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Abstract During starch metabolism, the phosphorylation

of glucosyl residues of starch, to be more precise of amy-

lopectin, is a repeatedly observed process. This

phosphorylation is mediated by dikinases, the glucan,

water dikinase (GWD) and the phosphoglucan, water dik-

inase (PWD). The starch-related dikinases utilize ATP as

dual phosphate donor transferring the terminal c-phosphate
group to water and the b-phosphate group selectively to

either C6 position or C3 position of a glucosyl residue

within amylopectin. By the collaborative action of both

enzymes, the initiation of a transition of a-glucans from

highly ordered, water-insoluble state to a less order state is

realized and thus the initial process of starch degradation.

Consequently, mutants lacking either GWD or PWD reveal

a starch excess phenotype as well as growth retardation. In

this review, we focus on the increased knowledge collected

over the last years related to enzymatic properties, the

precise definition of the substrates, the physiological

implications, and discuss ongoing questions.
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Abbreviations

AMY a-Amylase

BAM, BMY b-Amylase

BE Starch branching enzyme

CBM Carbohydrate-binding module

CLD Chain length distribution

DBE Starch debranching enzyme

G3P Glucose-3 phosphate

G6P Glucose-6 phosphate

GWD Glucan, water dikinase

ISA Iso-amylase

LDA Limit dextrinase

LSF Starch-related phosphatase Like-Sex-Four

MDcryst Crystalline maltodextrin

PHS Glucan phosphorylase

PWD Phosphoglucan, water dikinase

SBD Starch-binding domain

SEM Scanning electron microscopy

sex1 Starch excess1 mutant

SEX4 Starch-related phosphatase 4

SS Starch synthase

Introduction

Starch is an a-D-glucan that consists of two polymers,

amylose and amylopectin. In both polymers, glucosyl

residues are predominantly linked by a-1,4-glycosidic
bonds and with a lesser frequency by a-1,6-glycosidic
bonds. The former interglucose-linkage leads to linear

glucan chains, while the latter introduces branch points.

Amylose is defined as an essentially linear molecule con-

taining no or very few a-1,6-glycosidic bonds.

In contrast, in the amylopectin molecule the proportion

of a-1,6-linkages is higher, which accounts for 5–6 % of
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total linkages [1]. The branch points are clustered rather

than randomly distributed over the molecule. Thereby,

neighboring linear glucan chains form double helices. On

the next higher structural level, these double helices

arrange in an ordered crystalline way and, according to the

mode of ordering, at least two different starch crystalline

allomorphs can be distinguished. In the A-type allomorph,

the double helices form a monoclinic unit cell [2], whereas

in the B-type allomorph the double helices organize in a

hexagonal unit cell [3]. Irrespective of the allomorph, the

double helices form crystalline lamellae. However, in the

amorphous lamellae, the branch points are located. This

semi-crystalline structure of native starch granules is not

observed for other glucan storage polymers, such as

glycogen. The water-soluble glycogen is the storage car-

bohydrate of bacteria and certain eukaryotes, such as fungi

and animals. Like amylopectin, glycogen is a polymer that

exclusively consists of glucosyl residues that are inter-

connected by a-1,4- and a-1,6-linkages. Unlike

amylopectin, the formation of crystalline lamellae is

impeded as a-1,6-glycosidic bonds are not clustered.

According to the current models, starch metabolism

evolved from an ancient glycogen metabolism and, there-

fore, contains a setup of enzyme activities of prokaryotic,

as well as eukaryotic origin [4, 5]. Nevertheless, the evo-

lution of semi-crystalline starch granules was accompanied

by the evolution of enzymes that significantly act on semi-

crystalline surfaces and are not found elsewhere [5]. Most

probably, these enzymatic activities arose during the tran-

sition of a soluble to a water-insoluble storage glucan.

In the chlorophyta lineage (green algae and land plants),

starch is exclusively localized in the plastid. In higher

plants, starch is found in chloroplasts of photoautotrophic

source tissues/organs, such as leaves, and in amyloplasts of

heterotrophic tissues/organs, such as seeds and tubers,

depending on its function as a diurnal carbon storage or a

long-time reserve, respectively. In autotrophic leaf cells,

the so-called transitory starch is synthesized in the light

phase driven by photosynthetic carbon dioxide fixation. In

a diurnal rhythm, transitory starch is degraded during

subsequent dark phases, ensuring a constant carbon and

energy supply for cellular metabolism at night [6]. In

heterotrophic cells of seeds and tubers, reserve starch is

formed over a period of days and weeks [7, 8]. Addition-

ally, the synthesis of starch and other reserves in these

organs strictly relies on the carbon supply from the mother

plant. After a period of dormancy, starch is mobilized in

seeds and tubers during germination [9] and late stages of

sprouting [10, 11], respectively. Thus, the starch storing

tissue/organ undergoes major physiological changes during

the process of reserve starch formation and mobilization. In

this respect, the degradation of reserve starch is not strictly

dependent on cellular integrity. For example, reserve starch

stored in endosperm cells of cereal seeds is degraded fol-

lowing seed maturation and programmed cell death of the

endosperm [12]. Thus, leaf starch metabolism is more

suitable for the analysis of repetitively occurring starch

turnover (the process of synthesis and degradation).

Transitory starch turnover in Arabidopsis

On basis of genomic, transcriptomic, proteomic, and

metabolomic approaches, Arabidopsis thaliana is the most

often analyzed model plant, which is why we will focus on

results gained from this model system in this section.

Using forward and reverse genetics, up to now, more

than 40 enzymes were discovered that are active in the

process of transitory starch turnover in Arabidopsis. The

majority of starch-related enzymes are functionally located

inside the plastid and have, therefore, direct access to the

native starch granules. Starch synthases (SS), branching

enzymes (BE) and debranching enzymes (DBE) catalyze

the formation of the granules (for more information, see

Pfister and Zeeman [13]). Amylolytic and phosphorolytic

enzymes, such as amylases and phosphorylases, catalyze

the hydrolysis or phosphorolysis of the starch polymer,

respectively.

The Arabidopsis genome encodes for several amylase-

like proteins that were shown to be located in the chloro-

plast [14–18]. a-Amylases (AtAMY) and b-amylases

(AtBAM) hydrolyze a-1,4-glycosidic bonds, while the so-

called iso-amylases (AtISA) and limit dextrinases (AtLDA)

cleave a-1,6-glycosidic bonds. Several lines of evidence

indicate that the action of b-amylases and iso-amylases

contributes mostly to transitory starch degradation in vivo.

Mutants deficient either in AtBAM3 (formerly named

BMY8) or AtISA3 are impaired in starch degradation

resulting in a starch excess and growth retardation pheno-

type [18, 19]. The impact of a-amylolysis to normal

transitory starch breakdown is still not clear. Arabidopsis

mutants deficient in all three existing a-amylases

(AtAMY1–3) show normal starch degradation [14].

However, the release of branched a-glucans by chloro-

plastic AtAMY3 contributes to starch degradation in DBE-

deficient mutants [18, 20]. Furthermore, the release of

glucans from native starch granules by recombinant

AtAMY3 in vitro is stimulated by b-amylase [21].

A direct attack of the starch granule by the plastidial

phosphorylase (AtPHS1) in vivo and the release of glu-

cosyl residues as glucose-1 phosphate seems to be minor,

as the described mutants reveal no or only a small reduc-

tion in the starch degradation capability [22, 23]. However,

recent findings indicate that AtPHS1 is involved in tran-

sitory starch turnover on a so far unknown regulatory level

[23].
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Interestingly, none of the plastidial amylolytic enzymes

act significantly on native starch granules in in vitro

experiments. However, amylases considerably hydrolyze

starch after disruption of the starch’s semi-crystalline

structure [24–27].

Phosphorylation of starch granules

In 1998, Lorberth and colleagues [28] identified a non-

amylolytic, starch granule-associated protein in potato,

named R1, in which reduction results in a starch excess

phenotype in leaves, e.g., the accumulation of high

amounts of starch at the end of a normal dark phase

because of the decreased rates of leaf starch degradation. In

addition, the lowered expression of R1 in these plants is

accompanied by a reduction in cold-induced sweeting in

tubers [28]. Next to these phenotypical alterations, a

reduction in starch’s covalently attached phosphate content

is observed in the mutant plants. The existence of phos-

phoesters in starch, as the only known covalent

modification of starch, was discovered in the early 1970s

[29, 30]. The amount of starch phosphate differs according

to plant species, but is generally low [31]. In Arabidopsis,

leaf starch and potato tuber starch about 0.1 and 1 % of the

glucosyl residues are phosphorylated, respectively. Inde-

pendent of starch’s origin, phosphate esters are mainly

linked to the amylopectin molecule [32]. In principle, each

carbon atom of a glucosyl residue that carries a hydroxyl

group can be esterified with a phosphate group. However,

only glucose-6 phosphate (G6P) and glucose-3 phosphate

(G3P) are found in starch hydrolysates indicating the

phosphorylation of the C6 and the C3 hydroxyl group,

respectively [30, 33]. In addition, a phosphorylation of the

hydroxyl group at the C2 position was described, but so far

it was neither detected in Arabidopsis leaf starch nor in

potato tuber starch [29, 30].

Transitory starch is continuously phosphorylated during

starch synthesis in the light phase, as well as during starch

degradation in the dark. However, the starch phosphory-

lation rate is higher during starch breakdown, as revealed

by radioactive labeling experiments using the unicellular

green alga Chlamydomonas reinhardtii and 32P-Phosphate

[34]. Like higher plants, C. reinhardtii synthesizes and

degrades starch in a diurnal rhythm [35]. Moreover, starch

is phosphorylated and exogenously supplied phosphate is

incorporated into starch at a constant rate when the algae

are illuminated. During the first 30 min of darkness, the

phosphate incorporation exceeds that of illuminated cells

[34]. Likewise, the study shows that phosphorylated glu-

cans are more abundant at the granule surface of potato leaf

starch during the beginning of starch mobilization.

Using C. reinhardtii cells, the turnover (the process of

starch phosphorylation and dephosphorylation) of the starch-

bound phosphate pool was analyzed by 32P-pulse-chase

experiments. While the incorporated radioactive phosphate

label is stable during 120 min of illumination, in darkened

cells the label is reduced by more than 50 % within 20 min

after the chase [34]. Higher rates of starch phosphorylation

are accompanied by a higher turnover of the phosphate

groups indicating a transient esterification [34].

Starch phosphorylating enzymes

The formation and the physiological function of glucan

phosphorylation were unclear until Ritte et al. [36] showed

that the starch-binding R1 protein from potato catalyzes the

glucan phosphorylation in a dikinase reaction type and,

therefore, R1 was named glucan, water dikinase (GWD;

StGWD from Solanum tuberosum; EC 2.7.9.4). As opposed

to various known kinases, dikinases use ATP as a dual

phosphate donor and transfer the b- and c-phosphate groups
to two distinct acceptor molecules, a glucan and water.

The Arabidopsis mutant sex1 (starch excess1;

At1g10760) that is deficient in a protein homologous to

StGWD has a starch excess phenotype in leaves, that is

similar to that of transgenic potato plants with reduced

StGWD expression, because of impeded starch degradation

and an overall reduction in starch phosphate content [37,

38]. Thus, glucan phosphorylation mediated by the non-

amylolytic GWD is crucial for proper starch turnover in

higher plants. In in vitro assays using native starch gran-

ules, the action of recombinant GWD at the granule surface

facilitates the release of maltose by plastidial b-amylase

and iso-amylase [25].

Using a proteomic approach and reverse genetics, a

second starch phosphorylating enzyme, named phospho-

glucan, water dikinase (PWD; AtPWD from Arabidopsis

thaliana; EC 2.7.9.5; At5g26570), located in the plastids of

Arabidopsis plants was identified. PWD mutants have a

starch excess phenotype, which, however, is not as severe

as in the AtGWD mutant [39, 40]. A gene coding for a third

dikinase enzyme (AtGWD2, At4g24450) was also descri-

bed in Arabidopsis. The recombinant expressed protein is

able to phosphorylate glucan substrates in vitro, but unlike

mutants deficient in AtGWD and AtPWD, AtGWD2 knock

out mutants do not accumulate high amounts of starch nor

have a visible growth phenotype compared to wild type

(WT) plants. Localization studies reveal an extra plastidial

location and the expression of AtGWD2 is in a relatively

late stage of plant development. Therefore, a direct access

of AtGWD2 to leaf starch granules in vivo and an overall

impact on transitory starch metabolism is excluded [41].
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The plastidial dikinases act as monomeric proteins [42].

They share similarities in their amino acid sequences, as

well as in the catalyzed reactions. Figure 1 shows the

schematic amino acid sequence of mature GWD and PWD

including functional domains. The highest homology

between both enzymes is found in the most C-terminal

region, which closely resembles the ATP-binding domain

of bacterial pyruvate, water dikinase (EC 2.7.9.2) and

pyruvate, phosphate dikinase (EC 2.7.9.1) [43]. In this

regard, the starch phosphorylating enzymes have a second

region with high homology to the mentioned bacterial

enzymes, the phosphohistidine domain [40, 43]. A con-

served histidine residue within this domain is capable of

accepting the b-phosphate group of ATP following

nucleotide binding and hydrolysis (Fig. 2), which is shown

by radioactive labeling experiments using recombinant

GWD [36, 43]. Similar to other phosphohistidines as

phosphoenzyme intermediates, the phosphoramidate bond

is acid labile, but rather stable under alkaline conditions

[40, 44]. The c-phosphate group is transferred to water.

The largest differences in the amino acid sequence of

GWD and PWD span the non-catalytic N-terminal region.

In case of PWD, the N-terminus contains a single starch-

binding domain (SBD) that belongs to the well-character-

ized carbohydrate-binding module (CBM) family CBM20

[39, 40, 45]. In contrast to PWD, the identity of the

N-terminal starch-binding domain of GWD is less pro-

nounced but could be assigned to the recently identified

CBM45 family [46, 47]. In particular, two CBM45s ori-

entated in tandem domains and separated by a 200 amino

acid linker form the SBD of GWD spanning a sequence of

about 500 amino acids. Transient expression of a fusion

protein in Arabidopsis containing the CBM45 double

module, a YFP, and a signal peptide for chloroplast

translocation results in a specific fluorescence signal

around the starch granules, indicating the binding of the

SBD to native starch [47]. Unfortunately, the biochemical

and biophysical characteristics of the CBM double module

were very difficult to investigate in in vitro experiments

because of rapid aggregation and precipitation of the

recombinant protein after expression in E. coli [47].

However, the GWD full-length protein binds to native

starch granules in vivo and in vitro [28, 48]. Binding of

GWD, as well as of PWD, in vivo is dependent on the

metabolic status of the cells. A significantly higher pro-

portion of the dikinases is associated with native leaf starch

granules isolated during the dark period than in the light

phase of the photoperiod [40, 48]. Moreover, binding of

GWD and PWD to native starch granules isolated from the

GWD null mutant sex1, that has an overall lowered starch

phosphate content, is less compared to sex1 starches that

have been prephosphorylated by recombinant GWD [40].

Comparative analysis of the relative amounts of phos-

phate groups esterified to the C6 or C3 hydroxyl group of

glucosyl residues in the starch hydrolysates from Ara-

bidopsis WT and the plastidial dikinase single mutants

show that the lack of GWD or PWD causes a reduction of

G6P and G3P or G3P alone, respectively [33, 49]. These

results indicate that GWD affects both types of phosphate

esters, while PWD is mainly responsible for C3 phospho-

rylation. However, using radioactive labeling experiments,

Ritte and co-workers [33] showed that GWD and PWD

selectively phosphorylate the C6 and the C3 hydroxyl

group of starch’s glucosyl residues, respectively (Fig. 2).

The reduction of G6P as well as G3P in the hydrolysate of

sex1 starch is explained by the fact that a significant PWD-

mediated C3 phosphorylation requires the preceding

phosphorylation by GWD in Arabidopsis WT starch [40].

Action of starch-related dikinases on glucan
substrates

In contrast to the plastidial amylolytic enzymes, GWD as

well as PWD acts significantly on the surface of native

starch granules. Nevertheless, the analysis of the

CBM45 CBM45 H* NBSP

NBH*CBM20SP

GWD

PWD

0 aa10001400 600 200

Fig. 1 Schematic representation of the amino acid sequences of the

two plastidial dikinases GWD and PWD from Arabidopsis thaliana

including highlighted functional domains. The precursors of both

nuclear-encoded dikinase contain an N-terminal signal peptide (SP)

for plastid translocation followed by starch-binding domains. In case

of GWD, the starch-binding domain is formed by two CBM45s

(carbohydrate-binding module; magenta) orientated in tandem

domains, which are separated by a 200 amino acid linker. PWD has

a single CBM20 (orange) starch-binding domain. The C-terminal part

of both sequences shares high homology. It is characterized by a

phosphohistidine domain (H*; green) and a nucleotide-binding

domain (NB; blue). The unit of the scale at the bottom is amino

acids (aa)
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physiological function of the dikinase-dependent starch

phosphorylation and its stimulating effect on starch

hydrolysis catalyzed by AtBAM3 is difficult to determine

in vitro using native starch granules. Such an approach is

limited because the action of both dikinases is restricted to

the granule surface and glucan chains exposed at the sur-

face account only for a minor proportion of the entire

granule. Moreover, glucan chains that are phosphorylated

by the dikinases remain covalently linked to the insoluble

starch particle. Thus, an in vitro system was established

using crystalline maltodextrin (MDcryst) as a model sub-

strate for glucan phosphorylating enzyme activity that

mimics features of native starches, such as allomorph and

crystallinity but omitted branching [50, 51]. Thus, MDcryst

has a higher degree of crystallinity and, therefore, recom-

binant GWD phosphorylates MDcryst with much higher

rates than any other native starches tested so far. The

incorporation of phosphate esters results in the release of

phosphorylated (single, double, and triple phosphorylated

glucan chains) as well as neutral maltodextrins from the

water-insoluble MDcryst, indicating that the action of GWD

disrupts the ordered arrangement of maltodextrins at the

particle surface [50].

Likewise to native Arabidopsis WT starch granules,

significant phosphorylation of MDcryst by PWD requires

the preceding action of GWD [51]. However, in a strict

sense the pre-phosphorylation of GWD is not necessary for

the action of PWD. It seems like that GWD-dependent

phosphorylation alters the granule surface structure, which

favors the action of PWD. Thus, PWD phosphorylates also

non pre-phosphorylated glucan chains [51]. This is in

agreement with the data obtained from labeling experi-

ments using native starch granules isolated from several

transgenic potato lines and recombinant PWD. Without any

pre-phosphorylation by recombinant GWD, the incorpora-

tion of phosphate esters catalyzed by PWD is measured

under initial, non-substrate limiting conditions. As a result,

there is no relation between the endogenous starch-bound

G6P content and the phosphorylation rate of PWD [52].

Interestingly, the presence of small soluble maltodextrins

results in a reduction of phosphorylation events on the

surface of insoluble glucans. Furthermore, a phosphoryla-

tion of soluble glucans is not to observe [51].

It can be concluded that GWD preferentially acts on

crystalline surfaces and GWD-mediated phosphorylation

enables a phase transition at the granule surface from a

solid to a more soluble state enabling a significant amy-

lolysis, which was suggested earlier [25, 53]. Thus, the

action of GWD is generally accepted as an initial process

during starch degradation [20, 42, 54, 55].

Nevertheless, for normal starch degradation also the

removal of the phosphate esters is necessary. Thus, the phos-

phate esters introduced into starch are, to a significant extent,

transient and a starch phosphorylation–dephosphorylation

cycle at the granule surface takes place [56]. The genome of

Arabidopsis thaliana encodes for three putative starch-related

phosphatases located in the plastids, starch excess 4

(SEX4; At3g52180), like-sex-four1 (LSF1; At3g01510), and

like-sex-four2 (LSF2; At3g10940). For more information, see

the review by Gentry and co-workers [57].

Phenotypical consequences of lacking the starch-
related dikinases

As mentioned before, the lack of GWD or PWD results in a

starch excess phenotype and retardation in growth, which is

more pronounced in case of missing GWD [40]. Thus, the

lack of GWD in mature Arabidopsis plants as observed in

the null mutant sex1-8 results in a fivefold increased leaf

starch content compared to WT plants [26, 37, 40]. In

principle, an elevated number of starch granules per

chloroplast and/or an increased size of the granules could

cause the higher starch amount in the mutants. WT Ara-

bidopsis cells contain 50–100 chloroplasts, which in turn

contain several starch granules (5–7 [58]; 4–7 [59]). In

mature leaves, there is only little change in the granule

number per chloroplast in the diurnal rhythm in WT cells

[59]. Changes in starch content seem to be a result of

changes in the granule volume rather than a high initiation

of newly synthesized granules [59, 60]. Transmission

electron microscopy of leaf sections reveals that mature

leaves of the sex1-8 mutant contain more starch granules

per chloroplast than WT plants. Moreover, isolated native

starch granules that are analyzed by scanning electron

microscopy (SEM) appear to be bigger in size, which

coincides with a higher amount of glucose per granule [26].

Additionally, sex1-8 starch granules are irregular shaped

compared to disc-shaped WT granules [26]. This obser-

vation prompted to analyze the (surface) properties of

isolated sex1-8 starch in more detail.

The chain length distribution (CLD) of a-1,4-glucan
chains that are exposed on the surface of native WT starch

granules and accessible by plant-encoded amylolytic

enzymes, such as iso-amylase, resembles the CLD of the

whole granule produced by iso-amylolytic digest of heat-

solubilized starch granules. Interestingly, this is not the

case for GWD-deficient mutants. Although the internal

structure of sex1-8 starch granules is similar to WT, the

length as well as the abundance of glucan chains exposed

on the granule surface differs in the mutant. The lack of

GWD in mature sex1-8 plants results in a shift of the CLD

towards shorter glucan chains at the granule surface. In

addition, the abundance of glucan chains at the granule

surface is increased in the mutant compared to WT, which

is indicated by the higher maltose released by b-amylase
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treatment of native granules [26]. Similar to the Ara-

bidopsis GWD null mutant, the altered surface properties

are also present in two partially complemented sex1-8

mutants which have compared to WT an approx. 79 and

93 % lowered GWD protein level, respectively. The higher

amount of short glucan chains at the surface of starch

granules isolated from GWD-deficient mutants impedes

GWD action in vitro. In this sense, GWD-dependent

incorporation of starch phosphate monoesters is higher

after removing these surface-exposed glucans by amy-

lolytic enzymes. Taken together, the lack of GWD results

not only in changes of the starch amount, but also in

alterations of granule number, shape, and surface proper-

ties. All these alterations are not only restricted to the dark

period as they were also observed during the light period

[26].

Contribution of glucan phosphorylation to starch
synthesis

Although there is a good understanding of the phenotypical

alterations caused by GWD deficiency and how glucan

phosphorylation facilitates transitory starch degradation

mechanistically, several aspects of the dikinases-mediated

action remain unclear.

If the observed alterations in mutants lacking GWD are

strictly related to the absent of GWD, a function of glucan

phosphorylation during the process of starch synthesis has

to be predicted.

It is believed that repeating rounds of reduced starch

degradation are responsible for the high starch amount in

mature GWD-deficient mutants [20]. However, the activi-

ties of enzymes, such as starch synthases and branching

enzymes, known to be functional during starch synthesis

are lowered in GWD-deficient mutants [26]. In addition,

Arabidopsis mutants with an up to 70 % lowered GWD

protein amount have reduced levels of leaf starch synthesis

compared to WT [61]. The comparative analysis of starch

synthesis in WT and mutants lacking GWD is hindered by

the unequal initial conditions in vivo as mature GWD

mutants accumulate up to five times more starch than WT

plants. Thus, it is difficult to analyze the direct effects of

GWD to starch synthesis in the background of indirect and/

or starch breakdown-dependent effects that arise from the

diurnal transition of the starch pool.

Skeffington and co-workers [61] tried to uncouple

transitory starch synthesis from mobilization in Arabidop-

sis and measured the rate of starch synthesis in mature

inducible GWD-deficient plants having a WT-like starch

amount at the beginning of the analysis. No significant

difference in the synthesized starch amount is measured in

the mutants compared to WT after illuminating the plants

following a 60 h dark treatment. The authors conclude that

GWD affects starch synthesis more indirectly than directly

[61]. In contrast, evidence from in vitro experiments with
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Fig. 2 Schematic illustration of

the plastidial dikinases-

mediated reactions on a-glucan
structures. A left-handed a-1,4-
linked glucan chain (red) forms

a double helix (upper part) with

another glucan chain (blue)

connected by a a-1,6-linkage
(lower part). Both dikinases act

on glucan structures and

introduce phosphate esters (P);

GWD (magenta) phosphorylates

the hydroxyl group at carbon

atom 6 while PWD (orange)

phosphorylates the C3-hydroxyl

group. Before glucan

phosphorylation, both enzymes

bind and hydrolyze ATP. The c-
phosphate group of ATP is

transferred to water and the b-
phosphate group to an auto-

catalytical histidine residue

(H) via a phosphoramidate

bond. Subsequently, the b-
phosphate is transferred to the

glucan substrate
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purified starch granules (isolated from WT and plants with

altered GWD expression) and recombinant enzymes sug-

gests that the GWD-mediated glucan phosphorylation of

the granule surface can directly influence the elongation of

external glucan chains. Thus, the altered starch granule

surface properties observed in mutants with reduced

expression of GWD impair the elongation of existing

glucan chains catalyzed by starch synthase 1 (AtSS1), one

of the dominate starch synthesizing activity in Arabidopsis

[62], in vitro. In addition, a significant higher amount of

glucosyl residues are transferred by AtSS1 to the native

starches when the starch granules were pre-phosphorylated

by recombinant GWD [26].

These results show that the precise function of the dik-

inase-mediated phosphorylation during transitory starch

synthesis still needs to be defined. Nevertheless, the

amount of starch phosphate esters incorporated during

starch synthesis is important, at least for the subsequent

dark period. This was concluded after analyzing the Ara-

bidopsis WT and the GWD null mutant sex1-8 along with

the two partially complemented GWD mutants [63]. When

mature light–dark grown WT and mutant plants are

exposed to a prolonged darkness of 60 h, the residual

GWD activities in the two partially complemented lines are

insufficient to degrade starch to WT level [63]. Another

indication for a function of starch phosphorylation during

starch synthesis is related to potato tuber reserve starch.

Thus, in transgenic potato lines with reduced expression of

StGWD, small alteration in storage starch metabolism is

reported [64, 65]. The antisense lines reveal more but

smaller tubers. Furthermore, the amylose content as well as

the starch viscosity is affected. Although StGWD tran-

scripts and protein are present in mature tubers, which was

shown earlier [28, 66], only recently, the abundance of

mRNA coding for the potato homolog of PWD (also

named StGWD3) in tuber amyloplasts was confirmed [67].

StPWD is associated with starch granules formed in amy-

loplasts as indicated by immunochemical localization

studies; nonetheless, a functional analysis is still necessary.

However, whether the dikinases have a function during

the long time of reserve starch formation remains obscure.

Nevertheless, it was shown that allelic variations of the

genes encoding StGWD, but also of starch branching

enzymes and starch synthase 3, influence the starch phos-

phorylation in potato tubers [68].

Regulation of dikinase enzyme activity

In the context of enzyme action in vivo, the regulation of

the dikinases is of special interest. Nothing is known about

the regulation of PWD and only little is known about GWD

regulation. Thus, a redox-mediated regulation is reported

for StGWD based on the formation of a specific

intramolecular disulfide bond between two cysteine resi-

dues that are also present in other species, such as

Arabidopsis. However, this proposed regulation would

result in an active, reduced GWD that has no interaction

with the substrate, whereas the oxidized, inactive form is

bound to starch granules [66]. Furthermore, transgenic

Arabidopsis plants expressing AtGWD containing the Cys

mutation that gives constitutive activation have similar

starch degradation rates compared to WT plants. Thus, no

evidence is present that the redox regulation of GWD is

required for either the initiation or the adjustment of the

rate of starch degradation. However, a posttranslational

level of control is proposed [61].

Interestingly, detailed analysis of the GWD enzymatic

steps shows that the c-phosphate group of ATP is not

directly transferred to water. It is proposed that a further, so

far unknown, amino acid residue is involved in the transfer

of the c-phosphate group to water releasing orthophos-

phate. In addition, a transfer of the c-phosphate to AMP

and ADP is observed releasing ADP and ATP, respectively

[69]. Therefore, also a posttranslational regulation is dis-

cussed to prevent these ‘nonproductive’ reactions.

Genetically modified starch phosphate metabolism
in planta

Recent studies highlight the biotechnological potential of

alterations in starch phosphorylation of major crop plants

and link GWD-mediated activity to biomass production.

Several attempts were made to alter the expression of GWD

homologs in potato [28, 64, 65], barley (Hordeum vulgare)

[70], maize (Zea mays) [71], wheat (Triticum aestivum)

[72], and rice (Oryza sativa) [73] and mutant analyses

aimed at economically important traits, such as physico-

chemical properties of starch, starch content, and plant

biomass. The above-listed plants accumulate large amounts

of reserve starch in their economical important parts, such

as tubers and seeds. However, also the starch stored in non-

food parts, such as leaves, is of growing interest because of

its potential function as an alternative feedstock for ethanol

production [74]. The usage of crop residues instead of

starchy food parts could reduce the competition between

‘‘food, feed, and fuels’’. The effects of altered GWD

expression to leaf starch content are analyzed in maize and

rice. Rice mutants deficient in OsGWD, as well as

repression of ZmGWD in maize by RNAi, lead to

increased starch accumulation in leaves without any visible

difference in vegetative growth [71, 73]. However, in field

trials, the overall grain yield is by 30 % lower for rice

plants with disrupted OsGWD compared to WT [73]. As

starch synthesis in heterotrophic tissue is dependent on the
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sugars supplied by source organs, such as leaves,

throughout the day night cycle and carbon availability at

night dependents on the reserves that were stored in the

preceding light phase, impaired starch degradation caused

by GWD deficiency may lead to lowered export of sugars

to heterotrophic tissue and an overall reduction of biomass.

Although starch stored in tubers and seeds represents the

major carbohydrate resource of our diet, relatively little is

known about glucan phosphorylation, especially, in the

starchy endosperm. The phosphate content observed in

starch stored in seeds is rather low compared to leaf starch.

However, Carciofi and colleagues report about a tenfold

increase in grain starch-bound phosphate in barley by

heterologous overexpression of StGWD in endosperm

amyloplasts [70]. The high starch phosphate content in

these transgenic lines results in altered granule morphology

and affects the thermal properties of grain starch. The latter

are of special interest as many industrial and food appli-

cations of native starch require melting of starch, a process

in which the crystalline structure of starch is disrupted in

the presence of heat. The melting enthalpy of purified grain

starch granules from these barley plants, overexpressing

StGWD, is lowered compared to WT. The authors con-

clude that the increased phosphate content of developing

endosperm starch enhances hydration of starch glucan

chains and thereby reduces crystallinity [70]. These results

are in agreement with the observation in potato tubers.

Here, melting enthalpy and crystallinity of purified starches

are higher if GWD-mediated starch phosphorylation is

suppressed [65].

Another recent study highlights the role of GWD in

grain starch phosphorylation and metabolism. The endo-

sperm-specific inhibition of GWD homologs in wheat by

RNAi decreases the amount of grain starch-bound G6P by

up 70 % [72]. Interestingly and in contrast to any other

plant species analyzed so far, the downregulation of GWD

in transgenic wheat lines causes increase in vegetative

biomass and grain yield compared to WT plants [72, 75].

These observations are consistent, both in glasshouse and

field trials. However, the molecular mechanisms linking
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Fig. 3 Dendrogram of glucan phosphorylating dikinases from land

plants and homologs from moss and green algae. Phylogenetic

analysis was performed according to [79]. The scale bar indicates

amino acid substitutions per site. The amino acid sequences used are

according to Joint Genome Institute and as follows: At—Arabidopsis

thaliana TAIR10 GWD1 (AT1G10760.1), GWD2 (AT4G24450.1),

PWD (AT5G26570.1); Cr—Chlamydomonas reinhardtii v5.5 GWD1

(Cre07.g319300.t1.1), GWD2 (Cre07.g332300.t1.2), PWD1

(Cre17.g719900.t1.2); Os—Oryza sativa v7_JGI GWD1

(LOC_Os06g30310.1), PWD1 (LOC_Os12g20150.1); Ot—

Ostreococcus tauri v2.0 GWD1 (118), GWD2 (29353), GWD3

(775), PWD1 (18828), PWD2 (10762); Pp—Physcomitrella patens

v3.3 GWD1 (Pp3c8_6520V3.1), GWD2 (Pp3c3_11200V3.1), PWD1

(Pp3c18_14870V3.1), PWD2 (Pp3c14_19150V3.1), PWD3

(Pp3c17_18900V3.1); St—Solanum tuberosum v3.4 GWD1

(PGSC0003DMT400019845), PWD1 (PGSC0003DMT400042818);

Vc—Volvox carteri v2.1 GWD1 (Vocar.0003s0059.1), GWD2 (Vo-

car.0009s0098.1), PWD1 (Vocar.0004s0171.1); Zm—Zea mays

Ensembl-18 GWD1 (GRMZM2G412611 _T01), PWD1

(GRMZM2G040968_T01)
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GWD-dependent starch phosphorylation to grain yield

need to be discovered. The authors argue that the grain-

specific reduction of GWD may increase the sink strength

of the endosperm promoting larger grain size [72].

Taken together, these findings show that starch phos-

phate content can be engineered by altering GWD

expression in major crop plants to improve starch content,

starch properties, and biomass. Especially, the use of tis-

sue-specific targeting of GWD is highly desirable to affect

starch accumulation in leaves or storage organs depending

on starch’s applications. Moreover, tissue-specific lack of

GWD can avoid reduction of biomass, as retarded growth

is mostly observed when GWD is reduced in the entire

plant [37].

Future aspects

Despite the discussed increase of knowledge related to the

substrates of the dikinases, still much information is

missing. Thus, for example it is unclear, if the enzyme acts

on the entire starch granule surface consistently, what is the

penetration depth of the enzyme, and is the penetration

depth also related to the phosphorylation event. Addition-

ally, a functional interaction with known or even so far

unknown proteins/enzymes during the action of GWD and

PWD on the starch granule is highly likely.

The accelerated availability of whole genome sequences

in recent years enables a view beyond higher plants and

opens new perspectives in the analysis of glucan phos-

phorylation. In this regard, the unicellular green alga

Ostreococcus tauri and the moss Physcomitrella patens are

of interest. Both the genomes of O. tauri and P. patens

encode for a high number of five putative starch phos-

phorylating enzymes [76, 77], which is not the case in other

green algae and higher plants (Fig. 3). Up to now, no data

exist explaining the function of dikinase multiplicity in

both organisms. The characterization of starch-related

enzyme activities encoded by multiple genes in other

plants, such as Arabidopsis, reveals distinct and, to some

extent, redundant functions of enzyme isoforms [15, 78].

Thus, it is most likely that this also holds true for the

putative dikinases of O. tauri and P. patens. Elucidating

the function of these putative dikinases could enlarge the

toolbox of starch-modifying enzymes which can be used in

future applications to design starches with novel and

desired properties.
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