlation between the state of activation
of AGPase and the PGA/Pi ratio versus the starch synthesis
(Figs. 2 and 3) is unexpected given earlier data from studies
on mutant Arabidopsis plants, where the AGPase activity ap-
parently was in large excess over that required for starch for-
mation [10]. However, in these earlier studies, the authors
took the pyrophosphorolysis reaction as the measure of the
Viax of AGPase towards the starch production. This is incor-
rect since the V.. in the synthesis direction (ADP-glucose
production), i.e. physiologically relevant reaction, is circa 5—
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10-fold lower than the V.. of the pyrophosphorolysis reac-
tion (glu-1-P formation) [16,17]. Thus, the conclusion that
AGPase can not utilise more than 20% of its potential activity
in vivo [10] needs to be revised. In fact, when accounting for
the lower V.. of the synthesis versus pyrophosphorolysis
reactions, the data obtained in [10] imply that the AGPase
exerts an absolute control over the whole range of its activity
on the starch production. It should be emphasised that, in the
present study, AGPase was assayed by monitoring the rate of
ADP-glucose formation, i.e. in the physiologically relevant
direction of the reaction. In most papers on AGPase, the
enzyme was assayed in the reverse (pyrophosphorolytic) direc-
tion only and such data do not necessarily reflect the actual
properties of the enzyme in vivo.

The almost perfect fit for the AGPase activity versus starch
levels (Fig. 3) strongly suggests that the PGA/Pi mode of
regulation is the key, if not the only, mechanism controlling
the starch formation under conditions reported in [24]. In
certain cases (e.g. a high PGA/Pi ratio) other enzymes may
exert some control in the starch synthesis [10], but the AG-
Pase step must be certainly considered as the major factor at
the PGA/Pi ratio range of 0.5-1.3. It has been proposed [10],
based on work with starch deficient Arabidopsis mutants, that
AGPase may represent the key limiting factor under condi-
tions of low light (75 umol/m?/s), but not under high light
exposure (600 pmol/m?/s). In the latter case, AGPase was
only partially controlling the rate of starch formation. The
present data partially support these conclusions since, at
high light, one would expect a high PGA/Pi ratio which would
make AGPase fully active and not sensitive to further regu-
lation. Under these conditions, other enzymes of the starch
pathway, especially those having activities comparable to (or
lower than) an overall rate of the starch synthesis, may be-
come limiting. On the other hand, at low light, the PGA/Pi
ratio is lower and AGPase is highly regulated by an even very
small change in this ratio (Fig. 2). The data in [24] were
obtained at a light intensity of circa 6070 umol/m?/s, which
should bring about a relatively low PGA/Pi ratio. This would
result in an activation state of AGPase which is directly cor-
related with the rate of starch formation in vivo.

Assuming a direct relation between the activation state of
AGPase and the starch synthesis (Fig. 3), the data in Fig. 2
theoretically allow one to estimate the stromal concentration
of either PGA or Pi, provided that the rate of starch accumu-
lation and stromal levels of one of these effectors are deter-
mined. Stromal levels of Pi are especially difficult to determine
experimentally due to the fact that plants usually have a large
amount of metabolically inactive Pi in vacuoles and the
chloroplastic Pi itself may be to a large extent sequestered
and made unavailable for metabolism [25]. The knowledge
about the effects of the PGA/Pi ratio on starch, assuming
that starch levels are directly related to the activation state
of AGPase, should represent a useful tool for modelling pho-
tosynthetic responses in relation to starch and both PGA and
Pi levels. It should be emphasised that the light/dark regula-
tion of the AGPase activity via changes in the effector con-
centration must be considered separately from differential ef-
fects of the light/dark transition on the expression of AGPase
genes in leaves [26]. The latter mode of regulation has been
linked with the photoperiod-mediated changes in internal sug-
ar/osmoticum status. Under experimental conditions, the sug-
ar/osmoticum regulation of AGPase gene expression did not
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lead to changes in an overall protein content nor in its enzy-
matic activity, suggesting a tight posttranscriptional control
[26].

Acknowledgements.: The author thanks Dr. M. Wilczynska for help
with the preparation of Figures. This research was supported, in part,
by grants from the Swedish Foundation For Strategic Research and
from the Swedish Natural Science Research Council.

References

[1] Kleczkowski, L.A., Villand, P., Lonneborg, A., Olsen, O.-A. and
Lithi, E. (1991) Z. Nat.forsch. 46, 605-612.

[2] Preiss, J. (1978) in: Advances in Enzymology and Related Areas
of Molecular Biology (Meister A., Ed.), pp. 317-381, John Wiley
and Sons.

[3] Martin, C. and Smith, A.M. (1995) Plant Cell 7, 971-985.

[4] Miiller-Rober, B., Sonnewald, U. and Willmitzer, L. (1992)
EMBO J. 11, 1229-1238.

[5] Hylton, C. and Smith, A.M. (1992) Plant Physiol. 99, 1626-1634.

[6] Caspar, T. (1994) in: Arabidopsis (Meyerowitz, E.M. and Somer-
ville, C.R., Eds.), pp. 913-936, Cold Spring Harbor Laboratory
Press.

[7] Nelson, O. and Pan, D. (1995) Annu. Rev. Plant Physiol. Plant
Mol. Biol. 46, 475-496.

[8] Hattenbach, A., Miiller-Roéber, B., Nast, G. and Heineke, D.
(1997) Plant Physiol. 115, 471-475.

[9] Sanwal, G.G., Greenberg, E., Hardie, J., Cameron, E.C. and
Preiss, J. (1968) Plant Physiol. 43, 417-427.

L.A. KleczkowskilFEBS Letters 448 (1999) 153-156

[10] Neuhaus, H.E. and Stitt, M. (1990) Planta 182, 445-454.

[11] Sweetlove, L.J., Burrell, M.M. and Rees, T. (1996) Biochem.
J. 320, 493-498.

[12] Edwards, G.E. and Walker, D.A. (1983) C;, C4: Mechanisms
and Cellular and Environmental Regulation of Photosynthesis,
Blackwell Scientific Publishers, Oxford.

[13] Gardestrom, P. (1993) Biochim. Biophys. Acta 1183, 327-332.

[14] Kleczkowski, L.A. (1994) Annu. Rev. Plant Physiol. Plant Mol.
Biol. 45, 339-367.

[15] Scheibe, R. (1990) Bot. Acta 103, 327-337.

[16] Kleczkowski, L.A., Villand, P., Preiss, J. and Olsen, O.-A. (1993)
J. Biol. Chem. 268, 6228-6233.

[17] Kleczkowski, L.A., Villand, P., Liithi, E., Olsen, O.-A. and Pre-
iss, J. (1993) Plant Physiol. 101, 179-186.

[18] Sanwal, G.G. and Preiss, J. (1967) Arch. Biochem. Biophys. 119,
454-469.

[19] Hauser, M., Eichelmann, H., Oja, V., Heber, U. and Laisk, A.
(1995) Plant Physiol. 108, 1059-1066.

[20] Portis, A.R. (1981) Plant Physiol. 67, 985-989.

[21] O’Sullivan, W.J. and Smithers, G.W. (1979) Methods Enzymol.
63, 294-336.

[22] Kleczkowski, L.A., Villand, P. and Olsen, O.-A. (1993) Z. Nat.-
forsch. 48, 457-460.

[23] Ball, K. and Preiss, J. (1994) J. Biol. Chem. 269, 24706-24711.

[24] Heldt, HW., Chon, C.J., Maronde, D., Herold, A., Stankovic,
Z.S., Walker, D., Kraminer, A., Kirk, M.R. and Heber, U.
(1977) Plant Physiol. 59, 1146-1155.

[25] Sharkey, T.D. and Vanderveer, P.J. (1989) Plant Physiol. 91,
679-684.

[26] Sokolov, L.N., Déjardin, A. and Kleczkowski, L.A. (1998) Bio-
chem. J. 336, 681-687.



