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Abstract
Key message This review outlines research performed in the last two decades on the structural, kinetic,regulatory 
and evolutionary aspects of ADP-glucose pyrophosphorylase, the regulatory enzymefor starch biosynthesis.
Abstract ADP-glucose pyrophosphorylase (ADP-Glc PPase) catalyzes the first committed step in the pathway of glycogen 
and starch synthesis in bacteria and plants, respectively. Plant ADP-Glc PPase is a heterotetramer allosterically regulated 
by metabolites and post-translational modifications. In this review, we focus on the three-dimensional structure of the plant 
enzyme, the amino acids that bind the regulatory molecules, and the regions involved in transmitting the allosteric signal to 
the catalytic site. We provide a model for the evolution of the small and large subunits, which produce heterotetramers with 
distinct catalytic and regulatory properties. Additionally, we review the various post-translational modifications observed in 
ADP-Glc PPases from different species and tissues. Finally, we discuss the subcellular localization of the enzyme found in 
grain endosperm from grasses, such as maize and rice. Overall, this work brings together research performed in the last two 
decades to better understand the multiple mechanisms involved in the regulation of ADP-Glc PPase. The rational modifica-
tion of this enzyme could improve the yield and resilience of economically important crops, which is particularly important 
in the current scenario of climate change and food shortage.

Keywords Allosteric regulation · Enzyme evolution · Post-translational regulation · Redox regulation · 
Subfunctionalization · Nucleotide-sugar synthesis

Starch, a main reserve polysaccharide 
in plants

Living organisms synthesize polyglucans as a strategy to 
store carbon and energy. The structure and intracellular loca-
tion of the polysaccharide vary in organisms with different 
trophic and evolutionary characteristics (Gould et al. 2008; 

Suzuki and Suzuki 2013). For the scope of this review, it 
is worth considering the common scenario taking place 
in prokaryotes and photosynthetic eukaryotes grouped as 
Chlorophytes and higher plants, which use ADP-glucose 
(ADP-Glc) as a key intermediate to synthesize branched 
α-1,4 (α-1,6) polyglucans as reserve molecules. All micro-
organisms including Archaebacteria and Eubacteria, either 
heterotrophic or autotrophic (chemolithotrophic as well as 
photosynthetic of the type anaerobic and oxygenic, the lat-
ter named cyanobacteria) have glycogen as the main car-
bon storage. On the other hand, members of the Archae-
plastida (formerly known as Plantae) kingdom identified as 
green algae (grouped as Chlorophytes) and higher plants 
have characteristic plastids accumulating starch as a major 
product of photosynthesis (Gould et al. 2008; Figueroa et al. 
2016).

Starch is a mixture of two polysaccharides, amylose 
(mostly a linear α-1,4-polyglucan chain with a low number 
of α-1,6 branches) and amylopectin (α-1,4-polyglucan highly 
branched with α-1,6 bonds). Starch, with different ratios of 

Carlos M. Figueroa and Matías D. Asencion Diez have equal 
contribution.

 * Miguel A. Ballicora 
 mballic@luc.edu

 * Alberto A. Iglesias 
 iglesias@fbcb.unl.edu.ar

1 Instituto de Agrobiotecnología del Litoral, Universidad 
Nacional del Litoral, Consejo Nacional de Investigaciones 
Científicas y Técnicas, Facultad de Bioquímica y Ciencias 
Biológicas, Santa Fe, Argentina

2 Department of Chemistry and Biochemistry, Loyola 
University Chicago, Chicago, IL, USA

http://orcid.org/0000-0003-4047-0480
http://orcid.org/0000-0001-6495-387X
http://orcid.org/0000-0002-5324-0724
http://orcid.org/0000-0001-9729-7338
http://crossmark.crossref.org/dialog/?doi=10.1007/s11103-021-01235-8&domain=pdf


308 Plant Molecular Biology (2022) 108:307–323

1 3

amylose and amylopectin, deposits as granules in plastids 
of various types of plant tissues and organs: leaves, shoots, 
roots, grains, fruits, and stems. For a detailed description 
regarding the chemical and physical properties of starch 
granules and their components, we recommend two excel-
lent reviews (Ball and Morell 2003; Raguin and Ebenhoh 
2017). The polysaccharide plays critical tasks for carbon 
assimilation, partitioning, and allocation in the different tis-
sues and periods of plant development (MacNeill et al. 2017; 
Goren et al. 2018). Starch is synthesized in plastids, forming 
granules, with the semi-crystalline structure of the polymer 
being distinctive according to the auto- (source) or hetero- 
(sink) trophic nature of the tissue. The starch found in pho-
tosynthetic cells exhibits a structure known as type-B, with 
a morphology of long and disperse α-glucan chains arrang-
ing a hexagonal lattice able to incorporate water molecules. 
Non-photosynthetic tissues contain type-A starch granules, 
having shorter α-glucan chains that interact forming dou-
ble helices, thus packing densely and excluding water. A 
type-C intermediate structure of the polymer is also found 
in many plant organs, like fruits and roots. Starch granules 
accumulated in plastids of plant heterotrophic cells vary in 
size, shape, and molecular composition (relative contents of 
amylose and amylopectin, proteins, and phosphate) in the 
different botanical species (Glaring et al. 2006).

The function and dynamics of starch synthesis/degra-
dation are also different in source or sink tissues (Fig. 1). 
The polysaccharide is actively synthesized in the chloro-
plast during the light period in green cells (typically in the 
leaf), therein serving as a short-time storage of carbon and 
energy (Goren et al. 2018). During the day, photoassimi-
lated carbon is partitioned between chloroplastic starch 
and carbon exported from the plastid to assure demands 
for respiration and primary metabolism, in addition to 
sucrose synthesis requirements for delivery to hetero-
trophic cells. At night, the leaf glucan (named transient 
starch) is degraded to provide carbon and energy to the 
same cell as well as carbon export to other organs (Fig. 1). 
Once in the heterotrophic tissue, sucrose is partitioned 
into different intracellular compartments and metabolic 
pathways. An example of the latter is the major route of 
synthesis of starch in the plastid, leading the polymer to 
constitute a middle or long-term carbon storage molecule 
(MacNeill et al. 2017; Goren et al. 2018). Typically, in 
mature seeds of grasses, starch is the predominant reserve 
compound accumulated for a very long period, specifically 
until seed germination (Fig. 1).
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Fig. 1  Simplified scheme of carbon partitioning between photosyn-
thetic and heterotrophic tissues. Green cell (left), photosynthetic tis-
sue; brown cell (right), heterotrophic tissue. Reactions occurring 
during day and night hours are indicated by yellow and blue arrows, 
respectively. The pathway of starch synthesis in cereal endosperm 
is indicated with red arrows. Enzymes discussed in this review are 
indicated with violet numbers: 1, ADP-Glc pyrophosphorylase; 2, 

starch synthase; 3, branching enzyme. Dotted lines represent multiple 
enzymatic steps or transport across membranes. CBC Calvin-Benson 
cycle; TCA  tricarboxylic acid cycle; RuBP ribulose-1,5-bisphosphate; 
Pyr pyruvate; Suc sucrose; Mal maltose; TPT triose-P transporter; 
MT maltose transporter; ST sucrose transporter; HPT hexose-P 
transporter; BT1 ADP-Glc transporter (BRITTLE1). Adapted from 
Figueroa et al. (2016)
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Biosynthesis of starch in plants

The discovery of nucleoside-diphosphate-sugars by Leloir 
et al. in the 1950s untied a knot in the elucidation of the 
metabolic routes for oligo and polysaccharide synthesis in 
different organisms (Leloir 1971; Figueroa et al. 2021). The 
pioneering work of Leloir with mammalian cells made clear 
that catabolism and anabolism of glycogen involve different 
reactions. Furthermore, it was established that the synthe-
sis of the polyglucan requires UDP-Glc, an activated form 
of Glc. Shortly after (Ballicora et al. 2004; Figueroa et al. 
2021), it was identified that ADP-Glc, a nucleotide-sugar 
used in plants and prokaryotes, was utilized in the synthesis 
of α-1,4-glucan chains in soybean (Ballicora et al. 2003). 
The metabolism of starch initiates with Glc-1P and involves 
three enzymatic steps, as detailed by reactions [1–3].

Reaction [1], catalyzed by ADP-Glc pyrophosphory-
lase (ADP-Glc PPase; ATP:α-d-glucose-1-phosphate ade-
nylyltransferase; EC 2.7.7.27), gives rise to the formation 
of ADP-Glc. The reaction depends on the presence of a 
divalent metal ion (physiologically  Mg2+) and is the first 
committed step (and the main point of regulation) in the 
pathway of starch and glycogen synthesis in plants and bac-
teria, respectively. Although the reaction is freely revers-
ible in vitro, it is inclined to function irreversibly in vivo 
because of: (i) hydrolysis of PPi by the high levels of inor-
ganic pyrophosphatase that are present in plastids (Bal-
licora et al. 2004); and (ii) the use of ADP-Glc by starch 
synthase (SSase; ADP-α-d-glucose:(1,4)-α-d-glucan 4-α-d-
glucosyltransferase; EC 2.4.1.21) to transfer the Glc moiety 
to the non-reducing end of an existing α-1,4-glucan chain 
(reaction [2]). Reaction [3], mediated by branching enzyme 
(BE; (1,4)-α-d-glucan:(1,4)-α-d-glucan 6-α-d-[(1,4)-α-d-
glucano]-transferase; EC 2.4.1.18), completes the route by 
producing the α-1,6 branches in the amylose and mostly in 
the amylopectin polymer.

In the above-detailed route for starch biosynthesis, the 
first reaction is the main regulatory step (Jeon et al. 2010; 
Tuncel and Okita 2013; MacNeill et al. 2017; Goren et al. 
2018). As extensively analyzed in previous reviews (Bal-
licora et al. 2003, 2004), ADP-Glc PPase is allosterically 
regulated by metabolites that are key intermediates of the 
primary carbon assimilation pathway in the different organ-
isms. In cyanobacteria, green algae and plants, the enzyme 
is regulated by 3-phosphoglycerate (3-PGA) and orthophos-
phate (Pi) as the main allosteric activator and inhibitor, 

(1)ATP + Glc-1P ↔ ADP-Glc + PPi

(2)
ADP-Glc + α-1, 4-glucan → α-1, 4-glucosyl- α-1, 4-glucan + ADP

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

respectively (Ballicora et al. 2004). The enzyme found in 
certain plant tissues is also modulated by a post-translational 
redox mechanism involving thioredoxin (Ballicora et al. 
2000; Lunn et al. 2006). In general, the levels of ADP-Glc 
PPase activity determine the amount of starch synthesized 
in a plant cell.

A variety of SSase and BE isoforms have been detected 
in the genomes of numerous species, ranging from the pico-
phytoplanktonic green alga Ostreococcus tauri (Ral et al. 
2004; Barchiesi et al. 2017; Hedin et al. 2017) to Arabi-
dopsis (Delvalle et al. 2005) and rice (Pandey et al. 2012). 
Differences include the presence of starch binding domains 
(which critically affect affinity for substrate and kinetic prop-
erties) in both SSases and BEs (Gomez-Casati et al. 2013; 
Wilkens et al. 2018). There are two types of SSases: soluble 
(SSSase) or bound to the starch granule (GBSSase). Ten 
isoforms of SSases (eight SSSases and two GBSSases) were 
found in rice (Pandey et al. 2012). Considering sequence 
homology, SSSases have been classified into five groups 
(SSSase I, II, III, IV, and V). Some of the SSSases (for 
example forms I and II) may be partially associated with the 
starch granule. BEs are divided into two classes according to 
the length of the chains transferred in vitro, with BE-I relo-
cating larger chains than BE-II. SSases and BEs are targets 
of post-translational phosphorylation, which exerts changes 
in their catalytic properties. The action of all these variant 
forms of SSase and BE, together with the involvement of 
degrading (starch debranching enzymes, isoamylase I and II) 
enzymes, determine the final fine structure of the polysac-
charide granules (MacNeill et al. 2017; Goren et al. 2018). 
It has been speculated that multi-molecular complexes of 
all the above proteins critically affect the characteristics of 
the starch synthesized in the different plastids (Crofts et al. 
2017). In the last few years (Seung et al. 2017, 2018; Van-
dromme et al. 2019), it has been evidenced that initiation of 
the starch granule determines the number, size, and shape 
of the granules. In such a priming process, non-catalytic 
proteins play a key role by interacting with maltooligosac-
charides and specific isoforms of SSase.

ADP‑Glc PPases from photosynthetic 
organisms

ADP-Glc PPase is absent in heterotrophic eukaryotic 
organisms but is found in (i) most bacteria, including 
photosynthetic cyanobacteria (Ballicora et al. 2003, 2004) 
and chemolithoautotrophic Nitrosomonas spp. (Machtey 
et al. 2012); (ii) green algae (Iglesias et al. 1994); and (iii) 
higher plants, both in photosynthetic and heterotrophic 
cells (Ballicora et al. 2003, 2004; Figueroa et al. 2021). 
Except for the non-regulated enzyme found in Firmicutes 
of the group Bacillales (Takata et al. 1997; Asencion Diez 
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et al. 2013; Cereijo et al. 2018), ADP-Glc PPases from 
other sources were characterized as exhibiting sensitiv-
ity to allosteric regulators (Ballicora et al. 2003, 2004). 
These regulators are main intermediates of the major route 
for carbon metabolism in the respective organism, relat-
ing to the carbon and energy content within a cell; with 
signals of high or low levels activating or inhibiting the 
enzymatic activity, respectively. Based on the character-
istics of allosteric modulators, together with the fact that 
ATP is a substrate, it is clear that in bacteria and plants 
the enzyme activity, which initiates the synthetic pathway 
to build of α-1,4-glucans, is stimulated by an excess of 
carbon and energy, and is constrained under starving cel-
lular conditions.

ADP-Glc PPase from cyanobacteria differs in quater-
nary structure from that found in green algae and higher 
plants (Ballicora et al. 2004). The cyanobacterial enzyme 
is a homotetramer (as is the case for the enzyme from 
most bacteria); whereas in plants, the enzyme is com-
posed by two small (S; 50–54 kDa) and two large (L; 
54–60 kDa) subunits, arranging an  S2L2 heterotetramer. 
Different mechanisms have been identified as involved 
in modulating the activity of ADP-Glc PPases from pho-
tosynthetic organisms, including small molecules exert-
ing allosteric regulation and post-translational chemical 
modification (Ballicora et al. 2003, 2004). The enzyme 
from higher plants has 3-PGA and Pi as the main activa-
tor and inhibitor, respectively; although it also exhibits a 
significant sensitivity to activation by hexose-P (fructose-
1,6-bisP, Glc6P, and Fru6P; Gómez-Casati and Iglesias 
2002; Kuhn et al. 2013). It has been evidenced that the 
plant enzyme activity is finely modulated by the crosstalk 
established between 3-PGA and Pi. Kinetic studies per-
formed with ADP-Glc PPase from cyanobacteria under 
conditions of molecular crowding (mimicking intracel-
lular environments) pointed out that such an interaction 
between allosteric effectors lead to ultrasensitive behavior. 
With these common characteristics, four distinct regula-
tory patterns by the allosteric effectors have been iden-
tified (reviewed in Ballicora et al. 2004). Thus, (i) each 
regulator affects activity separately (3-PGA activates the 
enzyme by reducing the Km, increasing the Vmax or both, 
while Pi acts as inhibitor) with an interacting reversion 
when combined; (ii) Pi only inhibits by reverting the acti-
vation of the enzyme by 3-PGA; (iii) 3-PGA only activates 
the enzyme already inhibited by Pi; and (iv) the effect 
of 3-PGA is limited to increase the enzyme’s affinity for 
substrates. The canonical 3-PGA activation detailed above 
was observed in ADP-Glc PPases from a cornucopia of 
plant species, even in barley (Kleczkowski et al. 1993) 
and wheat (Gómez-Casati and Iglesias 2002; Ferrero et al. 
2018) endosperm, where 3-PGA was initially described as 
non-activator but reduced the S0.5 for substrates.

Three‑dimensional structure of plant 
ADP‑Glc PPases

For a long time, the three-dimensional structure of ADP-
Glc PPases was elusive, until the crystal structure of a 
potato tuber homotetramer was solved (Jin et al. 2005). 
Despite the in vivo native form of the enzyme is a het-
erotetramer, the information was invaluable to understand 
critical aspects of the structure–function relationships. 
After that structure was solved, other bacterial structures 
from heterotrophic sources (Agrobacterium tumefaciens 
and Escherichia coli) were also solved (Cupp-Vickery 
et al. 2008; Cifuente et al. 2016; Hill et al. 2019). The 
potato tuber ADP-Glc PPase S subunit monomer com-
prises an N-terminal catalytic domain and a C-terminal 
β-helix domain (Fig. 2B). The fold of the catalytic domain 
is very similar to other nucleotide-sugar pyrophosphory-
lases whose structures have been elucidated, despite a 
low similarity at the protein sequence level (Brown et al. 
1999; Blankenfeldt et al. 2000; Kostrewa et al. 2001; Olsen 
and Roderick 2001; Sulzenbacher et al. 2001; Sivaraman 
et al. 2002). The catalytic domain is composed of mostly 
parallel but mixed seven-stranded β-sheets covered by 
α-helices, which is reminiscent of the Rossmann fold 
(Rossman et al. 1975). Despite no obvious evolutionary 
relationships with glycosyltransferases, the structure of 
ADP-Glc PPases can be cataloged as a GT-A fold, which 
is one of the possible folds that glycosyltransferases adopt 
(Coutinho et al. 2003; Lombard et al. 2014).

The catalytic domain is connected to the C-terminal 
β-helix domain by a long loop, making numerous interac-
tions with the equivalent region of another subunit (Jin 
et al. 2005). The fold of the C-terminal domain is a left-
handed β-helix of six complete or partial coils with two 
insertions, one of which encompasses residues 368–390 
and the other comprises residues 401–431 (Jin et  al. 
2005). The former is unique in plant structures compared 
to the bacterial ones (Cupp-Vickery et al. 2008; Cifuente 
et al. 2016; Hill et al. 2019), creating a particular steric 
hindrance in the C- and N-domain interface. Considering 
that most residues involved in the interaction with allos-
teric effectors are in this interface (Cifuente et al. 2016; 
Hill et al. 2019; Bhayani et al. 2019), this structural motif 
is a possible source for shaping different allosteric regula-
tions between photosynthetic and heterotrophic ADP-Glc 
PPases. The presence of this left-handed β-helix domain 
fold poses interesting evolutionary questions, as it has 
been found in the structures of different proteins (Raetz 
and Roderick 1995; Kisker et al. 1996; Beaman et al. 
1997; Brown et al. 1999; Kanamaru et al. 2002). Func-
tionally, the other β-helix domains are either acetyltrans-
ferases, succinyltransferases, or a ‘membrane-puncturing 
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device’. In the ADP-Glc PPase, the β-helix domain is 
involved in allosteric regulation and contributes to the 
unique oligomerization structure.

The tetrameric structure can be interpreted as a dimer 
of dimers with each monomer labeled A, A′, B, and B′ 
(Fig. 2B). Monomers A and B interact predominantly by 
an end-to-end stacking of their β-helix domains (Fig. 2B), 
where the A and B′ catalytic domains also interact (as 
well as B and A′). Based on the identity of the residues 
defining the interactions, it has been suggested that a 
similar dimerization interface between S and L subunits 
is present in the heterotetrameric enzyme (Jin et al. 2005). 
The presence of Cys12 and a disulfide bond, responsible 
for redox regulation (Ballicora et al. 2000), helps predict 
the subunits’ arrangement in the heterotetramer. Cys12 
of monomer A and the equivalent residue of monomer A′ 
make a disulfide bond, as it would also be possible for the 
equivalent cysteine residues of monomers B and B′. The 
inter-subunit disulfide bond between S subunits (Fig. 2C) 
is preserved in the heterotetramer; however, there is no 
disulfide bond between L subunits, as Cys12 is not con-
served. For this reason, this disulfide bond establishes 
that the S subunits would be located where A and A′ are, 
and the L subunits where B and B′ locate (Fig. 2C). This 
prediction is also in agreement with computational stud-
ies performed by Baris et al. (2009), who showed that 
lateral interaction between the L and S subunit (mainly 
mediated by hydrophobic interactions) is stronger for 
monomers A and B than for monomers A′ and B.

Non‑covalent allosteric regulation 
of ADP‑Glc PPase

According to their affinity for the allosteric regulators, 
ADP-Glc PPases were separated into nine classes, where 
classes 8 and 9 belonged to the enzyme from organisms 
performing oxygenic photosynthesis (Ballicora et  al. 
2004). Class 8 includes enzymes from cyanobacteria, 
green algae and plants, all activated by 3-PGA and inhib-
ited by Pi. Although 3-PGA is ascribed as the main regu-
lator, the ratio 3-PGA/Pi actually controls the ADP-Glc 
PPase activity (Kleczkowski 1999). Instead, class 9 com-
prises ADP-Glc PPases from plant non-photosynthetic tis-
sues (maize, barley and wheat endosperm), insensitive to 
3-PGA alone and inhibited by Pi, ADP, and Fru-1,6-bisP. 
Such inhibition can be reversed by 3-PGA and Fru6P (Bal-
licora et al. 2003, 2004). The fine-tuned regulation of plant 
ADP-Glc PPases is important from an agroeconomic point 
of view, given its impact on the starch content (Ballicora 
et al. 2004; Hannah and James 2008; Ferrero et al. 2018). 
In all cases, the importance of the ADP-Glc PPase allos-
teric phenomenon emerges and leads to its understanding 
from a metabolic/physiological perspective.

Since the last reviews by Ballicora et al. (2003, 2004) 
several efforts were made to further understand the ADP-
Glc PPase allostery and its mechanisms. Advances implied 
identifying critical amino acidic residues involved in either 
binding and/or responding to effectors. For example, Boe-
hlein et al. (2008) studied the impact of other effectors 

Fig. 2  Structure of the ADP-glucose pyrophosphorylase from potato 
tuber. In panels B and C, the structure of the small subunit homo-
tetramer with ADP and ADP-Glc is depicted (PDB code: 1YP4). In 
lilac, monomomers A and A′ are shown, where in light brown are 
monomers B and B′. Monomers A and A′ are linked by a disulfide 
bridge between residues C12 from each subunit. The structure is 
slightly asymmetric: each monomer B and B′ bind a molecule of 
ADP in the active site, where only monomer A binds the product 
ADP-Glc. In panel A, the interface between the catalytic and regula-

tory domain is shown. There are two sulfates  (SO4) that occupy a site 
suggested to be the allosteric site (3-PGA and phosphate). Residues 
K404 and K441 (in cyan), which are involved in 3-PGA binding, are 
shown interacting with one of the sulfates. Residue R316 (in cyan) is 
a homologue of R294 in the Anabaena enzyme, which is critical for 
phosphate binding. Residues Q75 and W116 (in green), involved in 
triggering the allosteric signal are also shown in two loops near the 
active site
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rather than the “canonical activator” 3-PGA on the maize 
ADP-Glc PPase. They characterized the activation by 
metabolites such as Glc6P, 6-phosphogluconate, phospho-
enolpyruvate, sucrose-6P, and Fru6P. Also, glycerol-P and 
ribose-5P were described as new effectors for a plant ADP-
Glc PPase. All these metabolites increased the enzyme 
activity, some to the same degree as 3-PGA, although with 
higher A0.5 values. An important observation was that the 
analyzed molecules, either activator or inhibitor of the 
maize endosperm ADP-Glc PPase, stabilized the enzyme 
towards thermal treatment (42 °C). Curiously, Pi elicited 
the best protective effect. In addition, amongst the different 
metabolites, the lowest Kd was determined for Pi, which 
was in the micromolar range. Further studies combining 
effector, inhibitor, and binding assays led to the hypothesis 
that 3-PGA and Pi share a putative binding site, which is 
different from the one for substrates ATP and ADP-Glc. 
The authors sustained this idea because a higher 3-PGA 
concentration in the medium required increased levels 
of Pi to reach inhibition. They proposed that, instead of 
inhibiting the enzyme per se, Pi acts diminishing 3-PGA 
activation. In addition, the Pi behavior in the presence of 
Glc6P or Fru6P showed I0.5 values suggesting that these 
effectors are intertwined (Boehlein et al. 2008). The main 
contribution of this work relies in widening the attention 
to other sugar phosphates, ranging from 3 to 12 carbons. 
The study also revealed the combination of effectors, as 
further activation could be achieved, thus remarking the 
importance of ADP-Glc PPase regulation by complex met-
abolic scenarios, such as those presented in heterotrophic 
tissues.

From the solved structure of the potato tuber ADP-Glc 
PPase (Jin et al. 2005), Boehlein et al. (2010) could identify 
arginine residues whose side chains were in contact with 
sulfate ions. Previously, R294 in the Anabaena enzyme was 
found to be critical for the binding of Pi. This result was 
corroborated by the crystal structure of the potato tuber 
enzyme, where the analog amino acid (R316) binds a sul-
fate ion (Sheng and Preiss 1997; Fig. 2A). This residue was 
also important to determine the inhibitor selectivity (Frueauf 
et al. 2002). Then, the corresponding Arg residues in both 
the small (R77, R107, and R340) and large (R104, R116, 
R146, and R381) subunits of maize endosperm ADP-Glc 
PPase were analyzed by alanine mutagenesis, to test their 
binding properties and roles in the allosteric response. All 
mutations affected the enzyme allosteric properties, although 
with diverse particularities depending on the mutated Arg. 
For instance, all the analyzed mutants showed weaker appar-
ent binding of 3-PGA than the native enzyme, with A0.5 
values up to 20-fold higher. Curiously, the same mutants 
behaved differently for the activators Glc6P and Fru6P and, 
additionally, they exhibited altered Pi binding. The authors 
observed that a single mutation (R104A or R107A in the 

large and small subunits, respectively) in the ADP-Glc PPase 
from maize could create allosteric properties emulating an 
ADP-Glc PPase from a bacterial source, since they obtained 
a higher sensitivity towards Fru6P. The effect was a decrease 
in the affinity towards 3-PGA, thus making the hexose-P 
more efficient. Then, the authors proposed that plant ADP-
Glc PPases are under positive evolutionary selection for 
3-PGA activation. This agrees with a later work where it 
was suggested that a widespread promiscuity is ancestral and 
intrinsic to the enzyme family (Kuhn et al. 2013). This may 
have been an efficient evolutionary mechanism to accom-
modate the ADP-Glc PPase regulation to different metabolic 
needs. Overall, results with the mutated Arg in the maize 
ADP-Glc PPase further sustain previous kinetic results 
(Boehlein et al. 2008), supporting the idea that the effector 
binding sites belong to both subunits in the heterotetrameric 
conformation. Those binding sites might be intertwined and 
function in a concerted manner.

Based on previous studies performed with the cyanobac-
terial and potato tuber enzymes (Charng et al. 1994; Bal-
licora et al. 1998), Figueroa et al. (2018) hypothesized that 
Lys404 and Lys441 from the small subunit of the potato 
tuber ADP-Glc PPase were involved in the binding of 3-PGA 
through its phosphate moiety. They observed that Lys404 is 
highly conserved in the ADP-Glc PPases from cyanobac-
teria and plants (in both subunits, small and large); while 
Lys441 is mostly conserved in the enzymes from cyano-
bacteria and the plant small subunits, this residue is less 
conserved in the plant large subunits (Ballicora et al. 1998; 
Jin et al. 2005). When the authors analyzed the ADP-Glc 
PPase from O. tauri, they found that both Lys residues are 
present in the small subunit (Lys406, Lys443). Still, only 
one residue (Lys429, analogous to Lys404 in the potato 
tuber small subunit) is found in the large subunit of the O. 
tauri ADP-Glc PPase (Figueroa et al. 2018). The other Lys 
is replaced by an arginine (Arg466). Then, the K443R and 
R466K mutants were produced, respectively, for the small 
and the large subunit from the O. tauri ADP-Glc PPase. The 
mutated proteins were expressed together or with their wild-
type large or small counterparts, respectively.

Results presented by Figueroa et al. (2018) showed that 
restoration of the Lys residue in the O. tauri large subunit 
increased the affinity towards 3-PGA. In contrast, the muta-
tion to an Arg in the small subunit decreased the activator’s 
affinity. On the other hand, Pi inhibition analysis showed a 
lower effect on the small subunit K443R mutant, and slight 
changes were found in the analysis of the R466K large subu-
nit mutant. The emerging scenario indicates that the small 
subunit displays a leading role in the inhibition by Pi. This 
statement is strengthened with different kinetics combining 
both activator and inhibitor. Then, 3-PGA activation was 
analyzed in the presence of 1 mM Pi, boosting the kinetic 
effect produced by the mutations in both subunits from the 
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O. tauri ADP-Glc PPase. The presence of Pi in the reaction 
mixtures increased the A0.5 for 3-PGA for either the wild-
type or the mutant enzymes. The highest differences were 
observed for those heterotetramers containing the R466K 
mutation in the large subunit. Then, results sustained the 
idea that introducing a Lys residue in the large subunit of 
O. tauri ADP-Glc PPase related to the 3-PGA binding site 
produces a highly 3-PGA sensitive and, concomitantly, more 
recalcitrant to Pi inhibition heterotetramer. Regarding Pi 
inhibition, kinetics depicted similar low I0.5 values for those 
enzymes portraying the wild-type small subunit and higher 
values in the conformations containing the mutated K443R 
small subunit.

Higher sequence conservation in the small subunit has 
been described compared to the large subunit in heterote-
trameric ADP-Glc PPases, suggesting relaxed evolutionary 
constraints for the latter (Georgelis et al. 2007; Figueroa 
et al. 2018). The hypothesis is that, after the gene duplica-
tion produced the ADP-Glc PPase small and large subu-
nits, mutations were introduced in the 3-PGA binding site 
of the large subunit, with no impact on the overall function 
of the heterotetramer. The overlapped roles from both subu-
nits produced a redundancy leading to subfunctionalization 
(described below). In this process, the small subunit con-
served its integrity regarding the 3-PGA binding domain and 
allowed the large subunit to introduce (deleterious) muta-
tions in its allosteric site. Considering this hypothesis, the 
authors proposed that during evolution the affinity towards 
activator(s) in the ADP-Glc PPase large subunit(s), or the 
interaction between the small and different large subunits, 
was modified to produce a population of enzymes with var-
ied allosteric behaviors. Then, the subfunctionalization pro-
cess could be ascribed as an “evolutionary tool” that enables 
this tuning. The authors concluded that the ADP-Glc PPase 
large subunit from green algae and plants accumulated muta-
tions in the regulatory site, probably to modulate the sensi-
tivity towards the specific metabolic environment present in 
an organelle, cell and/or tissue (Figueroa et al. 2018).

In the last decade, it was established that two specific 
(Trp and Gln, or WQ) residues are critical for triggering 
the activation of ADP-Glc PPases. First described in the 
E. coli enzyme, both studied residues are highly conserved 
among enzymes from different sources and are located in 
loops adjacent to the ATP binding site (Figueroa et al. 2011). 
This “allosteric trigger” was also analyzed by site-directed 
mutagenesis in the ADP-Glc PPase from model organisms 
performing oxygenic photosynthesis (Anabaena and Sola-
num tuberosum; Figueroa et al. 2013). The activation by 
3-PGA of the Q58A and W96A mutants of the Anabaena 
ADP-Glc PPase was lower than for the wild-type enzyme, 
although their A0.5 values for 3-PGA were similar to that 
of the wild-type enzyme. Then, the activation effect was 
significantly reduced rather than abolished, as in the case of 

Fru-1,6-bisP in the E. coli ADP-Glc PPase (Figueroa et al. 
2011). Thus, loops containing the mutated WQ residues in 
the Anabaena ADP-Glc PPase participate in the 3-PGA acti-
vation mechanism in a similar fashion than the homologous 
amino acids for the Fru-1,6-bisP activation of the E. coli 
enzyme (Figueroa et al. 2011, 2013).

There are homologous WQ residues present in the struc-
ture of the potato tuber enzyme (Fig. 2A). These residues, 
involved in the allosteric trigger, were also replaced with 
alanine in the small (StuS) and large (StuL) subunits of the 
potato tuber ADP-Glc PPase (Figueroa et al. 2013). The con-
comitant Q mutation in both subunits led to unstable struc-
tures, and the following proteins were characterized regard-
ing their respective regulatory sensitivity: StuSQ75A/StuL, 
StuSW116A/StuL, StuS/StuLQ86A, StuS/StuLW128A, 
and the double mutant StuSW116A/StuLW128A. The 
study showed that all mutants depicted higher A0.5 val-
ues for 3-PGA than the wild-type enzyme. Response to 
3-PGA activation for WQ mutated in the catalytic subunit 
(StuSQ75A/StuL, and StuSW116A/StuL) was equivalent to 
the mutations in the Anabaena ADP-Glc PPase. However, 
the StuS/StuLQ86A mutant was activated to a similar extent 
as the wild-type enzyme. In the same study, all the potato 
tuber ADP-Glc PPase WQ mutants displayed Pi inhibition 
kinetics with higher I0.5 values (5- to 8-fold) than for the 
wild-type enzyme. The Pi-inhibition curves for the wild-
type enzyme when 3-PGA was present depicted remarkably 
higher (70-fold) I0.5 values. Instead, the Pi/3-PGA crosstalk 
was tenfold lower for the WQ mutants, thus confirming a dis-
rupted propagation of the allosteric activation. Importantly, 
experiments with the WQ mutants from the S. tuberosum 
enzyme confirmed that both subunits share the mechanism 
for 3-PGA activation. The proposed WQ model agrees with 
the hypothesis where the residues locate at mobile loops 
involved in triggering the allosteric activation for ADP-Glc 
PPases. In the model, the activation sensitivity depends on 
the loop dynamics. This model was assayed using two ADP-
Glc PPases from photosynthetic organisms but only regard-
ing 3-PGA and/or Pi, leaving a question unanswered whether 
the allosteric trigger is the same for other activators, such 
as Fru6P or Glc6P.

The relative sensitivity towards the different effectors 
activating the ADP-Glc PPase from some photosynthetic 
organisms was also characterized (Kuhn et al. 2013). In 
that work, the activation promiscuity towards 3-PGA, Fru-
1,6-bisP, Fru6P, and Glc6P of the ADP-Glc PPases from 
Anabaena PCC 7120, O. tauri, and potato tuber were ana-
lyzed. The authors defined a “specificity constant”, as the 
ratio between the activation fold and the A0.5 value (thus 
being analog to the catalytic efficiency). Results show that 
the specificity constant for 3-PGA is significantly higher 
than for other activators in the case of ADP-Glc PPases 
from Anabaena (homotetramer), O. tauri and potato tuber 
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(these two, heterotetramers). On the other hand, the homo-
tetramer composed of the S subunit from O. tauri depicted 
higher promiscuity since the specificity constant is simi-
lar for 3-PGA and Fru-1,6-bisP. Further analyses using O. 
tauri heterotetramers with mutated and wild-type S and L 
subunits, respectively, demonstrated a critical role for the 
O. tauri L subunit as a 3-PGA specifier, thus supporting the 
subfunctionalization process that occurred after gene dupli-
cation (see below). This behavior was not observed for the L 
subunit from the potato tuber enzyme. This phenomenon is 
important to understand the allosteric regulation according 
to the different metabolic environments to which ADP-Glc 
PPases are exposed in plant tissues. Indeed, a certain degree 
of allosteric promiscuity would be beneficial to adapt to dif-
ferent heterotrophic scenarios. Recently, Ferretti et al. 2021 
revisited the effect of Glc6P and Fru6P in the Anabaena 
ADP-Glc PPase. The latter increased the activity 14-fold 
(A0.5 0.9 mM), with almost no impact on the substrates’ 
affinity; whereas the former increased the activity fivefold 
(A0.5 1.4 mM) and produced a decrease in the relative affin-
ity for Glc1P of one order of magnitude. Then, since the 
regulation by hexose-P of ADP-Glc PPase from photosyn-
thetic organisms is now characterized from prokaryotic to 
plant sources, an evolutionary thread might be traced in this 
enzyme family.

Subfunctionalization of ADP‑Glc PPase 
subunits

As previously mentioned, ADP-Glc PPases from eukary-
otic organisms (green algae and plants) are heterotetram-
ers (Ballicora et al. 2004). A recombinant small subunit 
can be expressed alone, thus rendering a homotetramer. 
Conversely, the large subunit must be co-expressed with 
the small subunit; otherwise, no activity is recovered (Igle-
sias et al. 1993; Crevillén et al. 2003; Kuhn et al. 2009). 
The only exception reported so far seems to be the L3 
isoform from tomato, a large subunit that, when recom-
binantly expressed in E. coli in the absence of the small 
subunit, was recovered as an active monomer (Petreikov 
et al. 2010).

It has been suggested that the genes encoding both 
subunits evolved from a common ancestor by duplication 
followed by subfunctionalization (Ballicora et al. 2005). 
The subfunctionalization of genetic processes has been 
reviewed extensively (Lynch 2006). On the other hand, 
the literature has not focused enough on biochemical 
examples with protein-structure relationships (D’Ovidio 
et al. 2004; Ballicora et al. 2005; Tocchini-Valentini et al. 
2005). The ADP-Glc PPase is a good case study of this 
important molecular evolutionary process (Fig. 3). To bet-
ter understand this process, Kuhn et al. (2009) analyzed 
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Fig. 3  Subfunctionalization of the different ADP-Glc PPase subunits 
found in Arabidopsis. The functions already present in the ancestral 
gene were inherited by the duplicates, which underwent subfunction-
alization (APS1) or duplication and subfunctionalization (APL1-4). 

The combination of the small subunit (APS1) with different large 
subunits (APL1-4) produces catalytically active heterotetramers with 
particular kinetic and regulatory properties. Adapted from Kuhn et al. 
(2009) using data reported by Crevillén et al. (2003)
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the recombinant ADP-Glc PPase from the green algae O. 
tauri, one of the most ancient species that diverged from 
the common ancestor of green algae and plants (Derelle 
et al. 2006). Interestingly, the large subunit showed cata-
lytic activity when co-expressed with a mutant, non-cat-
alytic small subunit. The apparent affinities of this con-
struct for Glc1P and 3-PGA were strikingly high (in the 
low micromolar range). However, the large subunit could 
only be expressed in the presence of the small subunit, as 
previously observed for the plant enzyme (Iglesias et al. 
1993; Crevillén et al. 2003). Based on these results, the 
authors proposed different subfunctionalization paths for 
the enzymes from green algae and plants. After duplica-
tion, some properties became suboptimal in one subunit, 
while the other one complemented them. For example, the 
small subunit of the O. tauri enzyme retained the solubil-
ity function, while the large subunit retained the catalytic 
and regulatory roles. In the case of the potato tuber ADP-
Glc PPase, the small subunit maintained the catalytic and 
solubility properties, while the large subunit kept the regu-
latory function (Kuhn et al. 2009).

The number of genes encoding the small and large subu-
nits varies in different species. The small subunit is generally 
expressed in most tissues, whereas the large subunits show 
a tissue-specific expression pattern. For instance, Arabidop-
sis has two genes encoding the small subunit (APS1 and 
APS2, although the latter seems to be a pseudo-gene) and 
four genes encoding different isoforms of the large subunit 
(APL1-4). The APS1 gene is expressed in all tissues, while 
the APL1-4 genes are differentially expressed in various 
tissues. APL1 is mainly expressed in source tissues, while 
APL3 is the main isoform in sink tissues (Crevillén et al. 
2005). The heterotetramers resulting from the combination 
of different large subunits (APL1-4) with the small subunit 
(APS1) produce isoforms with particular regulatory prop-
erties: the heterotetramer composed by APS1 and APL1 
showed the highest apparent affinities for substrates and 
sensitivity to allosteric effectors; those arranged by APS1 
and APL3/4 showed intermediate levels of apparent affini-
ties for substrates and sensitivity to allosteric effectors; and 
the heterotetramer composed by APS1 and APL2 displayed 
the lowest apparent affinities for substrates and sensitivity to 
allosteric effectors (Fig. 3). This pattern of expression and 
kinetic parameters strongly suggests that starch synthesis is 
modulated in a tissue-specific manner (Crevillén et al. 2003).

This scenario is complex because some large subu-
nits from plant ADP-Glc PPases are both regulatory and 
catalytic, as previously observed for the O. tauri enzyme 
(see above). Ventriglia et al. (2008) showed that APL1 
and APL2 contain a pair of residues (Arg102 and Lys112, 
according to the APL1 sequence) normally found in cata-
lytically active small subunits but absent in several large 
subunits, such as APL3-4 and the large subunit of the 

potato tuber enzyme. The physiological relevance of this 
finding was tested by complementing the starchless Arabi-
dopsis aps1 mutant with an inactivated form of APS1. The 
resulting transgenic line recovered the wild-type pheno-
type, indicating that APL1 and APL2 have catalytic activ-
ity and might contribute to starch synthesis in vivo. Thus, 
it seems reasonable that the capability to perform catalysis 
was retained in some isoforms (APL1-2) but lost in oth-
ers (APL3-4; Fig. 3). Previously, Ballicora et al. (2005) 
resurrected the ancestral catalytic role of the large subu-
nit of the potato tuber ADP-Glc PPase by introducing the 
Arg and Lys residues found in catalytic subunits. To test 
the resurrected large subunit activity, it was necessary to 
abolish the catalytic activity of the small subunit because 
the large subunit can only be expressed in combination 
with the small subunit (Iglesias et al. 1993). Interestingly, 
the mutant heterotetramer was active and displayed higher 
apparent affinities for Glc1P and 3-PGA than the wild type 
(Ballicora et al. 2005), as observed for the O. tauri enzyme 
(Kuhn et al. 2009). In a different study, the solubility of 
the large subunit of the potato tuber enzyme was resur-
rected by introducing a single mutation (S302N), which 
produced a functional homotetramer  (L4). This variant 
displayed 100-fold lower activity than the small subunit 
homotetramer  (S4) and showed no activation by 3-PGA nor 
Pi inhibition; however, the mutant large subunit increased 
the solubility of the corresponding heterotetrameric  (S2L2) 
enzyme (Hwang et al. 2008).

The resurrection of properties lost in different subunits 
supports the subfunctionalization mechanism to evolve new 
roles. To expand the evolutionary landscape, the presence 
of heteromers allow the subunits to relax the evolutionary 
constraints on specific roles (“subfunctions”) because the 
opposite subunit could retain it in case of a mutation (Fig. 3). 
That is why some of the S or L subunits may look “defec-
tive” in a particular role when analyzed isolated. Another 
example of this was the resurrection of regulatory roles in 
the L subunit from O. tauri (Figueroa et al. 2018). As stated 
above, sequence identity between small subunits from dif-
ferent species is higher than the identity between large subu-
nits. The higher divergence observed in large subunits could 
be attributed to increased evolutionary constraints in the 
small subunit. Georgelis et al. (2007) showed that the small 
(BRITTLE2) and large (SHRUNKEN2) subunits of the 
maize endosperm ADP-Glc PPase are equally predisposed to 
mutations altering amino acids important for enzyme activ-
ity when expressed in E. coli with a single complementary 
subunit. Thus, these authors proposed that the small subunit 
has more evolutionary constraints in planta than the large 
subunit because the former is expressed in different tissues, 
is less redundant, and must form heterocomplexes with dif-
ferent large subunits.
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Post‑translational regulation

Redox

Early reports from Preiss and coworkers (Fu et al. 1998) 
showed that ADP-Glc PPase from potato tuber is redox-
regulated by forming a disulfide bridge between Cys12 
of both small subunits. The enzyme is activated not only 
by DTT but also by reduced thioredoxin (TRX) f and m 
from spinach leaves. It is important to note that, in the 
reduced form, the enzyme is more sensitive to 3-PGA than 
in the oxidized form, particularly at a low (micromolar) 
concentration of the allosteric activator. Thus, reductive 
activation of the enzyme could fine tune the effect of 
3-PGA (Ballicora et al. 2000). Tiessen et al. (2002) later 
showed that ADP-Glc PPase from detached tubers was 
oxidized, in agreement with inhibition of starch synthe-
sis, even though the levels of substrates (ATP and Glc1P) 
and the 3-PGA/Pi ratio were higher than in the control 
tubers. Interestingly, these authors showed that the small 
subunit of the enzyme was present as a mixture of reduced 
(50 kDa band) and oxidized (100 kDa band) in growing 
tubers but became completely oxidized in detached tubers, 
suggesting that redox regulation was physiologically rel-
evant, even in amyloplasts. Similarly, the enzyme from 
pea, potato, and Arabidopsis leaves was shown to be redox 
regulated; moreover, the dimerization status was depend-
ent on the level of soluble sugars and time of the day (i.e. 
the enzyme was more active in the light when sucrose lev-
els are higher; Hendriks et al. 2003). These observations 
are consistent with the so-called “positive feedback regula-
tion” of starch synthesis by sucrose levels, postulating that 
sucrose accumulation in the cytosol activates the synthesis 
of the polysaccharide in the chloroplast (Stitt et al. 2010). 
Then, Hädrich et al. (2012) demonstrated that mutation 
of Cys81 from the small subunit of the Arabidopsis ADP-
Glc PPase (equivalent to Cys12 in the small subunit of 
the potato tuber enzyme) prevented dimerization of the 
small subunit in planta. However, the adg1 mutant com-
plemented with the redox insensitive C81S mutant of the 
small subunit (APS1) showed only minor changes in the 
turnover of transitory starch in Arabidopsis leaves. Analy-
sis of this mutant line showed that redox modulation is less 
important than allosteric regulation for the adjustment of 
leaf starch synthesis in plants grown under different pho-
toperiods (Mugford et al. 2014).

Michalska et al. (2009) showed that a plastid-localized 
NADP-thioredoxin reductase C (NTRC), which contains 
both a NADP-thioredoxin reductase (NTR) and a TRX 
domain in a single polypeptide, was capable of activat-
ing ADP-Glc PPase in vitro after NADPH supply. Moreo-
ver, Arabidopsis ntrc mutants showed decreased redox 

activation of ADP-Glc PPase and lower levels of starch 
in photosynthetic (leaves) and heterotrophic (roots) tis-
sues. These results were further validated by Lepistö et al. 
(2013), who demonstrated that Arabidopsis ntrc mutants 
displayed retarded growth under short-day conditions 
due to the inability of the plants to synthesize proper 
amounts of starch during light hours, necessary to sustain 
growth in the following night. In addition to NTRC, TRX 
f seems to be important for regulating ADP-Glc PPase in 
leaves. Arabidopsis trxf1 mutants showed decreased light 
reductive activation of ADP-Glc PPase, accompanied by 
reduced starch and increased sucrose content. However, 
these changes were not significant enough to affect overall 
plant growth (Thormählen et al. 2013).

The Cys residue located at the N-terminal domain of the 
small subunit subject to redox regulation in enzymes from 
dicot species (Cys12 from the potato tuber enzyme) is 
absent in the cytosolic isoform expressed in the endosperm 
of rice grains. However, the reduced ADP-Glc PPase puri-
fied from rice endosperm, and the corresponding recom-
binant enzyme, showed higher sensitivity to the allosteric 
activator (3-PGA) than the non-reduced forms. Truncation 
of the N-terminal domain of the large subunit decreased 
the affinity towards 3-PGA and abolished the response to 
redox agents. Site-directed mutagenesis of conserved Cys 
residues located at the N-terminal domain of the large sub-
unit (also present in the large subunit of ADP-Glc PPases 
from other grasses, such as maize, sorghum, barley, and 
wheat) showed that Cys47 and Cys58 (but not Cys12) are 
responsible for the redox regulation of the enzyme. Redox 
regulation of the large subunit from the rice endosperm 
enzyme seems independent of a disulfide bridge formation 
(Tuncel et al. 2014).

Establishing a disulfide bridge between the two small 
subunits of the potato tuber heterotetrameric ADP-Glc PPase 
is intrinsically related to its heat stability (Ballicora et al. 
1995; Fu et al. 1998). However, the enzyme from cereal 
endosperms is heat-labile; thus, several authors have tried 
(successfully) to enhance the stability of ADP-Glc PPases 
from different grasses to increase the synthesis of starch in 
plants exposed to heat stress during the grain-filling period. 
The addition of a QTC motif (present in the small subunit 
of thermostable ADP-Glc PPases) at the N-terminal domain 
of the small subunit from the maize endosperm enzyme 
increased the stability of the heterotetrameric protein 
when incubated at 58 °C, although kinetic parameters for 
substrates (ATP and Glc1P) and effectors (3-PGA and Pi) 
were almost unaffected. The heat-stability increment was 
related to the formation of a disulfide bridge between the 
mutant small subunits (Linebarger et al. 2005). Similarly, 
the addition of the QTC motif at the N-terminal domain of 
the small subunit of the rice endosperm ADP-Glc PPase 
allowed the formation of a disulfide bridge (absent in the 
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wild-type enzyme), with the concomitant increase in heat 
stability (Hwang et al. 2019).

Using the potato ADP-Glc PPase as a model, Sefero-
glu et al. (2014) demonstrated that mutation of Tyr378 to 
Cys in the small subunit renders an enzyme with increased 
heat stability. The same group showed that Glu370 from 
the small subunit is also relevant for obtaining a heat-stable 
enzyme (Seferoglu et al. 2016). The action of these residues 
is directly linked to the interface interaction for the hetero-
tetrameric assembly of the enzyme. These studies comple-
mented works performed with the maize ADP-Glc PPase, 
where mutations introduced in either allosteric sites or the 
subunit interfaces produced enzyme variants with increased 
stability to temperature (Boehlein et al. 2008, 2014, 2015). 
In general, these mutated variants of the maize enzyme were 
screened for intended assets with impact on grain yield (such 
as activity at higher temperatures or a diminished thermal 
denaturation). In a recent work, Ferrero et al. (2018) char-
acterized a hybrid ADP-Glc PPase composed of the potato 
small subunit and the large subunit from the wheat enzyme, 
which yielded a heat-stable enzyme with minor modifica-
tions. Indeed, they found that the hybrid proteins were more 
stable than the wheat endosperm wild-type enzyme, retain-
ing more activity after the heat treatment. In the study of 
the hybrid proteins (obtained by combining small and large 
subunits from wheat and potato ADP-Glc PPases), they 
observed that constructs harboring the small subunit from 
the potato tuber enzyme retained more than 80% of activ-
ity after treatment for 5 min at 55 °C. This result reinforces 
the relevance of Cys12 in the small subunit of the potato 
tuber enzyme for heat stability, not only in the native enzyme 
but also in hybrid heterotetramers that could be produced 
by arrangement of different ADP-Glc PPase subunits from 
agriculturally important crops, including those with mutated 
residues related to thermal stability.

Phosphorylation

In the last decade, phospho-proteomic studies showed that 
ADP-Glc PPases from different species and tissues are 
phosphorylated (Nakagami et al. 2010; Rose et al. 2012). 
Particularly, several works performed with samples from 
grasses described the phosphorylation of ADP-Glc PPase 
subunits. Dong et al. (2015) analyzed germinating wheat 
seeds by differential gel electrophoresis and found that the 
small subunit of the plastidial ADP-Glc PPase was phos-
phorylated, although the phosphorylation site was not deter-
mined. Similarly, the small subunit of maize endosperm 
(also known as BRITTLE2, encoded by the Bt2 gene) was 
found phosphorylated in a protein extract enriched in phos-
phorylated proteins using Phos-tag agarose, followed by pro-
teomic analysis. In this study, authors showed by iTRAQ 
that the small subunit of maize endosperm ADP-Glc PPase 

was phosphorylated at Ser10, Thr451, and Thr462. Moreo-
ver, in-gel activity assays with alkaline phosphatase-treated 
samples showed that the enzyme activity is lower than the 
phosphorylated control (Yu et  al. 2019). Recently, Fer-
rero et al. (2020) showed that ADP-Glc PPase from wheat 
endosperm is phosphorylated in the large subunit. In this 
work, the authors demonstrated that phosphorylation of the 
enzyme increased with grain development and was posi-
tively correlated with ADP-Glc PPase activity and starch 
content in endosperm extracts. In vitro experiments using 
recombinant ADP-Glc PPase from wheat endosperm and 
calcium-dependent protein kinases established that phospho-
rylation mainly occurred at the large subunit.

Acetylation

Recently, Zhu et al. (2018) showed that both subunits of the 
ADP-Glc PPase from developing wheat grain were acety-
lated. The cytosolic form of the small subunit was acety-
lated at Lys365, whereas the large subunit was acetylated at 
Lys205 and Lys318. Interestingly, acetylation of Lys318 was 
reduced in samples from drought-stressed plants, which also 
showed reduced ADP-Glc PPase activity and smaller starch 
granules. Therefore, the authors suggested that deacetylation 
of Lys318 could be important for reducing starch synthesis 
under unfavorable conditions.

Subcellular localization in plants

It is widely accepted that ADP-Glc PPase locates in plastids 
(Ballicora et al. 2004). The only exception seems to be the 
cytosolic isoform found in cereal endosperms. In the last two 
decades, research confirmed the early reports that suggested 
the existence of a major cytosolic isoform (and a minor plas-
tidial isoform) in cereal endosperms (Beckles et al. 2001; 
Burton et al. 2002; Tetlow et al. 2003). Rösti et al. (2006) 
showed that both the cytosolic and plastidial isoforms of 
the small subunit of the ADP-Glc PPase from barley were 
produced from only one gene (Hv.AGP.S.1) through alter-
native splicing. The transcript Hv.1a encodes the cytosolic 
small subunit in the endosperm, while the transcript Hv.1b 
encodes the plastidial small subunit found in leaves. The 
minor plastidial small subunit isoform found in the barley 
endosperm seems to be encoded by the Hv.AGP.S.2 gene.

In rice, the small and large subunits of the ADP-Glc PPase 
are encoded by two (OsAGPS1-2) and four (OsAGPL1-4) 
genes, respectively. Subcellular localization studies using 
GFP-tagged proteins showed that all isoforms expressed 
in leaves are plastidial, including the leaf-specific isoform 
OsAPGS2a. Contrarily, the seed-specific proteins OsAGPS2b 
and OsAGPL2 were located in the cytosol. It is important to 
note that OsAPGS2a and OsAPGS2b are produced from the 
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same gene by alternative splicing (Lee et al. 2007), as observed 
for the 1a and 1b isoforms of the ADP-Glc PPase small subunit 
from barley (see above). Both osagps2 and osagpl2 mutant 
plants displayed shrunken endosperms as a consequence of 
reduced starch content. Immunodetection studies confirmed 
that OsAGPS2a is the main small subunit present in leaves 
(consistent with the reduced transitory starch accumulation 
in the osagps2 mutant), whereas OsAGPS2b and OsAGPL2 
are the major isoforms found in the endosperm (Lee et al. 
2007). In maize, the cytosolic and plastidial small subunits 
are encoded by two paralogous genes (Bt2 and L2, respec-
tively), which arose as a result of the tetraploidization of the 
maize genome. After duplication, Bt2 and L2 underwent sub-
functionalization; i.e., they adopted specific functions already 
present in the ancestral gene (as shown in Fig. 3 for the dif-
ferent Arabidopsis heterotetramers). Indeed, Bt2 encodes the 
cytosolic isoform present in the endosperm (BRITTLE2), 
while L2 encodes the plastidial isoform found in leaves (Rösti 
and Denyer 2007). More recently, Huang et al. (2014) showed 
that mutation of two genes encoding plastidial isoforms of the 
small and large subunits of the ADP-Glc PPase displayed a 
minor reduction of starch in endosperm, thus confirming that 
starch synthesis in this tissue largely depends on the activity 
of the cytosolic enzyme.

ADP-Glc synthesized in the cytosol of cereal endosperms 
has to be transported to the amyloplast to synthesize starch. 
Shannon et al. (1998) showed that the maize adenylatetrans-
locator BRITTLE1 is involved in ADP-Glc transport into the 
amyloplast stroma. The importance of this translocator for 
starch synthesis in the endosperm was demonstrated by the 
low-starch phenotype of the bt1 mutant kernels. Similarly, 
mutation of the Hv.Nst1 gene (which encodes the barley 
ortholog of maize BRITTLE1) reduced the amount of starch 
in the endosperm, suggesting that transport of ADP-Glc pro-
duced in the cytosol is necessary for normal synthesis of starch 
in the amyloplast (Patron et al. 2004). Then, Bowsher et al. 
(2007) showed that ADP-Glc is transported into wheat amy-
loplasts using reconstituted amyloplast envelope proteins (in 
a proteoliposome-based system) or isolated organelles. Trans-
port of ADP-Glc depended on counter-exchange of adenylates 
(AMP or ADP); interestingly, the rate of ADP efflux from 
the plastid was consistent with that of ADP-Glc utilization for 
starch synthesis. The transporter responsible for the counter-
exchange of these molecules seems to be a 38 kDa protein 
located in the plastid envelope. However, there is no clear 
evidence that such a transporter is the BRITTLE1 homolog.

Remarks and perspectives

ADP-Glc PPase plays a central function in the metabolism 
of photosynthetic organisms, catalyzing the first and rate-
limiting step for starch biosynthesis. For years, the enzyme 

was a research target concerning its kinetic, regulatory, and 
structural properties. It was initially established that ADP-
Glc PPase is regulated by critical metabolic intermediates, 
specifically 3-PGA and Pi in higher plants. In the last two 
decades, significant advances have been reached in the field 
of structure to function and evolutionary relationships. 
A critical one was the elucidation of the crystallographic 
structure that could be integrated with the identification of 
substrate- and regulator-binding sites, as well as domains 
involved in triggering and propagating the allosteric signal 
for activity modulation. Besides that, the evolution of the 
enzyme was rationalized to understand the development of 
varied heterotetrameric forms with distinctive cell and tissue 
localization plus particular kinetic, regulatory, and stability 
properties. Mechanisms implicated in the post-translational 
chemical modification are critical issues that emerged from 
specific proteomic approaches constituting an area requiring 
further experimental research.

In recent years, a significant progress was made by many 
groups to understand the structural basis of the allosteric 
regulation of this enzyme. However, there are several ques-
tions that remain to be answered. A complete description 
of the allosteric site is needed to understand whether more 
residues are involved in the binding of 3-PGA and the selec-
tivity for this effector. The structural explanation for the role 
of different subunits is also a very important aspect to under-
stand the regulation determined at the quaternary structure 
level. Crystal structures of heterotetramers in presence of 
the activator or analogs will help to answer those questions. 
However, this information may not be enough to have a com-
plete picture of the allosteric mechanism. Evidence from 
crystal structures in bacterial homologues (Cupp-Vickery 
et al. 2008; Cifuente et al. 2016; Hill et al. 2019; Asencion 
Diez et al. 2020) show that differences between the struc-
tures with or without activators/inhibitors are very subtle. 
It is quite possible that the allosteric mechanism in this 
enzyme family relies on the protein dynamics and the avail-
able crystal structures may not be able to fully describe it. 
This is an area that needs to be explored in the future, not 
only in bacteria, but also in plants. In addition, tracing the 
dynamic signal that leads to the activation will be important 
to understand the phenomenon. This type of studies has been 
initiated in the E. coli enzyme (Hill et al. 2015), but it needs 
to be studied in plant homologues.

Currently there is vast information on ADP-Glc PPase 
and its association with other enzymes, proteins, and metab-
olites involved in carbohydrate metabolism in the intracel-
lular environment. This gathered knowledge is useful for 
understanding variations in the regulation of starch synthesis 
in different plant tissues. The relevance of starch as a major 
product determining plant productivity combined with cur-
rent advances in the field establish new exciting opportuni-
ties for research ahead. There is a high potential to designing 
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genetically improved crops (in quantity and quality) with 
application in multiple industries. Several products will ben-
efit from these advances in technology, including food, bio-
plastics, and biofuels. For that reason, this technology will 
constitute a promising tool to cope with the current severe 
climate change crisis.

Acknowledgements CMF, MDAD and AAI are Researchers from 
CONICET. We thank Jaina Bhayani for feedback on the writing of 
the manuscript.

Author contributions Conceptualization: all authors; Writing—origi-
nal draft preparation: all authors; Writing—review and editing: all 
authors; Funding acquisition: all authors.

Funding This work was supported by grants from Agencia Nacional 
de Promoción de la Investigación, el Desarrollo Tecnológico y la 
Innovación (PICT-2017-1515 and PICT-2018-00929 to AAI, PICT-
2018-00698 to MDAD and PICT-2018-00865 to CMF), Universi-
dad Nacional del Litoral (CAI+D 2020 to CMF), CONICET (PUE-
2016-0040 to IAL), the Max Planck Society (Partner Group for Plant 
Biochemistry to CMF) and the National Science Foundation (MCB 
1616851 to MAB).

Data availability Not applicable.

Code availability Not applicable.

Declarations 

Conflict of interest Not applicable.

References

Asencion Diez MD, Demonte AMM, Guerrero SAA, Ballicora MAA, 
Iglesias AAA, Asención Diez MD, Demonte AMM, Guerrero 
SAA, Ballicora MAA, Iglesias AAA (2013) The ADP-glucose 
pyrophosphorylase from Streptococcus mutans provides evidence 
for the regulation of polysaccharide biosynthesis in Firmicutes. 
Mol Microbiol 90:1011–1027. https:// doi. org/ 10. 1111/ mmi. 
12413

Asencion Diez MD, Figueroa CM, Esper MC, Mascarenhas R, Aleanzi 
MC, Liu D, Ballicora MA, Iglesias AA (2020) On the simul-
taneous activation of Agrobacterium tumefaciens ADP-glucose 
pyrophosphorylase by pyruvate and fructose 6-phosphate. Bio-
chimie 171–172:23–30. https:// doi. org/ 10. 1016/j. biochi. 2020. 
01. 012

Ball SG, Morell MK (2003) From bacterial glycogen to starch: under-
standing the biogenesis of the plant starch granule. Annu Rev 
Plant Biol 54:207–233. https:// doi. org/ 10. 1146/ annur ev. arpla nt. 
54. 031902. 134927

Ballicora MA, Laughlin MJ, Fu Y, Okita TW, Barry GF, Preiss J 
(1995) Adenosine 5′-diphosphate-glucose pyrophosphorylase 
from potato tuber. Significance of the N terminus of the small 
subunit for catalytic properties and heat stability. Plant Physiol 
109:245–251. https:// doi. org/ 10. 1104/ pp. 109.1. 245

Ballicora MA, Fu Y, Nesbitt NM, Preiss J (1998) ADP-glucose pyroph-
osphorylase from potato tubers. Site-directed mutagenesis stud-
ies of the regulatory sites. Plant Physiol 118:265–274. https:// 
doi. org/ 10. 1104/ PP. 118.1. 265

Ballicora MA, Frueauf JB, Fu Y, Schürmann P, Preiss J (2000) Acti-
vation of the potato tuber ADP-glucose pyrophosphorylase by 
thioredoxin. J Biol Chem 275:1315–1320. https:// doi. org/ 10. 
1074/ jbc. 275.2. 1315

Ballicora MA, Iglesias AA, Preiss J (2003) ADP-glucose pyrophos-
phorylase, a regulatory enzyme for bacterial glycogen synthe-
sis. Microbiol Mol Biol Rev. https:// doi. org/ 10. 1128/ MMBR. 
67.2. 213- 225. 2003

Ballicora MA, Iglesias AA, Preiss J (2004) ADP-glucose pyroph-
osphorylase: a regulatory enzyme for plant starch synthesis. 
Photosynth Res 79:1–24. https:// doi. org/ 10. 1023/B: PRES. 
00000 11916. 67519. 58

Ballicora MA, Dubay JR, Devillers CH, Preiss J (2005) Resurrecting 
the ancestral enzymatic role of a modulatory subunit. J Biol 
Chem 280:10189–10195. https:// doi. org/ 10. 1074/ jbc. M4135 
40200

Barchiesi J, Hedin N, Iglesias AA, Gomez-Casati DF, Ballicora MA, 
Busi MV (2017) Identification of a novel starch synthase III 
from the picoalgae Ostreococcus tauri. Biochimie. https:// doi. 
org/ 10. 1016/j. biochi. 2016. 12. 003

Baris I, Tuncel A, Ozber N, Keskin O, Kavakli IH (2009) Investiga-
tion of the interaction between the large and small subunits of 
potato ADP-glucose pyrophosphorylase. PLoS Comput Biol 
5:e1000546. https:// doi. org/ 10. 1371/ journ al. pcbi. 10005 46

Beaman T, Binder D, Blanchard J, Roderick S (1997) Three-dimen-
sional structure of tetrahydrodipicolinate N-succinyltrans-
ferase. Biochemistry 36:489–494. https:// doi. org/ 10. 1021/ 
BI962 522Q

Beckles DM, Smith AM, ap Rees T (2001) A cytosolic ADP-glucose 
pyrophosphorylase is a feature of graminaceous endosperms, but 
not of other starch-storing organs. Plant Physiol 125:818–827. 
https:// doi. org/ 10. 1104/ pp. 125.2. 818

Bhayani JA, Hill BL, Sharma A, Iglesias AA, Olsen KW, Ballicora 
MA (2019) Mapping of a regulatory site of the Escherichia coli 
ADP-glucose pyrophosphorylase. Front Mol Biosci. https:// doi. 
org/ 10. 3389/ FMOLB. 2019. 00089

Blankenfeldt W, Asuncion M, Lam JS, Naismith JH (2000) The struc-
tural basis of the catalytic mechanism and regulation of glucose-
1-phosphate thymidylyltransferase (RmlA). EMBO J 19:6652. 
https:// doi. org/ 10. 1093/ EMBOJ/ 19. 24. 6652

Boehlein SK, Shaw JR, Stewart JD, Hannah LC (2008) Heat stability 
and allosteric properties of the maize endosperm ADP-glucose 
pyrophosphorylase are intimately intertwined. Plant Physiol 
146:289–299. https:// doi. org/ 10. 1104/ PP. 107. 109942

Boehlein S, Shaw J, Hannah L, Stewart J (2010) Probing allosteric 
binding sites of the maize endosperm ADP-glucose pyrophos-
phorylase. Plant Physiol 152:85–95. https:// doi. org/ 10. 1104/ PP. 
109. 146928

Boehlein S, Shaw J, Georgelis N, Hannah L (2014) Enhanced heat 
stability and kinetic parameters of maize endosperm ADPglucose 
pyrophosphorylase by alteration of phylogenetically identified 
amino acids. Arch Biochem Biophys 543:1–9. https:// doi. org/ 
10. 1016/J. ABB. 2013. 12. 018

Boehlein S, Shaw J, Stewart J, Sullivan B, Hannah L (2015) Enhancing 
the heat stability and kinetic parameters of the maize endosperm 
ADP-glucose pyrophosphorylase using iterative saturation 
mutagenesis. Arch Biochem Biophys 568:28–37. https:// doi. org/ 
10. 1016/J. ABB. 2015. 01. 008

Bowsher CG, Scrase-Field EFAL, Esposito S, Emes MJ, Tetlow IJ 
(2007) Characterization of ADP-glucose transport across the 
cereal endosperm amyloplast envelope. J Exp Bot 58:1321–1332. 
https:// doi. org/ 10. 1093/ jxb/ erl297

Brown K, Pompeo F, Dixon S, Mengin-Lecreulx D, Cambillau C, 
Bourne Y (1999) Crystal structure of the bifunctional N-acetyl-
glucosamine 1-phosphate uridyltransferase from Escherichia 
coli: a paradigm for the related pyrophosphorylase superfamily. 

https://doi.org/10.1111/mmi.12413
https://doi.org/10.1111/mmi.12413
https://doi.org/10.1016/j.biochi.2020.01.012
https://doi.org/10.1016/j.biochi.2020.01.012
https://doi.org/10.1146/annurev.arplant.54.031902.134927
https://doi.org/10.1146/annurev.arplant.54.031902.134927
https://doi.org/10.1104/pp.109.1.245
https://doi.org/10.1104/PP.118.1.265
https://doi.org/10.1104/PP.118.1.265
https://doi.org/10.1074/jbc.275.2.1315
https://doi.org/10.1074/jbc.275.2.1315
https://doi.org/10.1128/MMBR.67.2.213-225.2003
https://doi.org/10.1128/MMBR.67.2.213-225.2003
https://doi.org/10.1023/B:PRES.0000011916.67519.58
https://doi.org/10.1023/B:PRES.0000011916.67519.58
https://doi.org/10.1074/jbc.M413540200
https://doi.org/10.1074/jbc.M413540200
https://doi.org/10.1016/j.biochi.2016.12.003
https://doi.org/10.1016/j.biochi.2016.12.003
https://doi.org/10.1371/journal.pcbi.1000546
https://doi.org/10.1021/BI962522Q
https://doi.org/10.1021/BI962522Q
https://doi.org/10.1104/pp.125.2.818
https://doi.org/10.3389/FMOLB.2019.00089
https://doi.org/10.3389/FMOLB.2019.00089
https://doi.org/10.1093/EMBOJ/19.24.6652
https://doi.org/10.1104/PP.107.109942
https://doi.org/10.1104/PP.109.146928
https://doi.org/10.1104/PP.109.146928
https://doi.org/10.1016/J.ABB.2013.12.018
https://doi.org/10.1016/J.ABB.2013.12.018
https://doi.org/10.1016/J.ABB.2015.01.008
https://doi.org/10.1016/J.ABB.2015.01.008
https://doi.org/10.1093/jxb/erl297


320 Plant Molecular Biology (2022) 108:307–323

1 3

EMBO J 18:4096–4107. https:// doi. org/ 10. 1093/ EMBOJ/ 18. 15. 
4096

Burton RA, Johnson PE, Beckles DM, Fincher GB, Jenner HL, Naldrett 
MJ, Denyer K (2002) Characterization of the genes encoding the 
cytosolic and plastidial forms of ADP-glucose pyrophosphory-
lase in wheat endosperm. Plant Physiol 130:1464–1475. https:// 
doi. org/ 10. 1104/ pp. 010363

Cereijo AE, Diez MDA, Ballicora MA, Iglesias AA (2018) Regula-
tory properties of the ADP-glucose pyrophosphorylase from the 
clostridial Firmicutes member Ruminococcus albus. J Bacteriol. 
https:// doi. org/ 10. 1128/ JB. 00172- 18

Charng YY, Iglesias AA, Preiss J (1994) Structure-function relation-
ships of cyanobacterial ADP-glucose pyrophosphorylase. Site-
directed mutagenesis and chemical modification of the activator-
binding sites of ADP-glucose pyrophosphorylase from Anabaena 
PCC 7120. J Biol Chem 269:24107–24113

Cifuente JO, Comino N, Madariaga-Marcos J, López-Fernández S, 
García-Alija M, Agirre J, Albesa-Jové D, Guerin ME (2016) 
Structural basis of glycogen biosynthesis regulation in bacteria. 
Structure 24:1613–1622. https:// doi. org/ 10. 1016/J. STR. 2016. 
06. 023

Coutinho P, Deleury E, Davies G, Henrissat B (2003) An evolving hier-
archical family classification for glycosyltransferases. J Mol Biol 
328:307–317. https:// doi. org/ 10. 1016/ S0022- 2836(03) 00307-3

Crevillén P, Ballicora MA, Mérida A, Preiss J, Romero JM (2003) The 
different large subunit isoforms of Arabidopsis thaliana ADP-
glucose pyrophosphorylase confer distinct kinetic and regula-
tory properties to the heterotetrameric enzyme. J Biol Chem 
278:28508–28515. https:// doi. org/ 10. 1074/ jbc. M3042 80200

Crevillén P, Ventriglia T, Pinto F, Orea A, Mérida A, Romero JM 
(2005) Differential pattern of expression and sugar regulation of 
Arabidopsis thaliana ADP-glucose pyrophosphorylase-encoding 
genes. J Biol Chem 280:8143–8149. https:// doi. org/ 10. 1074/ jbc. 
M4117 13200

Crofts N, Nakamura Y, Fujita N (2017) Critical and speculative review 
of the roles of multi-protein complexes in starch biosynthesis 
in cereals. Plant Sci 262:1–8. https:// doi. org/ 10. 1016/j. plant sci. 
2017. 05. 007

Cupp-Vickery JR, Igarashi RY, Perez M, Poland M, Meyer CR (2008) 
Structural analysis of ADP-glucose pyrophosphorylase from the 
bacterium Agrobacterium tumefaciens. Biochemistry 47:4439–
4451. https:// doi. org/ 10. 1021/ BI701 933Q

D’Ovidio R, Raiola A, Capodicasa C, Devoto A, Pontiggia D, Rob-
erti S, Galletti R, Conti E, O’Sullivan D, De Lorenzo G (2004) 
Characterization of the complex locus of bean encoding polyga-
lacturonase-inhibiting proteins reveals subfunctionalization for 
defense against fungi and insects. Plant Physiol 135:2424–2435. 
https:// doi. org/ 10. 1104/ PP. 104. 044644

Delvalle D, Dumez S, Wattebled F, Roldan I, Planchot V, Berbezy P, 
Colonna P, Vyas D, Chatterjee M, Ball S, Merida A, D’Hulst C 
(2005) Soluble starch synthase I: a major determinant for the 
synthesis of amylopectin in Arabidopsis thaliana leaves. Plant J 
43:398–412. https:// doi. org/ 10. 1111/j. 1365- 313X. 2005. 02462.x

Derelle E, Ferraz C, Rombauts S, Rouzé P, Worden AZ, Robbens S, 
Partensky F, Degroeve S, Echeynié S, Cooke R, Saeys Y, Wuyts 
J, Jabbari K, Bowler C, Panaud O, Piégu B, Ball SG, Ral J-P, 
Bouget F-Y, Piganeau G, De Baets B, Picard A, Delseny M, 
Demaille J, Van de Peer Y, Moreau H (2006) Genome analysis 
of the smallest free-living eukaryote Ostreococcus tauri unveils 
many unique features. Proc Natl Acad Sci USA 103:11647–
11652. https:// doi. org/ 10. 1073/ pnas. 06047 95103

Dong K, Zhen S, Cheng Z, Cao H, Ge P, Yan Y (2015) Proteomic 
analysis reveals key proteins and phosphoproteins upon seed ger-
mination of wheat (Triticum aestivum L.). Front Plant Sci 6:1017. 
https:// doi. org/ 10. 3389/ fpls. 2015. 01017

Ferrero D, Asencion Diez M, Kuhn M, Falaschetti C, Piattoni C, Igle-
sias A, Ballicora M (2018) On the roles of wheat endosperm 
ADP-glucose pyrophosphorylase subunits. Front Plant Sci. 
https:// doi. org/ 10. 3389/ FPLS. 2018. 01498

Ferrero DML, Piattoni CV, Asencion Diez MD, Rojas BE, Hartman 
MD, Ballicora MA, Iglesias AA (2020) Phosphorylation of ADP-
glucose pyrophosphorylase during wheat seeds development. 
Front Plant Sci 11:1058. https:// doi. org/ 10. 3389/ fpls. 2020. 01058

Ferretti MV, Hussien RA, Ballicora MA, Iglesias AA, Figueroa CM, 
Asencion Diez MD (2021) The ADP-glucose pyrophosphory-
lase from Melainabacteria: a comparative study between photo-
synthetic and non-photosynthetic bacterial sources. Biochimie. 
https:// doi. org/ 10. 1016/j. biochi. 2021. 09. 011

Figueroa CM, Esper MC, Bertolo A, Demonte AM, Aleanzi M, Iglesias 
AA, Ballicora MA (2011) Understanding the allosteric trigger 
for the fructose-1,6-bisphosphate regulation of the ADP-glucose 
pyrophosphorylase from Escherichia coli. Biochimie 93:1816–
1823. https:// doi. org/ 10. 1016/j. biochi. 2011. 06. 029

Figueroa CM, Kuhn ML, Falaschetti CA, Solamen L, Olsen KW, Bal-
licora MA, Iglesias AA (2013) Unraveling the activation mecha-
nism of the potato tuber ADP-glucose pyrophosphorylase. PLoS 
ONE 8:e66824. https:// doi. org/ 10. 1371/ JOURN AL. PONE. 00668 
24

Figueroa CM, Piattoni CV, Trípodi KEJ, Podestá FE, Iglesias AA 
(2016) Carbon photoassimilation and photosynthate partition-
ing in plants. In: Pessarakli M (ed) Handbook of photosynthesis, 
3rd edn. CRC Press, Taylor & Francis Group, Boca Raton, pp 
509–535

Figueroa CM, Kuhn ML, Hill BL, Iglesias AA, Ballicora MA (2018) 
Resurrecting the regulatory properties of the Ostreococcus tauri 
ADP-glucose pyrophosphorylase large subunit. Front Plant Sci. 
https:// doi. org/ 10. 3389/ FPLS. 2018. 01564

Figueroa CM, Lunn JE, Iglesias AA (2021) Nucleotide-sugar metabo-
lism in plants: the legacy of Luis F. Leloir. J Exp Bot. https:// doi. 
org/ 10. 1093/ jxb/ erab1 09

Frueauf JB, Ballicora MA, Preiss J (2002) Alteration of inhibitor selec-
tivity by site-directed mutagenesis of  Arg294 in the ADP-glucose 
pyrophosphorylase from Anabaena PCC 7120. Arch Biochem 
Biophys 400:208–214. https:// doi. org/ 10. 1016/ S0003- 9861(02) 
00015-2

Fu Y, Ballicora MA, Leykam JF, Preiss J (1998) Mechanism of reduc-
tive activation of potato tuber ADP-glucose pyrophosphorylase. 
J Biol Chem 273:25045–25052. https:// doi. org/ 10. 1074/ jbc. 273. 
39. 25045

Georgelis N, Braun EL, Shaw JR, Hannah LC (2007) The two AGPase 
subunits evolve at different rates in angiosperms, yet they are 
equally sensitive to activity-altering amino acid changes when 
expressed in bacteria. Plant Cell 19:1458–1472. https:// doi. org/ 
10. 1105/ tpc. 106. 049676

Glaring MA, Koch CB, Blennow A (2006) Genotype-specific spatial 
distribution of starch molecules in the starch granule: a combined 
CLSM and SEM approach. Biomacromolecules 7:2310–2320. 
https:// doi. org/ 10. 1021/ bm060 216e

Gomez-Casati DF, Martin M, Busi MV (2013) Polysaccharide-synthe-
sizing glycosyltransferases and carbohydrate binding modules: 
the case of starch synthase III. Protein Pept Lett 20:856–863

Gómez-Casati DF, Iglesias AA (2002) ADP-glucose pyrophosphory-
lase from wheat endosperm. Purification and characterization of 
an enzyme with novel regulatory properties. Planta 214:428–434. 
https:// doi. org/ 10. 1007/ S0042 50100 634

Goren A, Ashlock D, Tetlow IJ (2018) Starch formation inside plastids 
of higher plants. Protoplasma 255:1855–1876. https:// doi. org/ 10. 
1007/ s00709- 018- 1259-4

https://doi.org/10.1093/EMBOJ/18.15.4096
https://doi.org/10.1093/EMBOJ/18.15.4096
https://doi.org/10.1104/pp.010363
https://doi.org/10.1104/pp.010363
https://doi.org/10.1128/JB.00172-18
https://doi.org/10.1016/J.STR.2016.06.023
https://doi.org/10.1016/J.STR.2016.06.023
https://doi.org/10.1016/S0022-2836(03)00307-3
https://doi.org/10.1074/jbc.M304280200
https://doi.org/10.1074/jbc.M411713200
https://doi.org/10.1074/jbc.M411713200
https://doi.org/10.1016/j.plantsci.2017.05.007
https://doi.org/10.1016/j.plantsci.2017.05.007
https://doi.org/10.1021/BI701933Q
https://doi.org/10.1104/PP.104.044644
https://doi.org/10.1111/j.1365-313X.2005.02462.x
https://doi.org/10.1073/pnas.0604795103
https://doi.org/10.3389/fpls.2015.01017
https://doi.org/10.3389/FPLS.2018.01498
https://doi.org/10.3389/fpls.2020.01058
https://doi.org/10.1016/j.biochi.2021.09.011
https://doi.org/10.1016/j.biochi.2011.06.029
https://doi.org/10.1371/JOURNAL.PONE.0066824
https://doi.org/10.1371/JOURNAL.PONE.0066824
https://doi.org/10.3389/FPLS.2018.01564
https://doi.org/10.1093/jxb/erab109
https://doi.org/10.1093/jxb/erab109
https://doi.org/10.1016/S0003-9861(02)00015-2
https://doi.org/10.1016/S0003-9861(02)00015-2
https://doi.org/10.1074/jbc.273.39.25045
https://doi.org/10.1074/jbc.273.39.25045
https://doi.org/10.1105/tpc.106.049676
https://doi.org/10.1105/tpc.106.049676
https://doi.org/10.1021/bm060216e
https://doi.org/10.1007/S004250100634
https://doi.org/10.1007/s00709-018-1259-4
https://doi.org/10.1007/s00709-018-1259-4


321Plant Molecular Biology (2022) 108:307–323 

1 3

Gould SB, Waller RF, McFadden GI (2008) Plastid evolution. Annu 
Rev Plant Biol 59:491–517. https:// doi. org/ 10. 1146/ annur ev. 
arpla nt. 59. 032607. 092915

Hädrich N, Hendriks JHM, Kötting O, Arrivault S, Feil R, Zeeman SC, 
Gibon Y, Schulze WX, Stitt M, Lunn JE (2012) Mutagenesis of 
cysteine 81 prevents dimerization of the APS1 subunit of ADP-
glucose pyrophosphorylase and alters diurnal starch turnover in 
Arabidopsis thaliana leaves. Plant J 70:231–242. https:// doi. org/ 
10. 1111/j. 1365- 313X. 2011. 04860.x

Hannah LC, James M (2008) The complexities of starch biosynthesis 
in cereal endosperms. Curr Opin Biotechnol 19:160–165. https:// 
doi. org/ 10. 1016/j. copbio. 2008. 02. 013

Hedin N, Barchiesi J, Gomez-Casati DF, Iglesias AA, Ballicora MA, 
Busi MV (2017) Identification and characterization of a novel 
starch branching enzyme from the picoalgae Ostreococcus tauri. 
Arch Biochem Biophys. https:// doi. org/ 10. 1016/j. abb. 2017. 02. 
005

Hendriks JHM, Kolbe A, Gibon Y, Stitt M, Geigenberger P (2003) 
ADP-glucose pyrophosphorylase is activated by posttranslational 
redox-modification in response to light and to sugars in leaves of 
Arabidopsis and other plant species. Plant Physiol 133:838–849. 
https:// doi. org/ 10. 1104/ pp. 103. 024513

Hill BL, Wong J, May BM, Huerta FB, Manley TE, Sullivan PRF, 
Olsen KW, Ballicora MA (2015) Conserved residues of the 
Pro103–Arg115 loop are involved in triggering the allosteric 
response of the Escherichia coli ADP-glucose pyrophosphory-
lase. Protein Sci 24:714–728. https:// doi. org/ 10. 1002/ pro. 2644

Hill BL, Mascarenhas R, Patel H, Asencion Diez M, Wu R, Iglesias 
AA, Liu D, Ballicora MA (2019) Structural analysis reveals a 
pyruvate-binding activator site in the Agrobacterium tumefaciens 
ADP-glucose pyrophosphorylase. J Biol Chem 294:1338–1348. 
https:// doi. org/ 10. 1074/ JBC. RA118. 004246

Huang B, Hennen-Bierwagen TA, Myers AM (2014) Functions of mul-
tiple genes encoding ADP-glucose pyrophosphorylase subunits 
in maize endosperm, embryo, and leaf. Plant Physiol 164:596–
611. https:// doi. org/ 10. 1104/ pp. 113. 231605

Hwang SK, Nagai Y, Kim D, Okita TW (2008) Direct appraisal of the 
potato tuber ADP-glucose pyrophosphorylase large subunit in 
enzyme function by study of a novel mutant form. J Biol Chem 
283:6640–6647. https:// doi. org/ 10. 1074/ JBC. M7074 47200

Hwang S-K, Singh S, Maharana J, Kalita S, Tuncel A, Rath T, Panda 
D, Modi MK, Okita TW (2019) Mechanism underlying heat 
stability of the rice endosperm cytosolic ADP-glucose pyroph-
osphorylase. Front Plant Sci 10:70. https:// doi. org/ 10. 3389/ fpls. 
2019. 00070

Iglesias AA, Barry GF, Meyer C, Bloksberg L, Nakata PA, Greene T, 
Laughlin MJ, Okita TW, Kishore GM, Preiss J (1993) Expression 
of the potato tuber ADP-glucose pyrophosphorylase in Escheri-
chia coli. J Biol Chem 268:1081–1086

Iglesias AA, Charng YY, Ball S, Preiss J (1994) Characterization of 
the kinetic, regulatory, and structural properties of ADP-glucose 
pyrophosphorylase from Chlamydomonas reinhardtii. Plant 
Physiol. https:// doi. org/ 10. 1104/ pp. 104.4. 1287

Jeon JS, Ryoo N, Hahn TR, Walia H, Nakamura Y (2010) Starch bio-
synthesis in cereal endosperm. Plant Physiol Biochem 48:383–
392. https:// doi. org/ 10. 1016/j. plaphy. 2010. 03. 006

Jin X, Ballicora MA, Preiss J, Geiger JH (2005) Crystal structure of 
potato tuber ADP-glucose pyrophosphorylase. EMBO J 24:694. 
https:// doi. org/ 10. 1038/ SJ. EMBOJ. 76005 51

Kanamaru S, Leiman PG, Kostyuchenko V, Chipman P, Mesyanzhinov 
V, Arisaka F, Rossmann M (2002) Structure of the cell-punctur-
ing device of bacteriophage T4. Nature 415:553–557. https:// doi. 
org/ 10. 1038/ 41555 3A

Kisker C, Schindelin H, Alber BE, Ferry JG, Rees DC (1996) A left-
hand beta-helix revealed by the crystal structure of a carbonic 

anhydrase from the archaeon Methanosarcina thermophila. 
EMBO J 15:2323

Kleczkowski LA (1999) A phosphoglycerate to inorganic phosphate 
ratio is the major factor in controlling starch levels in chloro-
plasts via ADP-glucose pyrophosphorylase regulation. FEBS 
Lett 448:153–156. https:// doi. org/ 10. 1016/ S0014- 5793(99) 
00346-4

Kleczkowski LA, Villand P, Luthi E, Olsen OA, Preiss J (1993) Insen-
sitivity of barley endosperm ADP-glucose pyrophosphorylase to 
3-phosphoglycerate and orthophosphate regulation. Plant Physiol 
101:179–186. https:// doi. org/ 10. 1104/ PP. 101.1. 179

Kostrewa D, D’Arcy A, Takacs B, Kamber M (2001) Crystal structures 
of Streptococcus pneumoniae N-acetylglucosamine-1-phosphate 
uridyltransferase, GlmU, in apo form at 2.33 A resolution and 
in complex with UDP-N-acetylglucosamine and Mg(2+) at 1.96 
A resolution. J Mol Biol 305:279–289. https:// doi. org/ 10. 1006/ 
JMBI. 2000. 4296

Kuhn ML, Falaschetti CA, Ballicora MA (2009) Ostreococcus tauri 
ADP-glucose pyrophosphorylase reveals alternative paths for 
the evolution of subunit roles. J Biol Chem 284:34092–34102. 
https:// doi. org/ 10. 1074/ jbc. M109. 037614

Kuhn ML, Figueroa CM, Iglesias AA, Ballicora MA (2013) The ances-
tral activation promiscuity of ADP-glucose pyrophosphorylases 
from oxygenic photosynthetic organisms. BMC Evol Biol 13:51. 
https:// doi. org/ 10. 1186/ 1471- 2148- 13- 51

Lee S-K, Hwang S-K, Han M, Eom J-S, Kang H-G, Han Y, Choi 
S-B, Cho M-H, Bhoo SH, An G, Hahn T-R, Okita TW, Jeon 
J-S (2007) Identification of the ADP-glucose pyrophosphory-
lase isoforms essential for starch synthesis in the leaf and seed 
endosperm of rice (Oryza sativa L.). Plant Mol Biol 65:531–546. 
https:// doi. org/ 10. 1007/ s11103- 007- 9153-z

Leloir LF (1971) Two decades of research on the biosynthesis of sac-
charides. Science 172:1299–1303. https:// doi. org/ 10. 1126/ scien 
ce. 172. 3990. 1299

Lepistö A, Pakula E, Toivola J, Krieger-Liszkay A, Vignols F, 
Rintamäki E (2013) Deletion of chloroplast NADPH-dependent 
thioredoxin reductase results in inability to regulate starch syn-
thesis and causes stunted growth under short-day photoperiods. J 
Exp Bot 64:3843–3854. https:// doi. org/ 10. 1093/ jxb/ ert216

Linebarger CRL, Boehlein SK, Sewell AK, Shaw J, Hannah LC (2005) 
Heat stability of maize endosperm ADP-glucose pyrophosphory-
lase is enhanced by insertion of a cysteine in the N terminus of 
the small subunit. Plant Physiol 139:1625–1634. https:// doi. org/ 
10. 1104/ pp. 105. 067637

Lombard V, Golaconda Ramulu H, Drula E, Coutinho P, Henrissat 
B (2014) The carbohydrate-active enzymes database (CAZy) in 
2013. Nucleic Acids Res. https:// doi. org/ 10. 1093/ NAR/ GKT11 
78

Lunn JE, Feil R, Hendriks JH, Gibon Y, Morcuende R, Osuna D, 
Scheible WR, Carillo P, Hajirezaei MR, Stitt M (2006) Sugar-
induced increases in trehalose 6-phosphate are correlated with 
redox activation of ADPglucose pyrophosphorylase and higher 
rates of starch synthesis in Arabidopsis thaliana. Biochem J 
397:139–148. https:// doi. org/ 10. 1042/ bj200 60083

Lynch M (2006) The origins of eukaryotic gene structure. Mol Biol 
Evol 23:450–468. https:// doi. org/ 10. 1093/ MOLBEV/ MSJ050

Machtey M, Kuhn ML, Flasch DA, Aleanzi M, Ballicora MA, Iglesias 
AA (2012) Insights into glycogen metabolism in chemolithoauto-
trophic bacteria from distinctive kinetic and regulatory properties 
of ADP-glucose pyrophosphorylase from Nitrosomonas euro-
paea. J Bacteriol. https:// doi. org/ 10. 1128/ JB. 00810- 12

MacNeill GJ, Mehrpouyan S, Minow MAA, Patterson JA, Tetlow IJ, 
Emes MJ (2017) Starch as a source, starch as a sink: the bifunc-
tional role of starch in carbon allocation. J Exp Bot 68:4433–
4453. https:// doi. org/ 10. 1093/ jxb/ erx291

https://doi.org/10.1146/annurev.arplant.59.032607.092915
https://doi.org/10.1146/annurev.arplant.59.032607.092915
https://doi.org/10.1111/j.1365-313X.2011.04860.x
https://doi.org/10.1111/j.1365-313X.2011.04860.x
https://doi.org/10.1016/j.copbio.2008.02.013
https://doi.org/10.1016/j.copbio.2008.02.013
https://doi.org/10.1016/j.abb.2017.02.005
https://doi.org/10.1016/j.abb.2017.02.005
https://doi.org/10.1104/pp.103.024513
https://doi.org/10.1002/pro.2644
https://doi.org/10.1074/JBC.RA118.004246
https://doi.org/10.1104/pp.113.231605
https://doi.org/10.1074/JBC.M707447200
https://doi.org/10.3389/fpls.2019.00070
https://doi.org/10.3389/fpls.2019.00070
https://doi.org/10.1104/pp.104.4.1287
https://doi.org/10.1016/j.plaphy.2010.03.006
https://doi.org/10.1038/SJ.EMBOJ.7600551
https://doi.org/10.1038/415553A
https://doi.org/10.1038/415553A
https://doi.org/10.1016/S0014-5793(99)00346-4
https://doi.org/10.1016/S0014-5793(99)00346-4
https://doi.org/10.1104/PP.101.1.179
https://doi.org/10.1006/JMBI.2000.4296
https://doi.org/10.1006/JMBI.2000.4296
https://doi.org/10.1074/jbc.M109.037614
https://doi.org/10.1186/1471-2148-13-51
https://doi.org/10.1007/s11103-007-9153-z
https://doi.org/10.1126/science.172.3990.1299
https://doi.org/10.1126/science.172.3990.1299
https://doi.org/10.1093/jxb/ert216
https://doi.org/10.1104/pp.105.067637
https://doi.org/10.1104/pp.105.067637
https://doi.org/10.1093/NAR/GKT1178
https://doi.org/10.1093/NAR/GKT1178
https://doi.org/10.1042/bj20060083
https://doi.org/10.1093/MOLBEV/MSJ050
https://doi.org/10.1128/JB.00810-12
https://doi.org/10.1093/jxb/erx291


322 Plant Molecular Biology (2022) 108:307–323

1 3

Michalska J, Zauber H, Buchanan BB, Cejudo FJ, Geigenberger P 
(2009) NTRC links built-in thioredoxin to light and sucrose in 
regulating starch synthesis in chloroplasts and amyloplasts. Proc 
Natl Acad Sci USA 106:9908–9913. https:// doi. org/ 10. 1073/ 
pnas. 09035 59106

Mugford ST, Fernandez O, Brinton J, Flis A, Krohn N, Encke B, Feil 
R, Sulpice R, Lunn JE, Stitt M, Smith AM (2014) Regulatory 
properties of ADP glucose pyrophosphorylase are required for 
adjustment of leaf starch synthesis in different photoperiods. 
Plant Physiol 166:1733–1747. https:// doi. org/ 10. 1104/ pp. 114. 
247759

Nakagami H, Sugiyama N, Mochida K, Daudi A, Yoshida Y, Toyoda T, 
Tomita M, Ishihama Y, Shirasu K (2010) Large-scale compara-
tive phosphoproteomics identifies conserved phosphorylation 
sites in plants. Plant Physiol 153:1161–1174. https:// doi. org/ 10. 
1104/ pp. 110. 157347

Olsen L, Roderick S (2001) Structure of the Escherichia coli GlmU 
pyrophosphorylase and acetyltransferase active sites. Biochem-
istry 40:1913–1921. https:// doi. org/ 10. 1021/ BI002 503N

Pandey MK, Rani NS, Madhav MS, Sundaram RM, Varaprasad GS, 
Sivaranjani AK, Bohra A, Kumar GR, Kumar A (2012) Different 
isoforms of starch-synthesizing enzymes controlling amylose and 
amylopectin content in rice (Oryza sativa L.). Biotechnol Adv 
30:1697–1706. https:// doi. org/ 10. 1016/j. biote chadv. 2012. 08. 011

Patron NJ, Greber B, Fahy BF, Laurie DA, Parker ML, Denyer K 
(2004) The lys5 mutations of barley reveal the nature and impor-
tance of plastidial ADP-Glc transporters for starch synthesis in 
cereal endosperm. Plant Physiol 135:2088–2097. https:// doi. org/ 
10. 1104/ pp. 104. 045203

Petreikov M, Eisenstein M, Yeselson Y, Preiss J, Schaffer AA (2010) 
Characterization of the AGPase large subunit isoforms from 
tomato indicates that the recombinant L3 subunit is active as 
a monomer. Biochem J 428:201–212. https:// doi. org/ 10. 1042/ 
BJ200 91777

Raetz CRH, Roderick SL (1995) A left-handed parallel β helix in the 
structure of UDP-N-acetylglucosamine acyltransferase. Science 
270:997–1000. https:// doi. org/ 10. 1126/ SCIEN CE. 270. 5238. 997

Raguin A, Ebenhoh O (2017) Design starch: stochastic modeling of 
starch granule biogenesis. Biochem Soc Trans 45:885–893. 
https:// doi. org/ 10. 1042/ BST20 160407

Ral JP, Derelle E, Ferraz C, Wattebled F, Farinas B, Corellou F, Buleon 
A, Slomianny MC, Delvalle D, d’Hulst C, Rombauts S, Moreau 
H, Ball S (2004) Starch division and partitioning. A mechanism 
for granule propagation and maintenance in the picophytoplank-
tonic green alga Ostreococcus tauri. Plant Physiol 136:3333–
3340. https:// doi. org/ 10. 1104/ pp. 104. 044131

Rose CM, Venkateshwaran M, Volkening JD, Grimsrud PA, Maeda 
J, Bailey DJ, Park K, Howes-Podoll M, den Os D, Yeun LH, 
Westphall MS, Sussman MR, Ané J-M, Coon JJ (2012) Rapid 
phosphoproteomic and transcriptomic changes in the rhizobia-
legume symbiosis. Mol Cell Proteomics 11:724–744. https:// doi. 
org/ 10. 1074/ mcp. M112. 019208

Rossman MG, Liljas A, Brändén CI, Banaszak LJ (1975) 2 Evolution-
ary and structural relationships among dehydrogenases. Enzymes 
11:61–102. https:// doi. org/ 10. 1016/ S1874- 6047(08) 60210-3

Rösti S, Denyer K (2007) Two paralogous genes encoding small 
subunits of ADP-glucose pyrophosphorylase in maize, Bt2 and 
L2, replace the single alternatively spliced gene found in other 
cereal species. J Mol Evol 65:316–327. https:// doi. org/ 10. 1007/ 
s00239- 007- 9013-0

Rösti S, Rudi H, Rudi K, Opsahl-Sorteberg H-G, Fahy B, Denyer K 
(2006) The gene encoding the cytosolic small subunit of ADP-
glucose pyrophosphorylase in barley endosperm also encodes the 
major plastidial small subunit in the leaves. J Exp Bot 57:3619–
3626. https:// doi. org/ 10. 1093/ jxb/ erl110

Seferoglu AB, Koper K, Can FB, Cevahir G, Kavakli IH (2014) 
Enhanced heterotetrameric assembly of potato ADP-glucose 
pyrophosphorylase using reverse genetics. Plant Cell Physiol 
55:1473–1483. https:// doi. org/ 10. 1093/ PCP/ PCU078

Seferoglu AB, Gul S, Dikbas UM, Baris I, Koper K, Caliskan M, Ceva-
hir G, Kavakli IH (2016) Glu-370 in the large subunit influences 
the substrate binding, allosteric, and heat stability properties of 
potato ADP-glucose pyrophosphorylase. Plant Sci 252:125–132. 
https:// doi. org/ 10. 1016/J. PLANT SCI. 2016. 07. 007

Seung D, Boudet J, Monroe J, Schreier TB, David LC, Abt M, Lu 
KJ, Zanella M, Zeeman SC (2017) Homologs of PROTEIN 
TARGETING TO STARCH control starch granule initiation in 
Arabidopsis leaves. Plant Cell 29:1657–1677. https:// doi. org/ 10. 
1105/ tpc. 17. 00222

Seung D, Schreier TB, Burgy L, Eicke S, Zeeman SC (2018) Two plas-
tidial coiled-coil proteins are essential for normal starch granule 
initiation in Arabidopsis. Plant Cell 30:1523–1542. https:// doi. 
org/ 10. 1105/ tpc. 18. 00219

Shannon JC, Pien FM, Cao H, Liu KC (1998) Brittle-1, an adenylate 
translocator, facilitates transfer of extraplastidial synthesized 
ADP-glucose into amyloplasts of maize endosperms. Plant 
Physiol 117:1235–1252. https:// doi. org/ 10. 1104/ pp. 117.4. 1235

Sheng J, Preiss J (1997)  Arginine294 is essential for the inhibition of 
Anabaena PCC 7120 ADP-glucose pyrophosphorylase by phos-
phate. Biochemistry 36:13077–13084. https:// doi. org/ 10. 1021/ 
bi971 3355

Sivaraman J, Sauvé V, Matte A, Cygler M (2002) Crystal structure 
of Escherichia coli glucose-1-phosphate thymidylyltrans-
ferase (RffH) complexed with dTTP and  Mg2+*. J Biol Chem 
277:44214–44219. https:// doi. org/ 10. 1074/ JBC. M2069 32200

Stitt M, Lunn J, Usadel B (2010) Arabidopsis and primary photo-
synthetic metabolism—more than the icing on the cake. Plant 
J 61:1067–1091. https:// doi. org/ 10. 1111/j. 1365- 313X. 2010. 
04142.x

Sulzenbacher G, Gal L, Peneff C, Fassy F, Bourne Y (2001) Crystal 
structure of Streptococcus pneumoniae N-acetylglucosamine-
1-phosphate uridyltransferase bound to acetyl-coenzyme A 
reveals a novel active site architecture. J Biol Chem 276:11844–
11851. https:// doi. org/ 10. 1074/ JBC. M0112 25200

Suzuki E, Suzuki R (2013) Variation of storage polysaccharides in 
phototrophic microorganisms. J Appl Glycosci 60:21–27. https:// 
doi. org/ 10. 5458/ jag. jag. JAG- 2012_ 016

Takata H, Takaha T, Okada S, Takagi M, Imanaka T (1997) Char-
acterization of a gene cluster for glycogen biosynthesis and a 
heterotetrameric ADP-glucose pyrophosphorylase from Bacillus 
stearothermophilus. J Bacteriol 179:4689–4698. https:// doi. org/ 
10. 1128/ jb. 179. 15. 4689- 4698. 1997

Tetlow IJ, Davies EJ, Vardy KA, Bowsher CG, Burrell MM, Emes MJ 
(2003) Subcellular localization of ADPglucose pyrophosphory-
lase in developing wheat endosperm and analysis of the proper-
ties of a plastidial isoform. J Exp Bot 54:715–725. https:// doi. 
org/ 10. 1093/ jxb/ erg088

Thormählen I, Ruber J, von Roepenack-Lahaye E, Ehrlich S-M, Massot 
V, Hümmer C, Tezycka J, Issakidis-Bourguet E, Geigenberger 
P (2013) Inactivation of thioredoxin f1 leads to decreased light 
activation of ADP-glucose pyrophosphorylase and altered diur-
nal starch turnover in leaves of Arabidopsis plants. Plant Cell 
Environ 36:16–29. https:// doi. org/ 10. 1111/j. 1365- 3040. 2012. 
02549.x

Tiessen A, Hendriks JHM, Stitt M, Branscheid A, Gibon Y, Farré EM, 
Geigenberger P (2002) Starch synthesis in potato tubers is regu-
lated by post-translational redox modification of ADP-glucose 
pyrophosphorylase: a novel regulatory mechanism linking starch 
synthesis to the sucrose supply. Plant Cell 14:2191–2213. https:// 
doi. org/ 10. 1105/ tpc. 003640

https://doi.org/10.1073/pnas.0903559106
https://doi.org/10.1073/pnas.0903559106
https://doi.org/10.1104/pp.114.247759
https://doi.org/10.1104/pp.114.247759
https://doi.org/10.1104/pp.110.157347
https://doi.org/10.1104/pp.110.157347
https://doi.org/10.1021/BI002503N
https://doi.org/10.1016/j.biotechadv.2012.08.011
https://doi.org/10.1104/pp.104.045203
https://doi.org/10.1104/pp.104.045203
https://doi.org/10.1042/BJ20091777
https://doi.org/10.1042/BJ20091777
https://doi.org/10.1126/SCIENCE.270.5238.997
https://doi.org/10.1042/BST20160407
https://doi.org/10.1104/pp.104.044131
https://doi.org/10.1074/mcp.M112.019208
https://doi.org/10.1074/mcp.M112.019208
https://doi.org/10.1016/S1874-6047(08)60210-3
https://doi.org/10.1007/s00239-007-9013-0
https://doi.org/10.1007/s00239-007-9013-0
https://doi.org/10.1093/jxb/erl110
https://doi.org/10.1093/PCP/PCU078
https://doi.org/10.1016/J.PLANTSCI.2016.07.007
https://doi.org/10.1105/tpc.17.00222
https://doi.org/10.1105/tpc.17.00222
https://doi.org/10.1105/tpc.18.00219
https://doi.org/10.1105/tpc.18.00219
https://doi.org/10.1104/pp.117.4.1235
https://doi.org/10.1021/bi9713355
https://doi.org/10.1021/bi9713355
https://doi.org/10.1074/JBC.M206932200
https://doi.org/10.1111/j.1365-313X.2010.04142.x
https://doi.org/10.1111/j.1365-313X.2010.04142.x
https://doi.org/10.1074/JBC.M011225200
https://doi.org/10.5458/jag.jag.JAG-2012_016
https://doi.org/10.5458/jag.jag.JAG-2012_016
https://doi.org/10.1128/jb.179.15.4689-4698.1997
https://doi.org/10.1128/jb.179.15.4689-4698.1997
https://doi.org/10.1093/jxb/erg088
https://doi.org/10.1093/jxb/erg088
https://doi.org/10.1111/j.1365-3040.2012.02549.x
https://doi.org/10.1111/j.1365-3040.2012.02549.x
https://doi.org/10.1105/tpc.003640
https://doi.org/10.1105/tpc.003640


323Plant Molecular Biology (2022) 108:307–323 

1 3

Tocchini-Valentini GD, Fruscoloni P, Tocchini-Valentini GP (2005) 
Structure, function, and evolution of the tRNA endonucleases 
of Archaea: an example of subfunctionalization. Proc Natl Acad 
Sci USA 102:8933–8938. https:// doi. org/ 10. 1073/ PNAS. 05023 
50102

Tuncel A, Okita TW (2013) Improving starch yield in cereals by over-
expression of ADPglucose pyrophosphorylase: expectations and 
unanticipated outcomes. Plant Sci 211:52–60. https:// doi. org/ 10. 
1016/j. plant sci. 2013. 06. 009

Tuncel A, Cakir B, Hwang S-K, Okita TW (2014) The role of the large 
subunit in redox regulation of the rice endosperm ADP-glucose 
pyrophosphorylase. FEBS J 281:4951–4963. https:// doi. org/ 10. 
1111/ febs. 13041

Vandromme C, Spriet C, Dauvillee D, Courseaux A, Putaux JL, 
Wychowski A, Krzewinski F, Facon M, D’Hulst C, Wattebled F 
(2019) PII1: a protein involved in starch initiation that determines 
granule number and size in Arabidopsis chloroplast. New Phytol 
221:356–370. https:// doi. org/ 10. 1111/ nph. 15356

Ventriglia T, Kuhn ML, Ruiz MT, Ribeiro-Pedro M, Valverde F, Bal-
licora MA, Preiss J, Romero JM (2008) Two Arabidopsis ADP-
glucose pyrophosphorylase large subunits (APL1 and APL2) are 
catalytic. Plant Physiol 148:65–76. https:// doi. org/ 10. 1104/ pp. 
108. 122846

Wilkens C, Svensson B, Moller MS (2018) Functional roles of starch 
binding domains and surface binding sites in enzymes involved 
in starch biosynthesis. Front Plant Sci 9:1652. https:// doi. org/ 10. 
3389/ fpls. 2018. 01652

Yu G, Lv Y, Shen L, Wang Y, Qing Y, Wu N, Li Y, Huang H, Zhang 
N, Liu Y, Hu Y, Liu H, Zhang J, Huang Y (2019) The proteomic 
analysis of maize endosperm protein enriched by Phos-tagtm 
reveals the phosphorylation of brittle-2 subunit of ADP-Glc 
pyrophosphorylase in starch biosynthesis process. Int J Mol Sci. 
https:// doi. org/ 10. 3390/ ijms2 00409 86

Zhu G-R, Yan X, Zhu D, Deng X, Wu J-S, Xia J, Yan Y-M (2018) 
Lysine acetylproteome profiling under water deficit reveals key 
acetylated proteins involved in wheat grain development and 
starch biosynthesis. J Proteomics 185:8–24. https:// doi. org/ 10. 
1016/j. jprot. 2018. 06. 019

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1073/PNAS.0502350102
https://doi.org/10.1073/PNAS.0502350102
https://doi.org/10.1016/j.plantsci.2013.06.009
https://doi.org/10.1016/j.plantsci.2013.06.009
https://doi.org/10.1111/febs.13041
https://doi.org/10.1111/febs.13041
https://doi.org/10.1111/nph.15356
https://doi.org/10.1104/pp.108.122846
https://doi.org/10.1104/pp.108.122846
https://doi.org/10.3389/fpls.2018.01652
https://doi.org/10.3389/fpls.2018.01652
https://doi.org/10.3390/ijms20040986
https://doi.org/10.1016/j.jprot.2018.06.019
https://doi.org/10.1016/j.jprot.2018.06.019

	Structure, function, and evolution of plant ADP-glucose pyrophosphorylase
	Abstract
	Key message 
	Abstract 

	Starch, a main reserve polysaccharide in plants
	Biosynthesis of starch in plants
	ADP-Glc PPases from photosynthetic organisms
	Three-dimensional structure of plant ADP-Glc PPases
	Non-covalent allosteric regulation of ADP-Glc PPase
	Subfunctionalization of ADP-Glc PPase subunits
	Post-translational regulation
	Redox
	Phosphorylation
	Acetylation

	Subcellular localization in plants
	Remarks and perspectives
	Acknowledgements 
	References




