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Abstract

In plants, the synthesis of starch occurs by utilizing ADP-glucose as the glucosyl donor for the elongation of
α-1,4-glucosidic chains. In photosynthetic bacteria the synthesis of glycogen follows a similar pathway. The first
committed step in these pathways is the synthesis of ADP-glucose in a reaction catalyzed by ADP-glucose pyro-
phosphorylase (ADPGlc PPase). Generally, this enzyme is allosterically regulated by intermediates of the major
carbon assimilatory pathway in the respective organism. In oxygenic photosynthesizers, ADPGlc PPase is mainly
regulated by 3-phosphoglycerate (activator) and inorganic orthophosphate (inhibitor), interacting in four different
patterns. Recent reports have shown that in higher plants, some of the enzymes could also be redox regulated. In
eukaryotes, the enzyme is a heterotetramer comprised of two distinct subunits, a catalytic and a modulatory subunit.
The latter has been proposed as related to variations in regulation of the enzyme in different plant tissues. Random
and site-directed mutagenesis experiments of conserved amino acids revealed important residues for catalysis and
regulation. Prediction of the ADPGlc PPase secondary structure suggests that it shares a common folding pattern
to other sugar-nucleotide pyrophosphorylases, and they evolved from a common ancestor.

Occurrence and function of starch

The biosynthesis of α-1,4-polyglucans is a main
strategy developed by living organism for the intra-
cellular storage of carbon and energy. Animals, fungi,
bacteria including the cyanobacteria, and archaebac-
teria accumulate glycogen; whereas in algae and in
plants starch is the polymer synthesized as a carbon
and energy reserve. Starch is deposited as granules in
almost all green plants and in various types of plant
tissues and organs; for example, leaves, roots, shoots,
fruits, grains, and stems. Two polymers can be clearly
distinguished within the starch granule: amylose and
amylopectin. Both are mainly composed by glucosyl
units linked by α-1,4-bonds. Amylose is an essentially
linear chain with few branches linked by α-1,6-bonds,
whereas amylopectin is highly branched by α-1,6-
bonds. Amylopectin molecules are large flattened

disks consisting of α-1,4-glucan chains joined by fre-
quent α-1,6-branch points. Many models for the amyl-
opectin structure have been proposed and the ones that
best fit the experimental data available are those pro-
posed by Manners and Matheson (1981) and Hizukuri
(1995). The chemical and physical aspects of the
starch granule and its components amylose and amyl-
opectin have been discussed in some excellent reviews
(Morrison and Karkalas 1990; Hizukuri 1995).

Leaf starch

Illumination of the leaf in bright light causes the form-
ation of starch granules in the chloroplast organelle
and this was demonstrated in the 19th century (Sachs
1887). Disappearance of the starch occurs either by
exposure of the leaf to low light or by extended ex-
posure in the dark (24–48 h). This is readily observed
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by iodine staining of the tissue (Edwards and Walker
1983) or by light or electron microscopy (Badenhuizen
1969). Starch accumulates due to carbon fixation dur-
ing photosynthesis and it is then degraded, in the dark,
to products that are in most cases utilized for sucrose
synthesis. The reason for this is that the accumu-
lated starch is required to synthesize sucrose, which
serves as a carbon supply for sink tissues. Mutants of
Arabidopsis thaliana unable to synthesize starch grow
at the same rate as the wild type in a continuous light
regime because they are able to synthesize sucrose, but
their growth rate is drastically reduced if grown in a
day-night regime (Caspar et al. 1985). Biosynthesis
and degradation of starch in the leaf is therefore a dy-
namic process having diurnal fluctuations in its stored
levels.

Starch also plays an important role in the operation
of stomatal guard cells (Outlaw and Manchester 1979;
Zeiger et al. 2002; Ritte and Raschke 2003). There,
it is degraded during the day while the stomata are
open, and it is resynthesized in the late afternoon or
evening. Leaf starch is lower in amylose content than
what is observed in storage tissues (Matheson 1996).
The amylose structure is also of a smaller molecular
size (Morrison and Karkalas 1990).

Starch in storage tissues

In storage organs, fruit or seed, during the develop-
ment and maturation of the tissue, synthesis of starch
occurs (Sivak and Preiss 1998). At the time of sprout-
ing or germination of the seed or tuber, or ripening of
the fruit, starch is degraded and the derived metabol-
ites are used as a source of both carbon, and energy.
The degradative and biosynthetic processes in the stor-
age tissues may therefore be temporally separated.
However, there is some possibility that during each
phase of starch metabolism some turnover of the starch
molecule does occur.

The main site of starch synthesis and accumulation
in the cereals is the endosperm, with starch granules
being located within the amyloplasts. Starch content
in potato tuber, maize endosperm, and in roots of yam,
cassava and sweet potato ranges between 65% and
90% of the total dry matter (Sivak and Preiss 1998).
Patterns of starch accumulation during development
of the tissue are specific to the species and are re-
lated to the unique pattern of differentiation of the
organ.

Starch granules in storage tissues can vary in
shape, size and composition depending on the plant

source. In addition, in each tissue of a plant differ-
ences in size and shape are observed within a range.
The diameter of the starch granule changes during
the development of the reserve tissue. There are also
some fine features, characteristic of each species, for
example, the ‘growth rings’, spaced 4–7 µm apart,
and the fibrillar organization seen in potato starch,
which allows one to identify the botanical source of
the starch by its microscopic examination (Morrison
and Karkalas 1990; Hizukuri 1995; Sivak and Preiss
1998).

The biosynthetic reactions of starch synthesis

The metabolic routes for polyglucan accumulation
were elucidated after the discovery of nucleoside-
diphosphate-sugars by L.F. Leloir and coworkers in
the 1950s (Leloir 1971). Leloir’s group clearly estab-
lished that biosynthesis and degradation of glycogen
in mammalian systems occur by dissimilar pathways.
It was shown that the synthetic route utilizes an activ-
ated form of glucose, specifically UDPGlc in mam-
malian and eukaryotic microorganisms (Sivak and
Preiss 1998).

The process for the synthesis of storage polysac-
charides, glycogen and starch, respectively, in bacteria
and plants, takes place with ADPGlc as the glucosyl
donor for the elongation of the α-1,4-glucosidic chain.
In these organisms, ADPGlc is synthesized from ATP
and Glc 1-P in a reaction catalyzed by ADPGlc pyro-
phosphorylase (ADPGlc PPase; glucose 1-P adenylyl
transferase; reaction 1; E.C. 2.7.7.27).

ATP + Glc 1-P ⇔ ADPGlc + PPi (1)

This reaction was first described to occur in soybean
extracts by Espada (1962). Thereafter, the enzyme
was also found in many plant tissues and in bacterial
extracts (Preiss and Sivak 1998a, b; Preiss 1999).
ADPGlc PPase is the first committed step in the route
leading to glycogen and starch synthesis in bacteria
and plants, respectively. The ADPGlc PPase reac-
tion takes place in the presence of a divalent metal
ion, Mg2+, and it is freely reversible in vitro. The
hydrolysis of PPi by inorganic pyrophosphatase and
the use of the sugar-nucleotide for polysaccharide
synthesis cause the ADPGlc synthetic reaction to be
essentially irreversible in vivo (Iglesias and Preiss
1992).

Then, synthesis of the polysaccharide follows by
the steps shown in Reactions 2 and 3. The first is
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catalyzed by starch synthase (plants, E.C. 2.4.1.21)
or glycogen synthase (bacteria, also E.C. 2.4.1.21)
(Preiss 1984, 1991; Iglesias and Preiss 1992; Sivak
and Preiss 1998; Preiss and Sivak 1998a). Reaction 3
is catalyzed by branching enzyme (E.C. 2.4.1.18; 1,4-
α-D-glucan: 1,4-α-D-glucan 6-glycosyl-transferase).

ADPGlc + α-1,4-glucan ⇒
α-1,4-glucosyl-α-1,4-glucan + ADP (2)

Elongated α-1,4-oligosaccharide chain ⇒
α-1,4-α-1,6 branched glucan (3)

The branch chains in amylopectin are longer
(about 20–24 glucose units long) and there is less
branching in amylopectin (∼5% of the glucosidic link-
ages are α-1,6) as seen in bacterial glycogen (10–13
glucose units long and 10% of linkages are α-1,6)
(Sivak and Preiss 1998). Thus, the starch branching
enzymes may have different properties with respect to
size of chain transferred, or placement of branch point,
than the bacterial enzyme that branches glycogen.
Alternatively, the interaction of the starch branching
enzymes with the starch synthases may be different
from the interaction of the bacterial branching en-
zymes with their respective glycogen synthases. The
chain elongating properties of the starch synthases
could be different from those observed for the bacterial
glycogen synthases and may account for some of the
differences observed in the amylopectin structure. The
diversity of catalytic properties of the starch synthases
and branching enzymes isolated from different plant
sources may also account for the differences observed
in the various plant starch structures (Sivak and Preiss
1998).

Isozymic forms of plant starch synthases (Preiss
and Levi 1980; Preiss 1988, 1991; Denyer et al. 1993,
1995; Hylton et al. 1996) and branching enzymes
(Preiss and Levi 1980; Preiss 1988, 1991; Mizuno
et al. 1992; Burton et al. 1995) have been reported.
They seem to play different roles in the synthesis of
amylose and amylopectin and are products from dif-
ferent genes. In many different plants (Nelson et al.
1978; Shure et al. 1983; Van der Leij et al. 1991;
Visser et al. 1991; Dry et al. 1992) as well in
Chlamydomonas reinhardtii (Delrue et al. 1992) a
granule-bound starch synthase has been shown to be
involved in the synthesis of amylose. Mutants of many
different plants defective in this enzyme, are known as
waxy mutants and give rise to starch granules having
only amylopectin.

The starch synthase reaction was first described
by Leloir et al. (1961) with UDPGlc as the gluc-
osyl donor, but it was later shown that ADPGlc
was more efficient in terms of Vmax and Km values
(Recondo and Leloir 1961). Soluble starch syn-
thases from leaf and reserve tissues are specific for
ADPGlc. In contrast, the starch synthases bound
to the starch granule in reserve tissues do have
some low activity with UDPGlc as compared to
activity seen with ADPGlc (MacDonald and Preiss
1983).

ADPGlc PPases from photosynthetic systems

ADPGlc PPases from bacteria and plants are allos-
teric enzymes, whose activities are regulated by key
metabolites from the main carbon assimilation path-
way occurring in the organism (Iglesias and Preiss
1992; Sivak and Preiss 1998). These ADPGlc PPase
effectors are key metabolites representing signals of
high carbon and energy contents within the cell. The
regulatory properties of this enzyme, together with
the fact that ATP is one of the substrates, have
the rationale that synthesis of reserve polysacchar-
ide in bacteria and plants will be maximal when
cellular carbon and energy are in excess, and vice
versa. According to the affinity for allosteric regu-
lators, ADPGlc PPases have been distributed in nine
different classes (Ballicora et al. 2003). Among
these, the enzymes from photosynthetic organisms
are included in classes IV, V, VI, VIII, and IX
(Table 1).

Ghosh and Preiss (1966) showed that the reac-
tion catalyzed by ADPGlc PPase is an important step
for regulation of starch synthesis in higher plants as
well as in the cyanobacteria (Preiss 1999; Preiss and
Sivak 1998a, b). Most of the plant ADPGlc PPases
so far characterized are allosterically regulated by 3-
PGA and inorganic orthophosphate (Pi) (Iglesias and
Preiss 1992; Preiss and Sivak 1998a, b; Preiss 1999)
(Table 1). Recently, it has been suggested that in
higher plants the enzyme activity can also be regulated
by its reductive state (Fu et al. 1998b; Ballicora et al.
2000; Tiessen et al. 2002).

Numerous studies have shown the relevance of
mechanisms regulating ADPGlc PPase for carbon
metabolism in photosynthetic organisms. The overall
picture clearly determines the importance in estab-
lishing structure–function relationships for the better
understanding of the different allosteric regulatory
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Table 1. Regulatory and structural properties of ADPGlc PPase in organisms performing different metabolisms

Class ADPGlc PPase Carbon metabolism

Allosteric regulators Quaternary
structure

Activator Inhibitor

Accumulating glycogen

Prokaryotes Heterotrophic

Escherichia coli I Fru 1,6-bisP AMP Homotetramer Utilizing the Embden–

(α4) Meyerhof

(glycolysis) pathway

Aeromonas formicans II Fru 1,6-bisP, AMP, ADP

Fru 6-P

Serratia marcescens III None AMP

Agrobacterium tumefaciens IV Pyruvate, AMP, ADP, Homotetramer Utilizing the

Fru 6-P Pi (α4) Entner–Doudoroff

pathway

Performing anoxygenic

photosynthesis

Rhodobacter capsulata, IV Pyruvate, AMP, ADP Utilizing the

Chromatium vinosum Fru 6-P Entner–Doudoroff

pathway

Rhodobacter gelatinosa, V Pyruvate, AMP, Pi Homotetramer Utilizing glycolysis and

Rhodobacter globiformis, Fru 6-P, (α4) the Entner–Doudoroff

Rhodobacter sphaeroides, Fru 1,6-bisP pathways

Rhodocyclus purpureus

Rhodospipillum rubrum, VI Pyruvate None Utilizing the TCA and the

Rhodospirillum tenue reductive carboxylic

acid cycles

Heterotrophic

Bacillus subtilis VII None None Heterotetramer Utilizing the TCA cycle

Bacillus stearothermophillus (α2δ2) during sporulation

Cyanobacteria Performing oxygenic

photosynthesis

Synechococcus PCC 6301, VIII 3-PGA Pi Homotetramer Fixing CO2 through the

Synechocystis PCC 6803, (α4) Calvin cycle

Anabaena PCC 7120

Accumulating starch

Eukaryotes

Green algae

Chlamydomonas reinhardtii, VIII 3-PGA Pi Heterotetramer

Chlorella fusca, (α2β2)

Chlorella vulgaris

Higher plants

Photosynthetic tissues: VIII 3-PGA Pi Heterotetramer

leaves of spinach, wheat (α2β2)

Arabidopsis, maize, rice
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Table 1. Continued

Class ADPGlc PPase Carbon metabolism

Allosteric regulators Quaternary
structure

Activator Inhibitor

Non-photosynthetic tissues Heterotrophic cells

Potato tubers VIII 3-PGA Pi Heterotetramer Metabolizing sucrose

(α2β2) imported from

photosynthetic tissues

Endosperm of maize, IX None directly, Pi, ADP, Heterotetramer

barley and wheat 3-PGA and Fru 1,6-bisP (α2β2)

Fru 6-P reverse

inhibitors

effect

properties of a key enzyme in bacteria and plant
metabolism.

Supporting data for the physiological
importance of regulation of ADP-glucose
pyrophosphorylase

Experimental evidence is available supporting the
view that ADPGlc PPase is an important regulatory
enzyme on the pathway for plant starch biosynthesis.
In C. reinhardtii starch deficient mutants have been
isolated and one class of mutant was shown to have
an ADPGlc PPase that could not be activated by 3-
PGA (Ball et al. 1991). Support for the importance
of the allosteric regulation by ADPGlc PPase has also
been obtained in A. thaliana (Lin et al. 1988a, b).
One mutant, TL25, lacked both subunits and accu-
mulated only 2% of the starch seen in the normal
plant (Lin et al. 1988a), which would indicate that
starch synthesis is almost completely dependent on
the synthesis of ADPGlc. The other mutant, TL 46,
was starch-deficient and lacked the regulatory 54 kDa
subunit (Lin et al. 1988b). The mutant had only
7% of the wild-type activity and a subsequent study
(Neuhaus and Stitt 1990) showed that in high light
(photosynthesis) the rate of starch synthesis of TL
46 was only at 9% and at low light, only 26% of
the rate of the wild type. This is supporting evidence
that the regulation of ADPGlc PPase is of in vivo
importance.

A maize mutant has also been isolated where the
ADPGlc PPase was less sensitive to the inhibition

by Pi than the wild type enzyme; the mutant endo-
sperm had 15% more dry weight and more starch
than the normal endosperm (Giroux et al. 1996). In
potato tuber (Stark et al. 1992) and wheat endosperm
(Smidansky et al. 2002), genetic manipulation of AD-
PGlc PPase activity led to an increase in starch produc-
tion. Thus, regulation of ADPGlc synthesis in plants
agrees with the concept that biosynthetic pathways
are effectively regulated at its first unique step and
that the synthesis of ADPGlc is rate-limiting. Allos-
teric mutant ADPGlc PPases from maize endosperm
and C. reinhardtii and the resultant effects on starch
synthesis provide strong evidence that the allosteric
effects observed in vitro are operative in the in vivo
situation (Lin et al. 1988a, b; Ball et al. 1991; Stark
et al. 1992; Giroux et al. 1996; Van den Koornhuyse
et al. 1996; Preiss and Sivak 1998a, b; Sivak and Preiss
1998).

Regulatory properties and quaternary
structure of ADPGlc PPase from different
photosynthetic sources

Regulatory properties: overview

ADPGlc PPases from bacteria performing anoxygenic
photosynthesis are included in three different classes
after their specificities for allosteric regulators, as
shown in Table 1 (Iglesias and Preiss 1992; Preiss
and Romeo 1994; Sivak and Preiss 1998; Ballicora
et al. in press). Enzymes from classes IV and V
are regulated by intermediates of glycolytic pathways;
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Table 2. Different patterns in the interaction between 3-PGA activation and Pi inhibition of ADPGlc PPases from plants

Group Principal Secondary Main Regulatory effect ADPGlc PPase

effector effector effect on from

A 3PGA and Pi and Vmax Ultrasensitive interaction Cyanobacteria,

Pi 3-PGA between effectors green algae,

spinach leaf,

potato tuber

B Pi 3-PGA Vmax 3-PGA reverses Wheat endosperm

inhibition caused by Pi

C 3PGA Pi Vmax Pi only inhibits the Leaf of CAM

enzyme activated by plants, maize endosperm

3-PGA

D 3-PGA Pi Km 3-PGA increases affinity Barley endosperm

for the substrate, ATP,

and Pi reverses the effect

whereas ADPGlc PPase from class VI is activated
by pyruvate, a key product of the carbon fixing re-
ductive carboxylic acid cycle that is channeled to
make carbohydrates (Buchanan and Arnon 1990). On
the other hand, the bacterial ADPGlc PPases activ-
ated by 3-PGA and inhibited by Pi are those from
prokaryotes that perform oxygenic photosynthesis (cy-
anobacteria) (Iglesias et al. 1991; Charng et al. 1992;
Kakefuda et al. 1992), and exhibit identical specificity
for allosteric regulators than the enzyme from euk-
aryotic photosynthesizers, such as green algae and
cells of higher plants (Table 1) (Preiss 1991, 1999;
Sivak and Preiss 1998; Preiss and Sivak 1998b).
These organisms utilize the reductive pentose phos-
phate pathway to photoassimilate atmospheric CO2,
producing 3-PGA as the first photosynthetic product;
whereas under light conditions Pi is the substrate
for ATP regeneration through photophosphorylation
(Iglesias and Podestá 1996). Thus, photosynthetic
ADPGlc PPases are typically regulated by the 3-
PGA/Pi ratio under physiological conditions, allow-
ing the enzyme to be mainly activated during the
day and inhibited at night (Preiss 1991; Iglesias and
Preiss 1992; Sivak and Preiss 1998; Preiss and Sivak
1998b).

Variation of 3-PGA interaction with Pi
in ADPGlc PPases from different plant systems

As indicated above, most plant ADPGlc PPase activ-
ities are affected by 3-PGA and Pi. However, the
pattern of regulation by these allosteric effectors may
differ for various ADPGlc PPases. In fact, four pat-
terns of interactions between 3-PGA and Pi in the

plant enzymes can be distinguished (Table 2). One,
observed for most enzymes is where Pi and 3-PGA
affect the enzyme separately and where increasing
concentrations of 3-PGA can reverse or overcome the
Pi inhibition.

A second pattern is found in ADPGlc PPases from
reserve tissues of some cereals exhibiting distinctive
regulatory properties (Table 1). The enzymes from
pea embryos (Hylton and Smith 1992), barley endo-
sperm (Kleczkowski et al. 1993c; Rudi et al. 1997),
bean cotyledon (Weber et al. 1995), and wheat endo-
sperm (Gomez-Casati and Iglesias 2002) may be con-
sidered as relatively insensitive to regulation, mainly
to activation by 3-PGA. However, a complete charac-
terization of the ADPGlc PPase purified from wheat
endosperm has shown that the enzyme is under regula-
tion by the coordinate action of a series of metabolites
(Gomez-Casati and Iglesias 2002). The wheat endo-
sperm enzyme is allosterically inhibited by Pi, ADP,
and Fru 1,6-bisP (Table 1). In all cases, inhibition
is reversed by 3-PGA and Fru 6-P, which individu-
ally (in the absence of the inhibitors) have no effect
on the enzyme activity (Gomez-Casati and Iglesias
2002). Consequently, the activity of this enzyme is
affected by the 3-PGA/Pi ratio in a particular manner
(Table 2). In fact, rather than being an unregulated
ADPGlc PPase, the wheat endosperm enzyme seems
to have distinctive regulatory properties (Table 1) that
have Pi inhibition as a key signal (Table 2). The rel-
evance of Pi inhibition on ADPGlc PPase from wheat
endosperm and its consequence on the in vivo starch
accumulation and seed yield was very recently shown
through plant genetic transformation (Smidansky et al.
2002). Results on the characterization of the wheat
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endosperm enzyme (Gomez-Casati and Iglesias 2002)
not only agrees with reports showing that Pi lim-
its starch biosynthesis in crop plants (Gomez-Casati
and Iglesias 2002; Smidansky et al. 2002), but also
suggests that the levels of several metabolites will
also alter the biosynthetic pathway in the endosperm
tissue.

Another variation of 3-PGA activation interaction
with Pi inhibition is observed in CAM plant leaf AD-
PGlc PPases of Hoya carnosa and Xerosicyos danguyi
(Singh et al. 1984) and of maize endosperm (Plaxton
and Preiss 1987) (Table 2). The enzymes are activ-
ated by 2 mM 3-PGA about 10- to 25-fold but in
the absence of 3-PGA are insensitive to Pi inhibi-
tion. The maize endosperm enzyme is only inhibited
about 20% by 10 mM Pi and the CAM plant leaf
enzymes 50% by 2 mM Pi. Further addition of Pi
does not increase their inhibitions. However, at sub-
saturating concentrations of 3-PGA (∼0.15–0.25 mM)
the enzyme becomes more sensitive to Pi inhibi-
tion and becomes totally inhibited at 0.5–2 mM Pi.
Higher 3-PGA concentrations reverse the Pi inhib-
ition and decreases the affinity of the enzymes for
Pi.

A fourth pattern of interaction between allosteric
activator and inhibitor is seen with barley endosperm
ADPGlc PPase, which is poorly activated by 3-PGA or
inhibited by Pi (Table 2). However, 3-PGA lowers up
to 3-fold the S0.5 for ATP (i.e., increased the apparent
affinity of ATP) and the Hill coefficient (Kleczkowski
et al. 1993c). At 0.1 mM ATP the activation by 3-PGA
is around 4-fold, and Pi 2.5 mM reverses the effect.
Thus, in barley endosperm the important effect of 3-
PGA or Pi may be in either increasing or decreasing
the apparent affinity of the substrate, ATP.

Ultrasensitive behavior of ADPGlc PPase
from cyanobacteria and photosynthetic
organisms

A crosstalk between main allosteric regulators (activ-
ator vs. inhibitor) of ADPGlc PPase has been found
for the enzyme from different sources (Sivak and
Preiss 1998). Indeed, numerous studies have shown
that the enzyme from photosynthetic organisms is
strictly regulated by the ratio of 3-PGA/Pi (Sivak and
Preiss 1998; Preiss and Sivak 1998b). Ultrasensitiv-
ity is a type of amplification by which the response
of a biological system increases several fold after a
narrow variation range of the stimulus (Goldbeter and
Koshland 1982; Koshland 1987). Studies performed

with ADPGlc PPase from the cyanobacterium
Anabaena PCC 7120 have shown that under
‘molecular crowding conditions’ (those that presum-
ably simulate cellular conditions, where there is a large
concentration of macromolecules, such as other pro-
teins), the allosteric inhibitor Pi elicits ultrasensitivity
in the response of the enzyme to the activator 3-PGA
(Gomez-Casati et al. 1999, 2000). A concentration
of 9% or 15% polyethylene-glycol was used to in-
duce molecular crowding (Gomez-Casati et al. 2000).
Thus, activation of cyanobacterial ADPGlc PPase by
3-PGA exhibits a cooperative behavior in the presence
of Pi, with a sharp increase in the enzyme activity in
response to relatively small changes of the activator.

The cooperativity in the saturation curve for 3-
PGA increases in crowded conditions and/or with
higher concentration of Pi (Gomez-Casati et al. 2000).
In fact, in the absence of Pi and molecular crowding
a near 200-fold increase in the level of 3-PGA is ne-
cessary to increase the enzyme activity from 10% to
90% of Vmax. However, in crowded media containing
5 mM Pi an increase of only 7-fold in the activator
concentration produces the same kinetic response of
the enzyme (Gomez-Casati et al. 1999, 2000, 2003).
The ultrasensitive behavior adds a level of complexity
in the interplay between both effectors that results in a
highly sensitive regulation of ADPGlc PPase. A recent
work demonstrates that such an ultrasensitive behavior
of the enzyme is operative, in situ and that it propa-
gates to the synthesis of reserve polysaccharide, under
intracellular conditions occurring in cyanobacteria and
probably in plastids of higher plant cells (Gomez-
Casati et al. 2003). This is also in agreement with
the regulatory properties reported for the potato tuber
ADPGlc PPase; as relatively small changes in the
3-PGA and Pi concentrations can greatly affect the
rate of ADPGlc synthesis, particularly at low 3-PGA
levels, where the activation is minimal (Sivak and
Preiss 1998).

Activation of plant ADPGlc PPases
by thioredoxin

The ADPGlc PPase from potato tuber has an inter-
molecular disulfide bridge that links the two small
subunits by the Cys12 residue. This enzyme was ac-
tivated by reduction of the Cys12 disulfide linkage
(Fu et al. 1998b). Both, reduced thioredoxin f and m
from spinach (Spinacia oleracea) leaves reduce and
activate the enzyme at low concentrations (10 µM)
of 3-PGA. Fifty percent activation was obtained at
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4.5 and 8.7 µM for reduced thioredoxin f and m, re-
spectively, which is two orders of magnitude lower
than for dithiothreitol. The activation was reversed by
oxidized thioredoxin. Cys12 is conserved in the ADP-
Glc PPases from plant leaves and other tissues except
for the monocot endosperm enzymes (Ballicora et al.
1999). It is very possible that in photosynthetic tis-
sues, reduction could play a role in the fine regulation
of the ADPGlc PPase mediated by the ferredoxin–
thioredoxin system. This is the only reported mech-
anism of regulation in the synthesis of starch that is
mediated by covalent modification.

Regarding the physiological relevance of the reg-
ulation by thioredoxin, it is worth noting that the
same small subunit gene of the potato ADPGlc PPase
is expressed both, in tuber and leaf (Nakata et al.
1994). Both enzymes are located in plastids; the leaf
form is in the chloroplast and the tuber enzyme is
in the amyloplast (Kim et al. 1989). In chloroplasts,
the physiological interpretation of the regulation by
thioredoxin in vitro is straightforward: the ferredoxin–
thioredoxin system is located in the chloroplast and
it has been thoroughly characterized (Wolosiuk et al.
1993). Upon illumination, this system produces re-
duced thioredoxin and at night, it generates oxid-
ized thioredoxin. Thioredoxin could reduce or oxidize
the chloroplastic ADPGlc PPase during the light/dark
cycle, thus providing a fine tune regulation of starch
synthesis in chloroplasts. Interestingly, a recombi-
nant small subunit from A. thaliana ADPGlc PPase is
also activated by reducing agents (B. Smith-White and
J. Preiss, unpublished results).

The relevance of the regulation by thioredoxin is
not clear for an enzyme that is located in the amylo-
plast as the ADPGlc PPase from potato tuber. It is
likely that a thioredoxin form is present in amyloplasts
since thioredoxins are widely distributed and have
been detected in many plant tissues and different sub-
cellular locations, including cytosol, mitochondria,
chloroplasts and nuclei (Jacquot et al. 1997). The other
issue is what is the nature of the reducing power that
would drive the regulation of a target protein (e.g.,
ADPGlc PPase) by thioredoxin. In the amyloplast,
there is no photosynthetic electron transport, but like
in other heterotrophic plastids; the oxidative pentose
phosphate pathway generates reducing power yield-
ing NADPH in a light-independent process (Emes
and Neuhaus 1997). NADPH reduces a ferredoxin
form that is present in heterotrophic plastids and
serves as reducing power for ferredoxin-dependent en-
zymes (Jacquot et al. 1997). In heterotrophic plastids

both electron donors are present, but it is not known
whether either a ferredoxin–thioredoxin or NADP–
thioredoxin system exists. More information about the
biochemistry of the amyloplast is needed to make any
conclusion about the role of reductive activation in the
regulation of ADPGlc PPase from potato tuber in vivo.

The presence of a thioredoxin-like molecule has
to be demonstrated before further speculation on the
physiological relevance of reductive regulation of the
ADPGlc PPase from amyloplasts. However a recent
report (Tiessen et al. 2002) indicates that detachment
of potato tubers from the growing plant causes inhibi-
tion of starch synthesis within 24 h after detachment
despite in vitro ADPGlc PPase activity remaining
high, as well as the substrates ATP and Glc 1-P, and
the 3-PGA/Pi ratio increasing. Using non-reducing
SDS-PAGE it was shown that the catalytic subunit in
detached tubers was solely in the dimeric form and
relatively inactive compared to the enzyme form in
growing tubers. In growing tubers the enzyme was
found as a mixture of monomers and dimers. The
isolated enzyme from detached tubers had a marked
decrease in affinity for the substrates as well as for the
activator. Incubation of tuber slices with either DTT
or sucrose reduced the dimerization of the ADPGlc
PPase catalytic subunit and stimulated starch synthesis
in vivo. These results strongly suggest that the reduct-
ive activation of the tuber ADPGlc PPase observed
in vitro (Fu et al. 1998b) plays an in vivo role in
regulating starch synthesis (Tiessen et al. 2002). The
sucrose content in the tuber correlates strongly with
the reductive activation of the ADPGlc PPase.

Subunit structure of plant ADPGlc PPases

Cyanobacterial ADPGlc PPases occupy a unique posi-
tion with respect to structure–regulation relationships.
They are immunologically related to, and regulated
as the plant ADPGlc PPases; but they are homotet-
rameric in structure as observed for the enzymes from
other bacteria (Table 1). Conversely, the higher plant
ADPGlc PPase has been shown to consist of two
subunits with different functions (Morell et al. 1987;
Preiss et al. 1989; Okita et al. 1990). Other immun-
ological studies in maize endosperm suggested that
in both non-photosynthetic and photosynthetic tissues
the ADPGlc PPase is comprised of two subunits that
are products of two genes (Plaxton and Preiss 1987).
ADPGlc PPases from all the eukaryotes character-
ized so far (starting with the green algae proteins,
see Table 1) are composed of α and β subunits, to
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form a heterotetrameric structure (Preiss 1991, 1999;
Iglesias et al. 1992, 1994; Sivak and Preiss 1998;
Preiss and Sivak 1998b). The recombinant potato
tuber ADPGlc PPase was shown by N-terminal se-
quencing to have a structure of α2β2 (Frueauf et al.
2003). For convenience, these subunits were named
‘small’ (α subunit, 50–54 kDa) and ‘large’ (β sub-
unit, 51–60 kDa); even though the difference in mass
between them in some cases is not more than 1 kDa
(Nakata et al. 1994). The small subunit of the higher
plant ADPGlc PPase is highly conserved (85%–95%
identity), whereas the large subunit is less conserved
(50%–60% identity) (Smith-White and Preiss 1992).

Role of the plant ADPGlc PPase subunits

Both subunits of ADPGlc PPases from eukaryotic or-
ganisms are required for optimal activity of the native
enzyme. In vivo experiments in A. thaliana indicate
that the lack of one of the subunits not only reduce the
activity of the ADPGlc PPase but also the synthesis
of starch (Lin et al. 1988a, b; Li and Preiss 1992).
Also, a similar effect has been observed when either
of the subunits are absent in maize endosperm (Preiss
et al. 1990). To study the properties of the subunits,
the cDNAs encoding the mature α and β subunits of
the potato tuber enzyme were cloned and expressed
in Escherichia coli (Iglesias et al. 1993; Ballicora
et al. 1995). The small and large subunits could be ex-
pressed separately or together, which allowed studying
their respective individual functions. The large subunit
alone had no detectable activity (Iglesias et al. 1993;
Ballicora et al. 1995). Conversely, when the small
subunit was expressed by itself and purified to homo-
geneity, it was shown to form a homotetramer (α4)
that behaves as active as the native heterotetrameric
enzyme when assayed at saturating concentrations of
substrates and 3-PGA (Ballicora et al. 1995). The only
difference was that the α4 enzyme had about 15-fold
lower affinity for 3-PGA than the heterotetramer and
was more sensitive to Pi inhibition. Affinity for the
substrates and Mg2+ were essentially the same for the
α4 or the α2β2 native enzymes (Iglesias et al. 1993;
Ballicora et al. 1995).

Further experiments involving mutagenesis of the
Glc 1-P binding site of the α subunit confirmed the
above hypothesis (Fu et al. 1998a). The affinity for
this substrate decreased orders of magnitude in the
mutants, whereas the same mutations on the homolog-
ous residue in the β subunit did not affect catalysis or
the affinity for Glc 1-P. Mutations of the activator site

showed that the most important lysines responsible for
a high affinity binding of the 3-PGA were also located
on the small subunit (Ballicora et al. 1998). How-
ever, the highest affinity for the activator was observed
only when the large subunit was present forming a
heterotetramer with the small subunit.

The above data strongly suggest that the small sub-
unit of ADPGlc PPases from eukaryotic organisms is
a fully catalytic subunit, with poor regulation; whereas
the large subunit has a modulatory function. Thus, the
large subunit would interact with the small subunit in
order to increase the affinity for 3-PGA. Even though
both seem to derive from the same ancestor, based
on the homology of conserved regions, the higher
homology between the small subunits indicates that
there have been stronger evolutionary constraints for
them than the large subunits. The higher heterogeneity
seen in the large subunit sequence probably reflects
different requirements in the modulation of the small
subunit sensitivity to allosteric activation and inhib-
ition posed by different demands of the tissue and
species (Smith-White and Preiss 1992). Expression
of large subunits would differ during development or
in different plants and tissues (e.g., leaf, stem, guard
cells, tuber, endosperm, root, embryo), providing
the resulting ADPGlc PPases with different sensit-
ivities to regulators (Smith-White and Preiss 1992;
Sivak and Preiss 1998). The distinctive regulatory
properties found for the wheat endosperm enzyme
(Gomez-Casati and Iglesias 2002) (see also Table 1)
seems to be a good example that agrees with this
hypothesis.

Characterization of ADPGlc PPases
from different sources

Table 3 summarizes the kinetic and regulatory proper-
ties of various ADPGlc PPases that have been either
partially purified away from interfering reactions or
purified to homogeneity. Below is a summary of the
characterization of the properties of ADPGlc PPases
from leaf, plant non-photosynthetic tissue, algae and
cyanobacteria.

Spinach leaves

The characterization of the heterotetrameric (α2β2)

structure of ADPGlc PPases from eukaryotes was first
determined for the purified (105 U/mg) spinach leaves
enzyme (Morell et al. 1987). The velocity of synthesis
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Table 3. Kinetic and regulatory parameters from ADPGlc PPases from cyanobacteria, green algae, and higher plants

Source Effector Constant n Activation- Reference

(mM) fold

Barley endosperm purified ATP (−3PGA) 0.31 2.1 Kleczkowski et al.

ATP (+3PGA) 0.19 1.0 (1993b)

G1P (−3PGA) 0.12 NRa

G1P (+3PGA) 0.12 NR

Barley leaves purified 3PGA 0.005 Hyperbolic >20 Kleczkowski et al.

Pi 0.025 Hyperbolic (1993a)

ATP (−3PGA) 1.0 Hyperbolic

ATP (+3PGA) 0.08 Hyperbolic

G1P (−3PGA) 0.33 Hyperbolic

G1P (+3PGA) 0.11 Hyperbolic

Tomato fruit 3PGA 0.2 NR Negligible Chen and Janes

ATP (+3PGA) 0.12 NR activity in (1997)

G1P (+3PGA) 0.086 NR absence of

Pi (3-PGA 0.5 mM) 0.7 3-PGA

Maize endosperm purified 3-PGA 0.12 Hyperbolic Plaxton and Preiss

3-PGA (+Pi 1 mM) 1.2 1.5 (1987)

Pi (+3PGA 1 mM) 0.44 1.0

Pi (+3PGA 10 mM) 9.8 1.2

ATP (−3PGA) 0.84 1.3

ATP (+3PGA) 0.11 1.0

G1P (−3PGA) 0.67 0.9

G1P (+3PGA) 0.03 1.0

Chlamydomonas 3-PGA 0.23 1.3 15 Iglesias et al. (1994)

Pi 0.054 1.0

Pi (+3PGA 2.5 mM) 0.53 1.7

G1P 0.22 1.7

G1P (+3PGA) 0.03 1.2

ATP 0.48 1.2

ATP (+3PGA) 0.08 1.3

Wheat endosperm Pi 0.7 1.3 Gomez-Casati and

3PGA No effect Iglesias (2002)

3PGA (+Pi 0.7 mM) 0.81 1.0

3PGA (+Pi 1.5 mM) 1.51 1.4

3PGA (+Pi 5 mM) 3.33 2.5

G1P 0.092 Hyperbolic

ATP 0.12 Hyperbolic

Fru 6-P No effect

Fru 6-P (+Pi 0.7 mM) 2.5 NR

Wheat leaf Pi 0.2 1.2 11 Gomez-Casati and

3PGA 0.01 1.0 Iglesias (2002)

3PGA (+Pi 2.0 mM) 1.9 2.3

G1P 0.45 1.1

G1P (+3PGA) 0.08 1.0

ATP 0.73 1.2

ATP (+3PGA) 0.22 1.1
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Table 3. Continued

Source Effector Constant n Activation- Reference

(mM) fold

Rice endosperm 3PGA 0.65 NR 40 Sikka et al. (2001)

Pi (+1 mM 3PGA) 0.40 NR

G1P (+3PGA) 0.17 NR

ATP (+3PGA) 0.18 NR

Arabidopsis 3PGA 0.02 NR NR Kavakli et al. (2002)

(recombinant APS1 + APL1) Pi (1 mM 3PGA) 1.2 NR

G1P 0.20 NR

ATP 0.30 NR

Spinach leaf 3PGA 0.051 1.0 20 Copeland and Preiss

Pi 0.045 1.1 (1981)

Pi (+3PGA 1 mM) 0.97 3.7

ATP 0.38 0.9

ATP (+3PGA 1 mM) 0.062 0.9

G1P 0.12 0.9

G1P (+3PGA 1 mM) 0.035 1.0

Potato tuber 3PGA 0.16 Hyperbolic 30 Ballicora et al.

Pi (−3PGA) 0.04 NR (1995); Fu et al. (1998)

Pi (+3PGA 3 mM) 0.63 NR

ATP (+3PGA) 0.076 1.6

G1P (+3PGA) 0.057 1.1

Anabaena 3PGA 0.12 1.0 17 Iglesias et al.

Pi (−3PGA) 0.044 1.0 (1991)

Pi (+3PGA 2.5 mM) 0.46 1.7

G1P (−3PGA) 0.13 1.2

G1P (+3PGA) 0.08 1.0

ATP (−3PGA) 1.55 1.2

ATP (+3PGA) 0.46 1.1

Synechocystis 3PGA 0.81 2.0 126 Iglesias et al.

Pi (−3PGA) 0.095 1.0 (1991)

Pi (+3PGA 2.5 mM) 0.57 2.2

G1P (−3PGA) 0.18 1.1

G1P (+3PGA) 0.05 1.1

ATP (−3PGA) 3.2 2.2

ATP (+3PGA) 0.80 1.0

aNot reported.

of ADPGlc was very sensitive to activation by 3-PGA
and inhibition by Pi. The enzyme activity increased by
3-PGA from 9- to 60-fold at pH 7.5 and 8.5, respect-
ively (Ghosh and Preiss 1966). In absence of 3-PGA,
the I0.5 for Pi is 64 and 45 µM at pH 7.3 and 8.0,
respectively (Copeland and Preiss 1981). Inhibition by
Pi is reversed by the activator 3-PGA and vice versa.
The ratio 3-PGA/Pi controls the activity of the ADP-
Glc PPase and the synthesis of starch in chloroplasts

(Sivak and Preiss 1998). It has been shown that the
enzymes from several other plant leaves exhibit sim-
ilar regulatory properties (Sanwal et al. 1968; Preiss
1982).

Potato tuber

The ADPGlc PPase from potato tuber behaves sim-
ilarly to the enzyme from plant leaves. It has been
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purified to apparent homogeneity (56.9 U/mg) and it
has been the first plant heteromeric enzyme to be ex-
pressed fully active in E. coli (Sowokinos and Preiss
1982; Okita et al. 1990; Iglesias et al. 1993; Ballicora
et al. 1995).

Barley

The ADPGlc PPase from barley leaves was purified
to near homogeneity (69.3 U/mg) and it shows high
sensitivity toward activation by 3-PGA and inhibition
by phosphate (Kleczkowski et al. 1993b). Substrate
kinetics and product inhibition studies in the syn-
thesis direction suggested a sequential Iso Ordered
Bi-kinetic mechanism. ATP or ADPGlc bind first to
the enzyme in the synthesis or pyrophosphorolysis
direction, respectively, similar to the E. coli enzyme
(Haugen and Preiss 1979).

The ADPGlc PPase from barley endosperm was
partially purified (68-fold, 29.1 U/mg) (Kleczkowski
et al. 1993c) and shows low sensitivity to the regu-
lators 3-PGA and Pi. However, 3-PGA lowered up
to 3-fold the S0.5 for ATP and the Hill coefficient as
seen in Table 3 (Kleczkowski et al. 1993a, c). At
0.1 mM ATP the activation by 3-PGA was around 4-
fold (Kleczkowski et al. 1993c) and phosphate 2.5 mM
reversed the effect. Moreover, the degree of the activa-
tion by 3-PGA was found dependent on the condition
(mainly temperature and the presence of Mg2+) at
which the enzyme is maintained before assaying it for
activity (Kleczkowski et al. 1993a).

A recombinant enzyme with a (His)6-tag from bar-
ley endosperm was expressed using the baculovirus
insect cell system (Rudi et al. 1997). It shows no
sensitivity to the regulation by 3-PGA and Pi but it
was assayed at saturating concentration of substrates
only in the pyrophosphorolysis direction using the
spectrophotometric method. For all ADPGlc PPases
studied the magnitude of activation by the allosteric
effectors is much greater in the synthesis reaction
than what is observed in the pyrophosporolysis re-
action. The ADPGlc synthesis direction and not the
pyrophosphorolysis direction is considered to be the
physiological reaction. When the recombinant enzyme
without the (His)6-tag was expressed in insect cells,
the heterotetrameric form remained insensitive to 3-
PGA activation and to Pi inhibition at saturated con-
centrations of substrates (Doan et al. 1999). It has not
been reported if the 3-PGA had any effect on the affin-
ity for the substrates as shown in the enzyme purified
from the endosperm. Conversely, the small subunit

expressed alone was very responsive to the allosteric
effectors (Doan et al. 1999).

The small subunit from barley seems to be encoded
by a single gene that gives rise to two different tran-
scripts. One of them was found abundantly expressed
in starchy endosperm but not in leaves, while the other
was isolated from both tissues (Thorbjornsen et al.
1996a).

Pea embryos

The enzyme from pea developing embryos was puri-
fied to apparent homogeneity (56.5 U/mg) and it was
found to be activated up to 2.4-fold by 1 mM 3-PGA in
the synthesis direction. In pyrophosphorolysis assay,
1 mM Pi inhibited the enzyme 50% and 3-PGA re-
versed this effect (Hylton and Smith 1992). The effect
of 3-PGA or Pi on the S0.5 for ATP was not analyzed.

Three ADPGlc PPases cDNA clones have been
isolated from a cotyledon cDNA library. Two of them
encode small subunits and the third one a large sub-
unit. The latter showed a greater selectivity in expres-
sion than the other two and it was highly expressed in
sink organs and undetectable in leaves (Burgess et al.
1997).

Tomato

Three clones encoding different ADPGlc PPase iso-
forms were isolated from a cDNA library from tomato
fruit. Sequence comparison and phylogenetic analysis
revealed that all of them represent different types of
the enzyme large subunits. It was proposed that the
three isoforms are organ-specific in their expressions
(Park and Chung 1998). In parallel, four clones were
isolated by PCR; three corresponding to large sub-
units and one to a small subunit (Chen et al. 1998b).
Concurrently, when the enzyme from tomato fruit
was purified to apparent homogeneity (45 U/mg), mul-
tiple forms were detected by two-dimensional elec-
trophoresis and immunological criteria. At least three
polypeptides corresponded to large subunits and two
to small subunits. The purified tomato fruit enzyme
was highly sensitive to 3-PGA/Pi regulation as the
enzyme from potato tuber (Table 3) (Chen and Janes
1997; Chen et al. 1998a).

Maize endosperm

ADPGlc PPase partially purified (34 U/mg) from
maize endosperm was found to be activated by 3-
PGA and Fru 6-P (25- and 17-fold, respectively)
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and inhibited by Pi (Plaxton and Preiss 1987). The
heterotetrameric endosperm enzyme was cloned and
expressed in E. coli and some of its regulatory prop-
erties were compared to the isolated allosteric mutant
less sensitive to Pi inhibition (Giroux et al. 1996). As
above stated, the increase of starch noted in the mutant
maize endosperm ADPGlc PPase insensitive to Pi in-
hibition supports the relevance of the allosteric effects
of 3-PGA and Pi in vivo.

C. reinhardtii

The ADPGlc PPase from different green algae was
characterized as being highly regulated by 3-PGA/Pi
(Sanwal and Preiss 1967; Nakamura and Imamura
1985; Iglesias et al. 1994). The enzyme from
C. reinhardtii was purified to apparent homogen-
eity (81 U/mg) and characterized as a heterotetramer
(α2β2), which is typical of the ADPGlc PPase from
eukaryotic organisms (Iglesias et al. 1994). A starch
deficient mutant of C. reinhardtii was shown to con-
tain an ADPGlc PPase that could not be activated by
3-PGA but exhibited similar sensitivity to Pi inhibition
than the wild type enzyme (Ball et al. 1991).

Wheat

Two cDNA clones that encode a large and a small sub-
unit from the wheat endosperm ADPGlc PPase were
isolated (Ainsworth et al. 1993, 1995). The ADPGlc
PPase from wheat endosperm has been highly purified
(2.44 U/mg) and characterized showing a novel regu-
latory behavior (see Tables 1 and 2) (Gomez-Casati
and Iglesias 2002). This form is either the major or
the only one present in the endosperm at 28-day post-
anthesis. On the other hand, it has been claimed that
a cytosolic and a plastidic isoform of the enzyme in
the endosperm have been separated, but no kinetic
characterization of them has been performed (Burton
et al. 2002). More recently, it was shown that crude
extracts of wheat endosperm contained two isoforms
of the enzyme (Tetlow et al. 2003). One extract from
the amyloplastidial fraction, was activated 2-fold by
3-PGA and inhibited by Pi, while the extract from
the whole endosperm exhibited sensitivity toward 3-
PGA only when Pi was present as described for the
purified enzyme (Gomez-Casati and Iglesias 2002;
Tetlow et al. 2003). The ADPGlc PPase from wheat
leaves was purified (59 U/mg) and characterized as
a typical 3-PGA/Pi regulated enzyme (Gomez-Casati
and Iglesias 2002). Some of the kinetic data for the

wheat leaf and endosperm ADPGlc PPases are seen in
Table 3.

Rice

SDS-PAGE and iso-electrofocusing analysis detec-
ted multiple isoforms of the purified ADPGlc
PPase (43 U/mg) of rice endosperm (Nakamura and
Kawaguchi 1992). No kinetic characterization was
performed. A recent work reported that a purified en-
zyme was 40-fold activated by 3-PGA and inhibited
by Pi (Sikka et al. 2001). Allosteric kinetic constants
for the rice endosperm enzyme are seen in Table 3.

A. thaliana

The A. thaliana leaf ADPGlc PPase containing the ma-
ture forms of one small subunit clone isolated from a
cDNA library (Kavakli et al. 2002) and one large sub-
unit (adg-2) (Villand et al. 1993) was expressed in a
heterologous system and characterized enzymatically
and the recombinant enzyme exhibited kinetic proper-
ties similar to the enzyme purified from leaves (Li and
Preiss 1992; Kavakli et al. 2002).

Vicia faba

Several cDNA clones encoding two different ADPGlc
PPase polypeptides were isolated from a cotyledon-
ary library of V. faba L. (Weber et al. 1995). Both
sequences are closely related to ADPGlc PPase small
subunit from other plants. One polypeptide is ex-
pressed in developing cotyledons and leaves, while the
other is found only in cotyledons. Studies performed
on crude extracts showed that the enzyme from coty-
ledons is insensitive to 3-PGA whereas the one from
leaves can be activated more than 5-fold, and Pi inhib-
ited both enzymes. These experiments were performed
in the pyrophosphorolysis direction using the spectro-
photometric assay and whether, the 3-PGA reversed
the Pi inhibition was not analyzed (Weber et al. 1995).

Subcellular localization of ADPGlc PPase
in plants

In green algae and in leaf cells of higher plants AD-
PGlc PPase is a chloroplastic enzyme (Preiss 1982).
Evidence of the latter is the early discovered fact
that isolated chloroplasts synthesize starch with only
requirement for CO2 and illumination (Heldt et al.
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1977). Conversely, reports on the localization of ADP-
Glc PPase in non-photosynthetic cells of higher plants
have been controversial. Immunolocalization of the
enzyme in storage tissues of higher plants has been
performed by Kim et al. (1989) in developing potato
tuber cells and by Miller and Chourey (1995) in de-
veloping endosperm cells of maize. These works, in
agreement with studies of intact plastids isolation in
wheat endosperm (Entwistle and ap Rees 1988), pea
embryo (Denyer and Smith 1988), maize endosperm
(Echeverria et al. 1988), and oilseed rape embryos
(Kang and Rawsthorne 1994) provided good evid-
ence that the enzyme is exclusively plastidial. The in
situ detection of the enzyme in amyloplasts of devel-
oping maize endosperm has shown that the labeling
of the ADPGlc PPase associated to the organelles is
predominantly peripheral (Brangeon et al. 1997).

More recently, using plastids isolated from
maize and barley endosperm (Denyer et al. 1996;
Thorbjornsen et al. 1996b; Johnson et al. 2003),
it was reported the existence of two, a plastidial
form and a major cytosolic form of ADPGlc PPase.
From this, it was proposed that, in cereals, there are
two isoenzymes with different intracellular location
(Kleczkowski 1996). This is largely based on that mul-
tiple forms of both the small and large subunits found
in several plants may give rise to different isoenzymes,
which localize in different intracellular compartments
and possess distinctive kinetic and regulatory prop-
erties. The latter view on the cytosolic localization
of ADPGlc PPase proposes that starch synthesis in
cereals endosperm occurs with the involvement of an
ADPGlc carrier in the amyloplast envelope (Pozueta-
Romero et al. 1991; Kleczkowski 1996). A main prob-
lem of the studies on localization of ADPGlc PPase
through plastids isolation is the low integrity of the
amyloplasts in such preparations, since amyloplasts
intactness lower than 25% were reported (Denyer et al.
1996; Johnson et al. 2003). In this respect, it is worth
to point out a detailed analysis performed by ap Rees
(1995), stating that the use of plastid preparations with
low integrity highly affect error propagation in the
calculation of enzyme distribution between subcellular
compartments.

Identification of important amino acid
residues within the ADPGlc PPases

Amino acid residues playing important roles in the
binding of substrates and allosteric regulators have

been identified in the ADPGlc PPases mainly by
chemical modification and site directed mutagenesis
studies. Thus, photoaffinity analogs of ATP and ADP-
Glc, 8-azido-ATP and 8-azido-ADPGlc, were used to
identify Tyr114 as an important residue in the enzyme
from E. coli (Lee and Preiss 1986; Lee et al. 1986).
Site directed mutagenesis of this residue rendered a
mutant enzyme exhibiting a marked increase in S0.5
for ATP, but also a lower affinity for Glc 1-P and
the activator Fru 1,6-bisP (Lee et al. 1986). The Tyr
residue must be close to the adenine ring of ATP or
ADPGlc, but probably also near the Glc 1-P and the
activator regulatory sites. It is not very clear if this
residue plays a direct role in the binding of the nuc-
leotide. Interestingly, the homologous Tyr114 in the
enzyme from plants is a Phe residue (Frueauf et al.
2001), which suggests that the functionality is not
given by the specific residue but by its hydrophobi-
city.

Early chemical modification studies on the E. coli
ADPGlc PPase, showing the involvement of Lys195

in the binding of Glc 1-P (Parsons and Preiss 1978a,
b), were later confirmed by site-directed mutagenesis
(Hill et al. 1991). The latter methodology was used
to determine the role of this conserved residue in the
small (Lys198) and large (Lys213) subunits of the potato
tuber ADPGlc PPase (Fu et al. 1998a). Mutation of
Lys198 of the small subunit with Arg, Ala or Glu,
decreased the apparent affinity for Glc 1-P 135- to
550-fold. Conversely, there was little effect on kinetic
constants for ATP, Mg2+, 3-PGA and Pi. These results
indicate that the Lys198 in the small subunit is directly
involved in the binding of Glc 1-P. On the other hand,
the homologous counterpart in the large subunit does
not seem to be involved since similar mutations on the
Lys213 had little effect on the affinity for Glc 1-P (Fu
et al. 1998a). This agrees with the idea that the large
subunit is a modulatory subunit without a catalytic role
(Ballicora et al. 1995).

Recently, Asp142 in the E. coli ADPGlc PPase
was predicted to be close to the substrate site and
the amino acid was identified as mainly involved in
catalysis (Frueauf et al. 2001). Characterization of
site-directed mutant enzymes D142A and D142N con-
firmed that the main role of Asp142 is catalytic as they
showed a decrease in specific activity of 10,000-fold,
whereas other kinetic parameters showed no signi-
ficant changes (Frueauf et al. 2001). This residue is
highly conserved throughout ADPGlc PPases from
different sources, as well as throughout the super-
family of nucleotide-sugar pyrophosphorylases (NDP-
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sugar PPases) (Frueauf et al. 2003). The role of this
Asp residue was also investigated in the heterotet-
rameric ADPGlc PPase from potato tuber. By site-
directed mutagenesis, the homologous residues of the
small (Asp145) and large (Asp160) subunits were sub-
stituted by either Asn or Glu residues (Frueauf et al.
2003). Mutation of the Asp145 of the small subunit
rendered enzymes exhibiting four (D145N) or two
(D145E) orders of magnitude decreases in specific
activity. Conversely, mutations in the large subunit
alone did not alter the specific activity, but did affect
the apparent affinity for 3-PGA (Frueauf et al. 2003).
Results agree with the statement that each subunit
plays a particular role: catalytic for the small subunit
and modulatory for the large subunit.

Pyridoxal-5-phosphate (PLP) is a Lys modifying
reagent that was useful to identify residues involved
in the binding of allosteric effectors and substrates in
ADPGlc PPases. In fact, PLP can be considered as
having some structural analogy to 3-PGA, as it ac-
tivates the enzymes from spinach leaf and Anabaena.
In the enzyme from spinach, PLP bound at Lys440,
very close to the C-terminal of the small subunit, as
well as to three other Lys residues in the large subunit
(Ball and Preiss 1994). The binding to these sites was
prevented by the allosteric effector 3-PGA, which in-
dicated that they are close or directly involved to the
binding of this activator (Morell et al. 1988; Ball and
Preiss 1994).

Similar results were obtained with the ADPGlc
PPase from Anabaena, where PLP modified Lys419

and Lys382. Identification of these residues as reg-
ulatory binding sites was confirmed by site-directed
mutagenesis of the Anabaena ADPGlc PPase (Charng
et al. 1994; Sheng et al. 1996). Mutation of the homo-
logous Lys residues of the potato tuber enzyme (Lys441

and Lys404 in the small subunit) revealed that they are
also part of the 3-PGA site of heterotetrameric ADP-
Glc PPases and that they contribute additively to the
binding of the activator (Ballicora et al. 1998). How-
ever, mutations of the small subunit yielded enzymes
with lesser affinity to 3-PGA than the homologous
mutations of the large subunit. Results indicate that
Lys404 and Lys441 of the potato tuber small subunit
are more important for 3PGA activation than their ho-
mologous counterparts on the large subunit. On the
other hand, the large subunit seems to contribute to
the enzyme activation by making the activator sites
already present in the small subunit more efficient
rather than providing more effective allosteric sites
(Ballicora et al. 1998).

Arginine residues in ADPGlc PPases from cy-
anobacteria were found to be functionally important as
shown by chemical modification with phenylglyoxal
(Iglesias et al. 1992; Sheng and Preiss 1997). Also,
the role played by Arg294 in the inhibition by Pi of
the enzyme from Anabaena PCC 7120 was shown by
Ala scanning mutagenesis studies (Sheng and Preiss
1997). More recently, it was found that replacement
of this residue with Ala or Gln produces mutant en-
zymes with a changed pattern of inhibitor specificity,
as having NADPH rather than Pi as the main inhib-
itor (Frueauf et al. 2002). All of these results suggest
that the positive charge of Arg294 may play a key role
in determining inhibitor selectivity, rather than be-
ing specifically involved in Pi binding. On the other
hand, studies of the role of Arg residues located in
the N-terminal of the enzyme from Agrobacterium
tumefaciens demonstrated the presence of separate
subsites for the activators Fru 6-P and pyruvate as well
as a desensitization of R33A and R45A mutants to Pi
inhibition (Gomez-Casati et al. 2001).

Random mutagenesis experiments performed on
the potato tuber ADPGlc PPase have been useful
to identify residues that are important for the en-
zyme. Mutation Asp253 on the small subunit showed
a specific effect on the Km for Glc 1-P, which in-
creased 10-fold with respect to the wild type enzyme
(Laughlin et al. 1998b). The small magnitude in the
increase (only one, rather than two to four orders of
magnitude) would suggest that the Asp253 residue is
not directly involved in Glc 1-P binding. Remarkably,
this residue is conserved in the NDP-sugar PPases that
have been crystallized and the structure solved (Rost
and Sander 1993; Brown et al. 1999; Blankenfeldt
et al. 2000; Frueauf et al. 2001). The alignment of
Asp253 in the latter according to the secondary struc-
ture elements suggests that the residue is close to the
substrate site without a direct interaction with Glc-1-P.
The most interesting finding in the random mutagen-
esis studies was related with Asp416 (in the article is
described as Asp413) in the large subunit and its rel-
evance for the normal activation by 3-PGA (Greene
et al. 1996). This residue is adjacent to the Lys417 that
was characterized as a site for PLP binding and 3-PGA
activation (Ball and Preiss 1994).

The identification of Lys and Arg residues in-
volved in allosteric activator binding and located at
the C-terminus in ADPGlc PPases from plant and cy-
anobacteria constitutes a main difference to what was
found for the E. coli and A. tumefaciens enzymes.
In the latter, Lys39 (E. coli) and Arg residues in the
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Figure 1. Prediction of the secondary structure of ADPGlc PPases. The secondary structure of various ADPGlc PPases from bacteria as well as
plants was predicted by the PHD program (Rost and Sander 1993). Arrows are predicted β-pleated sheets and cylinders are predicted α-helices.
These structures are interconnected with amino acid sequences indicated as neither α-helices or as β-pleated sheets. These possibly random
structures or loops are shown as lines. White triangles indicate areas where proteinase K hydrolyzes the E. coli enzyme (Wu and Preiss 1998).
Black triangles indicate where the Anabaena ADPGlc PPase is partially proteolyzed by trypsin and gray triangles indicates the partial hydrolysis
of the E. coli enzyme by trypsin (unpublished). Residues P295 and G336 are amino acids that when mutated affect the allosteric properties of
the ADPGlc PPase (Meyer et al. 1998a, b). Regions 1, 2, and 3 form the putative catalytic domain. The topology of regions 2 and 3 can be
predicted with a high degree of accuracy since the secondary structure matches the crystallized NDP-sugar PPases. The topology of region 1,
in dashed lines, could not be ascertained. Most probably, the glycine rich loop and the K39 loop are facing the same side of the loops that bind
the substrates. Region 3 is possibly a domain that binds the Glc 1-P according to the secondary structure alignment with the crystal structures
of NDP-sugar PPases. The motif ASMG is highly conserved in ADPGlc PPases and it is compatible with a β-pleated sheet, bent by glycine,
present in the crystallized NDP-sugar PPases.

N-terminal (A. tumefaciens) were characterized as im-
portant for the interaction of the enzyme’s activators
and inhibitors (Parsons and Preiss 1978a, b; Gardiol
and Preiss 1990; Gomez-Casati et al. 2001). These
results suggest that regulatory domains may be loc-
ated at different sites in the enzymes from bacteria
and plant. However, recent studies performed with chi-
meric ADPGlc PPases from E. coli and A. tumefaciens
have indicated that in the bacterial enzymes the
C-terminus is also critical for determining regulator
affinity and specificity (Ballicora et al. 2002). Thus, it
is very possible that the regulation of ADPGlc PPases
is determined by a combined arrangement and interac-

tion between the N- and C-terminus in the respective
protein.

Prediction of the structure of ADPGlc PPases

At the present, attempts to obtain ADPGlc PPase in
a crystalline state allowing its structural characteriz-
ation have failed. This strongly limits the complete
understanding of structure–function relationships of
the enzyme. A valid approach to solve this pitfall is the
use of different methods to predict protein structure
(Rost and Sander 1993). When a modified ‘hydro-
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phobic cluster analysis’ (HCA) (Lemesle-Varloot et al.
1990) was applied to several ADPGlc PPases from dif-
ferent sources representing different classes according
to homology of subunits and tissue, a high simil-
arity in the distribution and pattern of the clusters
was observed (Frueauf et al. 2001; Ballicora et al.
2003). This comparison also included bacterial and
plant enzymes, thus strongly suggesting that ADPGlc
PPases share a common folding pattern, despite a dif-
ferent quaternary structure (α2β2 in plants and α4 in
bacteria) and specificity for allosteric regulators. Pre-
diction of the secondary structure of ADPGlc PPases
from different sources based on controlled proteolysis
experiments, and other biochemical data allowed us to
build a model for this enzyme that pictures a similar
3D-structure (Preiss and Sivak 1998b; Frueauf et al.
2001) (Figure 1).

Loops are prone to have insertions and deletions in
homologous proteins, without altering the structure.
In our model (Figure 1), all the insertions and dele-
tions observed, mainly found between the enzymes
from classes VIII and IX, and the rest (Table 1), fall
in loops. Also located in loops are the conserved
amino acids known to have specific roles in the bind-
ing of substrates (E. coli Tyr114, potato tuber small
subunit Lys198), activators (E. coli Lys39, Anabaena
Lys382, Lys419), involved in catalysis (potato tuber
small subunit Asp145), or probably close to the sub-
strate site (potato tuber small subunit Asp253). The
residue Asp403 that seems to be located in a region
important for the regulation of the potato tuber enzyme
(Greene et al. 1996) is also found in a loop.

The model also shows a domain that is typical
of proteins that bind nucleotides (Figure 1). Close to
the N-terminus, in region 1, there is a β-sheet fol-
lowed by a Gly-rich loop that is similar to a ‘P loop’
present in protein kinases or nucleotide binding sites
(Saraste et al. 1990). In addition, region 2 (Figure 1) is
comprised by three β-sheets and helices that are com-
patible with the Rossman fold (Rossman et al. 1974).
Interestingly, Tyr114, which was shown to be reactive
to the azido analog of ATP (Lee and Preiss 1986; Lee
et al. 1986), is in this putative domain.

It is worth to point out in the model that all the
amino acid residues characterized as playing a func-
tional role in the substrate-binding site are facing the
same side. Hence, this is compatible with the idea
that the ATP would be facing the ‘top’ of the struc-
ture depicted in Figure 1. The opposite loops show
low homology between ADPGlc PPases. This corre-
lates with the topology observed in α/β structures that

have functional loops on one side of the domain and
only connector loops on the other (Branden 1980). In
addition, the model fits very well with the recently
crystallized NDP-sugar PPase domains (Brown et al.
1999; Blankenfeldt et al. 2000; Kostrewa et al. 2001;
Olsen and Roderick 2001; Sivaraman et al. 2002).
Most probably, despite the very low homology among
some of them, all the NDP-sugar PPases share a
similar catalytic domain. To support this hypothesis,
it was demonstrated, by site directed mutagenesis,
that Lys175 in the GDPMan PPase from Pseudomonas
aeruginosa is responsible for the Man 1-P binding and
it is homologous to the Glc 1-P binding site found in
ADPGlc PPases (May et al. 1994).

Domain characterization

It has been proposed that the N- and C-terminus are
responsible for the distinctive regulatory properties
of the different classes of ADPGlc PPases (Ballicora
et al. 2002). This is evident for the ADPGlc PPases
from oxygenic photosynthetic organisms since key
residues for the regulation have been found on the C-
terminus of plant and cyanobacterial ADPGlc PPases
(Charng et al. 1995; Greene et al. 1996; Sheng et al.
1996; Sheng and Preiss 1997; Ballicora et al. 1998;
Frueauf et al. 2002). Also, several modifications on
the C-terminus caused modifications on the regulation
of plant enzymes (Giroux et al. 1996; Salamone et al.
2002). Residues that are critical for the binding of the
activators have been found only on the N-terminus
of enzymes from heterotrophic bacteria (Gardiol and
Preiss 1990). However, recent experiments with chi-
meric constructs have shown that the C-terminal may
be also important for the regulation of the bacterial
enzyme (Ballicora et al. 2002). It is very possible com-
bined arrangement and spatial interaction between the
N- and C-terminus determines the regulation in all the
ADPGlc PPases.

It was observed that truncation of 10 amino acids in
the small subunit of ADPGlc PPase from potato tuber
modified the regulatory properties by increasing the
apparent affinity for the activator 3-PGA and decreas-
ing the one for the inhibitor Pi (Ballicora et al. 1995).
Similar results have been observed when the large
(modulatory) subunit was truncated 17 amino acids in
the N-terminal (Laughlin et al. 1998a). Truncation of
11 amino acids in the E. coli enzyme also affects the
regulatory properties (Wu and Preiss 1998, 2001). All
data agree with the premise that the N-terminal region
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of the ADPGlc PPase, which is predicted as a loop,
may play a role as an ‘allosteric switch’ to regulate
enzyme activity. This loop possibly interferes with the
transition between two different conformations of the
enzyme (activated and non-activated). A shorter N-
terminus may favor a conformation of the enzyme that
facilitates the activation. Interestingly, the residue re-
sponsible for the thioredoxin mediated regulation of
the potato tuber ADPGlc PPase is located in the N-
terminus of the protein (Ballicora et al. 2000; Fu et al.
1998b).

Evolution of the ADPGlc PPases

According to the model (Figure 1), it is very possible
that the ADPGlc PPases and other NDP-sugar PPases
derive from a common ancestor, since they seem to
share a common pyrophosphorylase domain with a
similar fold. The main difference is that ADPGlc
PPases are allosteric enzymes, and are generally big-
ger because they have an extended C-terminus (120–
150 amino acids) and a slightly longer N-terminus
(10–40 amino acids). The other NDP-sugar PPases
either lack this extended C-terminus or it is part of
a completely different domain to form a bifunctional
enzyme (Shinabarger et al. 1991; Brown et al. 1999).
Probably, the ADPGlc PPase acquired the C-terminal
fragment to become a regulated enzyme and/or to
improve a rudimentary regulation already present. In
plant and cyanobacterial ADPGlc PPases, the role of
the C-terminus in the regulation is critical. In en-
zymes from other sources it is not known whether
the regulatory sites are located in the same or distinct
domains, but it seems that the C-terminus is playing
an important role in all the ADPGlc PPase classes.
Once acquired this C-terminal domain in the evolu-
tion, it is possible that a common ancestor evolved
to other forms with different regulatory properties
to accommodate to different metabolic environments,
and developed into several classes of ADPGlc PPases
(Table 1). Many ADPGlc PPases have a longer N-
terminus than other NDP-sugar PPases. However, it is
not clear at what point in evolution this was expanded,
or if this has been more dynamic process.

The specificity for activators and inhibitors is not
absolute in some of the ADPGlc PPases. Gener-
ally, besides the main activator, other effectors can
activate the enzyme, but to a lesser extent and at
higher concentrations. In addition, it was observed
that minimal changes on the protein sequence could

alter the specificity for the regulators. This suggests
that the ADPGlc PPase was flexible to mutate and
acquire the ability to be efficiently activated by dif-
ferent metabolites. In other words, the ADPGlc PPase
could easily adapt to the regulatory needs imposed
by metabolic changes along the evolution. With
ADPGlc PPases from anoxygenic photosynthesizers
there are data that support this view. The enzyme
from Anabaena changed the preference for the acti-
vator from 3-PGA to Fru 1,6-bisP with a single change
(K419Q) (Charng et al. 1995). Concurrently, few
mutations on the small subunit from the potato tuber
enzyme could alter the selectivity for activators of the
homotetrameric form (α4) (Salamone et al. 2002). In
the Anabaena enzyme, mutants R294A, R294E and
R294Q changed the specificity of inhibition from Pi to
NADPH (Frueauf et al. 2002). This indicates that the
inhibitory site also shares this ability for adaptation. In
heterotrophic bacterial ADPGlc PPases, it was shown
that a single ‘crossover’ between two genes renders
two chimeric enzymes that would belong to different
classes than their parents (Ballicora et al. 2002).

The origin of the ADPGlc PPases in eukaryotes
is probably related to an endosymbiotic process with
a prokaryote for plastid formation (Figure 2). Later,
the gene must have transferred to the nucleus (Martin
and Herrmann 1998). In fact, cyanobacterial homotet-
rameric enzymes share a higher homology with the
small subunits from plants than with other hetero-
trophic bacteria. In eukaryotes, a β (‘large’) subunit
appeared later in evolution, most probably, by gene
duplication. Later, these genes diverged and special-
ized. This led to obtain different polypeptides, a
catalytic and a modulatory subunit. Even though both
seem to derive from the same ancestor, based on the
homology of conserved regions, the higher homology
between the small subunits indicates that there have
been stronger evolutionary constraints for them than
the large subunits (Figure 2). Also, the small subunits
share a much higher homology with the cyanobacterial
enzymes rather than with the large subunits. The small
subunit kept the catalytic function but lost the abil-
ity to be activated efficiently in absence of the large
subunit. Replacement of few amino acids showed that
this process could be reversed in vitro (Salamone et al.
2002). The higher heterogeneity seen in the large sub-
unit sequence probably reflects different requirements
in the modulation of the small subunit sensitivity to
allosteric activation and inhibition posed by different
demands of the tissue and species (Smith-White and
Preiss 1992). A further step in the evolution was that,
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Figure 2. Evolution of ADPGlc PPases.

in certain tissues, the small subunit of the plant AP-
DGlc PPases gained the ability to be regulated by
thioredoxin (Ballicora et al. 2000).
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