Chapter 6
Starch Biosynthesis in Leaves and Its Regulation

Christophe D’Hulst, Fabrice Wattebled, and Nicolas Szydlowski

Abstract Plants assimilate carbon during photosynthesis using light energy to
reduce atmospheric CO, and to produce sugars and chemical energy (ATP). Sugars
are partly incorporated directly into starch granules in leaf chloroplasts for short-
term storage or are exported to non-photosynthetic organs for long-term storage.
Indeed, starch accumulation in photosynthetic tissues is transient since it undergoes
recurrent cycles of synthesis and degradation following day/night oscillation.
Transient starch is synthesized during the day while photosynthesis is active and is
degraded at night to provide carbon and energy to the plant when photosynthesis
is inactive. Conversely, storage starch accumulates over long periods in storage
organs such as seeds or tubers where it is degraded to sustain germination before
photosynthesis becomes effective. Transient and storage starch syntheses occur in
plastid stroma and involve dedicated enzymatic activities typically supported by
several genetically independent isoforms. Although highly similar, both processes
hold specific features regarding synthesis and regulation. In this chapter, we describe
the mechanism of starch synthesis in photosynthetic tissues (mostly leaves) and
its regulation. Several aspects are specifically highlighted here such as: (1) the
function of starch synthases for the initiation of starch synthesis and the elongation
of the amylopectin- and amylose-forming glucans, (2) the implication of branching
enzymes and debranching enzymes for the formation of branch points and the
control of their distribution within the polysaccharides, and (3) the regulation of the
pathway in leaves especially by the circadian clock, the redox state of the cell and the
influence of physiological factors, and the formation of protein-protein complexes.
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6.1 Initiation of Starch Synthesis in Leaves: The Central
Role of Starch Synthases

Starch biosynthesis occurs in the stroma of the chloroplast in plant photosynthetic
tissues. It involves several enzymes all encoded by the nuclear genome of the plant
and subsequently transferred to the plastid after translation. The first committed
step of starch synthesis in plants is the synthesis of the unique precursor: ADP-
glucose. This glucosyl-nucleotide is synthesized by the condensation of ATP and
glucose-1-phosphate and the release of inorganic pyrophosphate (PPi). This reaction
is catalyzed by the ADP-glucose pyrophosphorylase (AGPase), a heterotetrameric
enzyme of the stroma. The synthesis of ADP-glucose is the rate-limiting step of
starch synthesis, AGPase activity being tightly regulated at different levels (see
Sect. 6.4 in this chapter for more details). Once synthesized, this nucleotide sugar
will provide the building blocks (i.e., the glucose residues) for the synthesis of
amylose and amylopectin molecules. The biosynthetic enzymes responsible for the
elaboration of these polymers have been extensively studied, and their proposed
functions in leaves will be described in Sects. 6.2 and 6.3 of this chapter. In contrast,
mechanisms underlying the initial steps of the formation of a new starch granule
remain unclear. However, this aspect of the metabolism is of major importance
because it will determine the leaf ability to store photosynthetic products. Two
distinct processes may operate at these early steps of the granule biogenesis: (1) de
novo synthesis of one or several so-called primers, consisting of a(1 — 4) glucans
long enough to be utilized by starch synthases (the elongating enzymes responsible
for the synthesis of a(1 — 4) bounds of starch polymers), and (2) assembly of the
amylopectin and/or amylose molecules and/or their primers (in potential association
with other components such as proteins) to initiate the formation of the quaternary
structure of starch (D’Hulst and Mérida 2010) (see Chap. 9 for in-depth description
of these aspects).

Contrary to starch, glycogen (the storage glucan in animal, fungi, and bacteria)
displays a homogenous structure, which does not require specific organization of
the polymers. Nevertheless, priming is also necessary to initiate the synthesis of a
new particle. This process is either performed by glycogenins in animals and fungi
(Blumenfeld et al. 1983; Lomako et al. 2004) or by glycogen synthases in bacteria
(Ugalde et al. 2003). In both cases, the enzyme catalyzes glucose transfer on a
tyrosine residue within its own sequence (Lomako et al. 1988; Ugalde et al. 2003).
This self-glucosylation step produces a primer which is subsequently elongated
by glycogen synthases regardless of the nature of the organism. Although eight
sequences were identified in Arabidopsis by homology with the mammalian enzyme
(Chatterjee et al. 2005), only one of these loci encodes a protein containing a
predicted chloroplast transit peptide. However, the product of this gene was later
shown to localize to the Golgi apparatus, where it is involved in xylan metabolism
(Mortimer et al. 2010; Rennie et al. 2012).

On the other hand, soluble starch synthases (SSs) have been proposed to be
responsible for glucan priming in plant leaves (Roldan et al. 2007; Szydlowski
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et al. 2009). Four SS isoforms, SS1, SS2, SS3, and SS4, are found in plant genomes.
Chloroplasts of ss4 Arabidopsis mutants accumulate one (or two in some cases)
starch granule when 5-7 granules per chloroplast are observed in wild-type plants
(Roldan et al. 2007). This decrease in the number of initiation events induces
the overaccumulation of ADP-glucose, which indirectly leads to photooxidative
stress and altered plant growth (Ragel et al. 2013). This phenotype is unique and
specifically related to the inactivation of the SS4 locus among SS genes, defining the
corresponding enzyme as a major contributor for starch initiation (Szydlowski et al.
2009; D’Hulst and Mérida 2010). Moreover, most leaf chloroplasts of ss3 ss4 double
mutant plants do not accumulate starch (Szydlowski et al. 2009). This observation
suggests a dominant role for SS3 in the initiation of the residual granule observed in
ss4 plastids. However, the presence of residual starch in a few chloroplasts of ss3 ss4
mutant plants (Crumpton-Taylor et al. 2013) indicates that SS1 and SS2 isoforms
may also participate in the priming reaction although at less efficiency. Indeed, when
the latter isoforms are inactivated in an ss4 mutant background, some chloroplasts
are also empty of starch (Szydlowski et al. 2009). Self-glucosylation experiments
were performed in vitro with SS3 or SS4 recombinant proteins expressed in E.
coli (Szydlowski et al. 2009). For both enzymes, no activity could be detected in
the experimental conditions used. However, the self-glucosylation ability of starch
synthases in planta or with the use of native proteins remains to be investigated.

Starch initiation begins during the early stages of leaf development (Crumpton-
Taylor et al. 2012). Furthermore, chloroplasts of immature wild-type Arabidopsis
leaves contain more starch granules compared to mature leaves (Crumpton-Taylor
et al. 2012). However, this is not the case in ss4 mutant plants in which the
synthesis of the residual granule occurs only in mature leaves (Crumpton-Taylor
et al. 2013). This suggests that two temporally distinct mechanisms may operate
for starch initiation. The first, involving SS4, takes place at the early developmental
stages when leaves start to expand. The second only occurs in mature leaves and
involves predominantly the SS3 isoform. The question arises on whether the latter
mechanism takes place in a wild-type context (i.e., when SS4 is also present) or
only occurs in the ss4 mutant background, and remains to be investigated. Indeed,
although most initiation events happen during early leaf development in wild-type
plants, de novo synthesis of starch at leaf maturity was also reported (Crumpton-
Taylor et al. 2012). Similarly, it is difficult to predict whether SS1 and SS2 are
partially redundant with SS3 for this function or if their absence would destabilize
complexes comprising SS3 and consequently alter its activity (D’Hulst and Mérida
2010). Indeed, these three isoforms possess functional redundancies regarding their
glucan-elongating activities in Arabidopsis leaves (Zhang et al. 2008; Szydlowski
et al. 2011). On the other hand, although evidence is missing for their existence
in leaf chloroplasts, multiprotein complexes involving the three isoforms were
identified in amyloplasts of the wheat and maize endosperms (Hennen-Bierwagen
et al. 2008; Tetlow et al. 2008). Systematic analysis of starch accumulation, as well
as of activities and expression levels of the starch biosynthetic enzymes during leaf
development, in the wild-type, and the mutant combinations including mutations at
the four SS loci, will help to address these questions.
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Many assumptions can be made regarding the initial process that leads to the
three-dimensional architecture of starch. Structural information on the nature and
organization of the molecules composing the hilum (the nucleus of a granule) is
missing. This is due to the physicochemical properties of starch polysaccharides and
limitation of the available methods. However, it is tempting to speculate that mature
granule morphology is determined by the growth direction of starch polymers
during granule expansion and thus derives from their orientation at the hilum.
Consequently, modifications of mature granule shape would reflect alteration of
the hilum composition and/or structure. ss4 mutant granules do not display the
characteristic flattened lenticular shape of Arabidopsis wild-type starch (Rolddn
et al. 2007). They appear as swollen spherical particles, resembling to most of
studied storage starches from different botanical origins (Jane et al. 1994). In
this mutant, the lack of SS4 may provoke hilum destabilization, leading to radial
expansion of the polymers composing residual starch. Indeed, electron micrographs
of ss4 mutant starch reveal a less electron-dense zone of several tens of nm of
diameter in the hilum region that is not observed in wild-type starch (Roldan et al.
2007). However, no evidence yet allows discriminating between direct or indirect
involvement of SS4 in shaping this area of the granule. The variable N-terminal
region of SS4 sequence contains several predicted long coiled-coil domains known
to favor physical interaction between proteins (Rose and Meier 2004). Indeed,
interaction of SS4 with fibrillin 1a and 1b (FBN1s) was recently reported (Gamez-
Arjona et al. 2014). These proteins are located to plastoglobules (plastoglobules
are proteolipidic structures associated to thylakoid membranes), suggesting that
starch initiation would occur at these specific regions of the chloroplast. One could
speculate that SS4, in interaction with FBN1s and other proteins and/or other
classes of molecules (such as lipids of the plastoglobules), forms a nucleation
center, leading to de novo initiation of a starch granule. Nevertheless, native SS4
has never yet been identified in association with starch. Moreover, fluorescence
signal of AtSS4-GFP fusion proteins is only detectable in specific areas at the
periphery of starch granules when expressed in chloroplasts of Arabidopsis leaf cells
(Szydlowski et al. 2009). As mentioned above, residual starch of ss4 mutant plants
is predominantly initiated by the SS3 isoform. It is not known if this population of
granules is present in wild-type Arabidopsis plants or if SS4 directly participates
to its elaboration in a wild-type context. Further work is thus required to assess the
potential implication of SS4 in the nucleation of a starch granule.

It is intriguing that SS4 is absolutely required for determining the correct number
of starch granules per chloroplast. As mentioned above, plastids of mature ss4
mutant leaves generally contain one (sometimes two) granule at the end of the light
period (Roldan et al. 2007), whereas wild-type plants accumulate 5.5 £ 0.3 granules
per chloroplast on average (Crumpton-Taylor et al. 2012). Individual chloroplast
volume in wild-type Arabidopsis leaves is widely heterogeneous (Crumpton-Taylor
et al. 2012). However, the number of starch granules per plastid is strongly
correlated with the stromal volume of the latter (Crumpton-Taylor et al. 2012).
These data indicate a tight relationship between the unit volume of stroma and
the number of initiation events. Such relationship might thus be disturbed in
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Arabidopsis ss4 mutant leaves since no modification of average plastid volume has
been reported for the corresponding transgenic plant lines. With regard to the lack of
knowledge about granule nucleation and hilum composition, it is difficult to predict
the molecular basis of SS4 involvement in modulating this process. A recent study
assessed the effect of an increased plastid volume (i.e., by genetically manipulating
plastid division) on starch accumulation in an ss4 mutant background (Crumpton-
Taylor et al. 2013). Mutations at ARC loci (ARC proteins are components of the
plastid division machinery) lead to decreased plastid number per mesophyll cell
and strongly increased chloroplast volume (Crumpton-Taylor et al. 2013). Starch
initiation was only restored in few chloroplasts of immature leaves of arc ss4 double
mutant plants (Crumpton-Taylor et al. 2013), confirming that the link between
stromal volume and occurrence of granule initiation is disturbed in the absence of
SS4. On the other hand, no evidence relating SS4-driven control of starch granule
number to plastid division has been obtained. Addressing the latter question, as
well as deciphering the underlying mechanisms, represents the next challenge in
understanding starch initiation in plant leaves.

6.2 The Synthesis of Amylopectin Is Complex and Requires
at Least Elongating, Branching, and Debranching
Enzymes

Amylopectin is composed of glucose residues linked together by a(l —4) and
a(l — 6) O-glycosidic linkages (see Chap. 1 for exhaustive description of the fine
structure of amylopectin). Although amylopectins from different botanical and/or
organ origins share common features (notably the universal 9—10 nm periodicity of
crystalline/amorphous lamellae alternation) (Jenkins et al. 1993), the crystallinity
of leaf starches studied so far differs from that of other sources such as cereal
or leguminous storage organs. Amylopectin double helices interact with water
molecules within starch crystals, and their organization is more relaxed in the
former (displaying the B allomorph) compared to the latter (displaying the A
allomorph or a mix between A and B allomorphs, respectively) (Imberty et al. 1988;
Buléon et al. 1998). These differences most likely account for glucan chain length
distribution (Hizukuri 1985) and repartition of «-1,6 linkages within amylopectin
(Jane et al. 1997; Gérard et al. 2000). It is widely accepted that determination of
these features requires a core set of enzymes comprising at least a(1 — 4)-glucan
a-4-glucosyltransferase (starch synthases, SSs), a(l — 4)-glucan:a(1 — 4)-glucan-
6-glucanotransferase (starch branching enzymes, BEs), a-dextrin endo-a(1 — 6)-
glucosidase, and a(1 — 6)-glucanohydrolase (starch debranching enzymes, DBEs)
activities. On the other hand, a(1 — 4)-glucan glucanohydrolase (a-amylase) and
a(1 — 4)-glucan maltohydrolase (B-amylase) were proposed to also participate in
amylopectin synthesis in plant leaves (Streb et al. 2008; Wu et al. 2014) as well
as disproportionating enzymes (4-a-glucanotransferase) (Colleoni et al. 1999a, b)
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and plastidial starch phosphorylase (Dauvillée et al. 2006). Understanding why
amylopectin is differently shaped with regard to its organ/botanical origin relies
on the determination of functions, specificities, redundancies, interactions, and
regulation of these enzymes in the different systems. In addition to studies of
leaf-starch metabolism in different crops of interest, the use of the model plant
Arabidopsis thaliana, as well as of the associated biomolecular tools, allowed
elucidating several of these aspects in leaves. In particular, recent research had
benefited from reverse genetics and T-DNA insertion mutant collections, which have
permitted rapid investigation of a gene function. Importantly, this approach allowed
combining mutations at numerous loci of interest to assess redundancies and/or
interactions between isoforms. In the next paragraphs we will focus on the function
of SS, BE, and DBE in the synthesis of amylopectin although other enzymes may
be also involved in that process.

6.2.1 Starch Synthases Involved in Amylopectin Synthesis

Similar to what is observed for glycogen metabolism, elongation of starch glucans
requires a(1 — 4)-glucan a-4-glucosyltransferase activities. In plants, the corre-
sponding enzymes are called starch synthases and transfer the glucose residue
of ADP-glucose to the nonreducing end of an elongating glucan to build the
a(l —4) bonds. Plant genomes contain six sequences phylogenetically related to
glycogen synthases, namely, SS17, SS2, SS3, S54, SS5, and GBSS1 (Deschamps et al.
2008). The granule-bound starch synthase, GBSS1, is only active when physically
associated with starch (Rongine De Fekete et al. 1960). Moreover, this enzyme is
responsible for amylose biosynthesis (Nelson and Rines 1962) and will be described
in a dedicated section of this chapter. As stated above, SS4 is involved in starch
initiation and the control of granule number per plastid (Rolddn et al. 2007).
However, no impact of the ss4 mutation on amylopectin structure in plant leaves
has been reported. Furthermore, there is no evidence for the involvement of SS5 in
any aspect of starch metabolism. Thus, to our knowledge, only SS1, SS2, and SS3
isoforms contribute to the determination of amylopectin glucan chain length and
will be highlighted in this section.

The three isoforms share a conserved C-terminal catalytic domain of about
450 amino acid residues in length that is similar to glycogen synthase sequences.
Glycogen and starch synthases form part of the GT-5 (retaining glucosyl transferase)
family of the CAZy (carbohydrate-active enzyme) classification (Cantarel et al.
2009) and contain two strictly conserved motifs of five amino acid residues in
length. These motifs, K-X-G-G-L and X-X-G-G-L, are located to the N-terminal
and C-terminal extremities of the catalytic domain, respectively (Cao et al. 1999).
The former is responsible for sugar-nucleotide binding as well as being involved
in the catalytic mechanism (Furukawa et al. 1990, 1993; Buschiazzo et al. 2004).
On the other hand, SS3 protein sequence differs from those of SS1 and SS2,
as illustrated by a longer N-terminal variable region upstream from the catalytic
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domain. SS3 contains three starch-binding domains (SBDs) which favors physical
interaction with starch polymers and thus contributes to its activity (Palopoli et al.
2006; Valdez et al. 2008).

SS1 isoform seems to have only little or no impact on amylopectin synthesis
in storage organs of potato and barley (Kossmann et al. 1999). Indeed, no major
modification of amylopectin structure was reported in the corresponding RNA! lines
or mutant, respectively (Tyyneld and Schulman 1993; Kossmann et al. 1999). In
potato, this may be related to very low expression levels of the corresponding gene
in wild-type tubers (Kossmann et al. 1999). However, SS1 is highly expressed in
leaves of this species (Kossmann et al. 1999) but its function in this organ has not
been studied so far. Similarly, SS7 expression levels are much higher in rice leaves
when compared to seeds (Hirose and Terao 2004). Nevertheless, contrary to what
is observed in potato tuber, amylopectin chain length distribution is altered in the
rice endosperm of the corresponding mutant (Fujita et al. 20006). ss!I Arabidopsis
mutant plants display a comparable phenotype (Delvalle et al. 2005). Leaves of
the latter accumulate starch with major structural modifications, comprising a
decrease of the amylopectin/amylose ratio and alteration of the polymodal chain
length distribution of amylopectin. Relative proportion of the shortest chains (DP
8 to 12) is substantially reduced in mutant amylopectin compared to the wild
type (Delvalle et al. 2005). This phenotype is accompanied by an increase in the
proportion of chains with a DP comprised between 12 and 23 glucose residues.
Thus, this enzyme was proposed to be the determinant activity for the synthesis of
the smallest chains of amylopectin molecules (Delvalle et al. 2005). Such a function
in planta corroborates data from in vitro study of the recombinant enzyme from
maize expressed in E. coli (Commuri and Keeling 2001). Moreover, chain length
distribution analysis after f-amylolysis showed that these small glucans are the outer
chains of the molecule (Delvalle et al. 2005). On the other hand, these structural
modifications alter neither the starch crystallinity nor allomorph configurations
(Delvalle et al. 2005).

Genomes of some plant species contain several isoforms of SS2 while others
contain only a single gene encoding this enzyme. In particular, maize contains
two isoforms, namely, SS2a and SS2b (Harn et al. 1998), and three isoforms are
found in the rice genome, SS2-1, SS2-2, and SS2-3 (Hirose and Terao 2004; Jiang
et al. 2004). Like the SS1 from potato and rice, the latter isoforms are differentially
expressed in leaves and storage organs (Harn et al. 1998; Jiang et al. 2004). Indeed,
maize SS2b or rice $S2-2 are expressed in leaves, while maize SS2a or rice S52-3
are expressed in the endosperm (Harn et al. 1998; Jiang et al. 2004). On the other
hand, rice SS2-1 is expressed in both types of organs during the whole life cycle,
whereas other isoforms are expressed at different stages of development (Jiang
et al. 2004). These expression profiles may account for different functions of each
isoform in starch synthesis in these species. However, all ss2 mutants characterized
so far display the same phenotype regardless of the organ considered. Modification
of starch composition and structure was assessed in storage organs of pea (Craig
et al. 1998), barley (Morell et al. 2003), and maize (Zhang et al. 2004), as well as
in Arabidopsis leaves (Zhang et al. 2008). In each case the phenotype was similar
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in decreasing amylopectin/amylose ratio and, in turn, starch quantity, decreasing
glucans of DP between 12 and 30 while increasing the proportion of short glucans,
and alteration of starch crystallinity (Craig et al. 1998; Morell et al. 2003; Zhang
et al. 2004; Szydlowski et al. 2011). Thus, SS2 seems to be responsible for the
synthesis of glucans of 12 < DP < 30 regardless of the species/organ considered so
far.

Two isoforms of SS3 are found in the rice genome, namely, SS3-1 and SS3-
2 (Dian et al. 2005). SS3-1 is expressed in both leaves and the endosperm at
early stages of development, while the other isoform is only expressed in the
endosperm (Dian et al. 2005). The function of SS3 in storage starch biosynthesis was
investigated in maize (Gao et al. 1998) and potato (Abel et al. 1996) by mutagenesis
and RNA interference, respectively. In addition, the phenotype of an ss3 mutant
of Chlamydomonas was also characterized (Fontaine et al. 1993). In each case,
although phenotypes of RNAI potato lines were moderated, inactivation of SS3 leads
to similar phenotypes. The latter include a decrease in starch content and enrichment
of glucans of DP < 10 and DP > 40 as well as more or less pronounced alteration of
starch granule morphology (Fontaine et al. 1993; Abel et al. 1996; Gao et al. 1998).
According to structural analysis of mutant starch, the function of SS3 in amylopectin
synthesis in Arabidopsis leaves seems to be similar to its respective counterpart in
storage organs, although with less impact on the chain length distribution (Zhang
et al. 2005). However, contrary to the other species, starch content in ss3 mutant
Arabidopsis leaves is significantly higher than that of the wild-type at the end of
the light period (Zhang et al. 2005). These data suggest that, in addition to its
role in the synthesis of the longest glucan chains of amylopectin (i.e., with a DP
comprised approximately between 10 and 40 depending on the species considered),
SS3 plays some regulatory function in starch biosynthesis in leaves (Zhang et al.
2005). Indeed, the inactivation of SS3 in Arabidopsis is also associated with an
increase of total SS activity in leaves which may explain this phenotype (Zhang
et al. 2005).

As described in the previous paragraphs, forward and reverse genetic approaches
showed that SS1, SS2, and SS3 possess some specificity in leaves and preferentially
elongate the shortest, medium, and longest glucans of the amylopectin molecule,
respectively. However, depending on the species considered, the number of isoforms
in a given species, and expression profiles of the corresponding genes in leaves or
storage organs, their contribution to the synthesis of the molecule can be modulated.
Other levels of complexity account for redundancies between isoforms especially
between SS2 and SS3 (Zhang et al. 2008) or between SS1 and SS3 (Szydlowski et al.
2011) for the synthesis of glucans of 12 <DP <28 or 6 < DP < 10, respectively,
as shown by phenotypic analysis of the corresponding double mutant plants of
Arabidopsis. In leaves of these mutants, modifications of amylopectin structure
not only reflect the addition of single mutant phenotypes but are more exacerbated
for the 12 < DP <28 and 6 < DP < 10 populations of glucans (Zhang et al. 2008;
Szydlowski et al. 2011). Moreover, f-amylolysis of amylopectins from ss/ ss2 and
ssl ss3 double mutant leaves suggests that SS activities not only dictate the chain
length distribution but also contribute to the placement of a(1 — 6) bonds within
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amylopectin (Szydlowski et al. 2011). This was recently confirmed by studying
mutant combinations in Arabidopsis including mutations at SS and DBE loci (Pfister
et al. 2014) (this will be described in more details in the section dedicated to DBEs).
It is finally worth noting that complexes including SSs and BEs have been identified
in the wheat and maize endosperms (Grimaud et al. 2008; Tetlow et al. 2008).
Although such physical interactions have yet to be reported for the leaf enzyme
counterparts, functional interactions between SSs and BEs were recently studied in
vitro (Brust et al. 2014). Importantly, combination of SS1 and BE activities leads
to the production of branched glucans with a polymodal distribution similar to that
seen for Arabidopsis leaf starch (Brust et al. 2014).

6.2.2 Formation of the ao(1 — 6) Linkages in Starch:
The Specific Function of Branching Enzymes

The enzymes responsible for the formation of a(1 — 6) bonds of amylopectin are
a(l — 4)-a-D-glucan:(1 — 4)-a-D-glucan-6-glycosyl transferases (EC 2.4.1.18),
also known as starch branching enzymes (BEs or Q factor). BE activity was initially
identified in potato (Haworth et al. 1944). The latter cleave an a(1 —4) bond of a
preexisting glucan chain and transfer the resulting fragment in a(1 — 6) position
by an intra- or intermolecular mechanism. Plants generally contain two or three
genetically independent isoforms of BE that were subdivided into two classes based
on their amino acid sequences (Burton et al. 1995). Biochemical characterization
of their activities indicates that BEI (or BE B) isoforms are more active on amylose
and can transfer longer glucans compared to BEII (or BE A) enzymes. On the other
hand, BEII isoforms are more active on amylopectin than BEIs (Guan and Preiss
1993; Takeda et al. 1993).

Both BEI and BEII are expressed in potato and pea leaves with most of the
branching activity supported by BEII (Smith et al. 1990; Jobling et al. 1999).
Mutation at the rugosus locus of pea leads to the disappearance of an A-class
branching enzyme (BEII) associated with a tenfold decrease of total leaf branching
enzyme activity (Smith et al. 1990; Tomlinson et al. 1997). When this mutant is
cultivated under high irradiance, the rate of leaf-starch synthesis decreased by 40 %
compared to the wild-type due to a reduction of the rate of photosynthesis (Smith
et al. 1990). Moreover, the iodine-A,,x of amylopectin from rugosus mutant leaves
and the average chain length of the molecule increased (Tomlinson et al. 1997).

The role of the other isoform, BEI, in starch metabolism has been poorly studied
in dicots, and downregulation of this enzyme has only a small impact on starch
metabolism (Flipse et al. 1996). Indeed, no differences in the amylopectin content or
chain length distribution could be detected in tuber starch from amylose-free potato
lines with reduced BEI expression. However, physicochemical properties of starch
suspension showed differences compared to the wild-type suggesting that minor (or
uncharacterized) structural modifications may occur when the expression of BEI is
reduced (Flipse et al. 1996).
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Monocots differ from dicots since they contain two types of BEII enzymes,
namely, BEIIa and BEIIb (Dang and Boyer 1988). Both genes are tissue specific
and their expression differs during seed development. After purification of BEs from
maize leaves and kernels, it was suggested that BEI and BEIla are expressed in
both organs, whereas BEIIb expression is restricted to the endosperm (Dang and
Boyer 1988). These results were later confirmed indicating that BEIla and BEIIb
are genetically independent and differentially expressed in leaves and endosperm
(Fisher et al. 1996a, b; Gao et al. 1996, 1997). These expression patterns were
corroborated in other cereals such as barley and rice where BEIlla is expressed
in most plant organs (endosperm, leaf, and root) and the embryo, while BEIIb
expression was limited to the endosperm (Yamanouchi and Nakamura 1992; Sun
etal. 1998; Nishi et al. 2001). Since BEIIb expression is restricted to the endosperm,
mutants lacking this enzyme accumulate high-amylose starch with structurally
modified amylopectin in this organ (Garwood et al. 1976; Hedman and Boyer 1982),
whereas they cannot be differentiated from the wild-type regarding leaf starch (Dang
and Boyer 1989). In maize leaves, BEIla is the major branching enzyme activity.
Indeed in be2a mutant lines, the branching activity is decreased by sevenfold at
the middle of the light phase. Since BEIIb is not expressed in leaves, the residual
activity is most probably due to BEI, and, although BEI proteins were not detected
by immunoblot, the corresponding mRNA was identified by RT-PCR (Yandeau-
Nelson et al. 2011).

The influence of BEIla activity on transitory starch metabolism was evident
by the phenotype of mutator insertion lines lacking the corresponding enzyme.
Leaves of these mutants produce amylopectin with reduced branching compared
to the wild-type while kernel starch was unaffected by the mutation. Moreover,
an accelerated senescence phenotype was associated with the lack of BEIla in
leaves (Blauth et al. 2001). Yandeau-Nelson et al. (2011) reported that be2a mutant
lines accumulate wild-type amount of starch in leaves during the day but have
reduced degradation rate compared to the wild-type. Indeed, only 40 % of starch
is degraded at night in the mutant, while more than 80 % is degraded in the wild-
type. The amount of starch remaining at the end of the day is even larger in the
senescent regions of be2a leaves. This reduction of the degradation process is likely
caused by alteration of starch granule structure and composition. Indeed, starch
produced by be2a lines differs from wild-type starch in several aspects. Scanning
electron microscopy analyses of purified starch granules revealed “lobular and
fused” structures instead of the uniform discs observed in the wild-type (Yandeau-
Nelson et al. 2011). This alteration of the granule shape is probably caused by
a decrease in the amylopectin to amylose ratio. Moreover, structural analysis of
mutant starch revealed that amylopectin is enriched in intermediate to long glucans
(DP > 25) and contains fewer short glucan chains (Dinges et al. 2003).

The function of BEI in monocot leaves is unclear since bel null mutants of maize
produce starch that are undistinguishable from that of the wild-type (Blauth et al.
2002). Among the dicots, Arabidopsis represents a particular case since two genes,
BE2.1 (or BE3) and BE2.2 (or BE2), both encoding A-class branching enzymes
are expressed in leaves and are involved in transient starch synthesis (Fisher et al.
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1996a, b). Expression of both genes differs throughout the diurnal cycle. Indeed,
BE2.1 expression is regulated by light while that for BE2.2 remains unaffected
(Khoshnoodi et al. 1998; Smith et al. 2004). However, accumulation of transcripts
of both genes is favored when glucose, fructose, and sucrose are supplied during the
day (Khoshnoodi et al. 1998). Interestingly, no enzyme of the BEI family can be
found in the genome of this species.

Phenotypic analysis of Arabidopsis mutant lines lacking either BE2 or BE3
indicates that these enzymes possess redundant functions. Indeed, each single
mutant contains starch and amylose contents similar to those of the wild-type.
Only modifications in the chain length distribution of amylopectin were reported:
relative proportions of short chains (DP 5-8) were slightly reduced and those of
intermediate chains (DP 9-15) were slightly increased. However, when mutations
affecting both enzymes are combined, plants fail to accumulate starch, indicating
that no other enzyme can compensate for their functions. In this double mutant,
starch is substituted by high levels of a-maltose, and plants display a severe plant
growth retardation as well as pale leaf phenotype (Dumez et al. 2006). All data
collected so far regarding transitory starch metabolism suggest that BEIla and
BEII are the major starch-branching enzymes involved in amylopectin synthesis
in monocots and dicots, respectively, whereas the potential function of BEI in leaf
remains to be elucidated.

6.2.3 Maturation of the Polysaccharide Structure:
Debranching as a Mandatory Controlling Step

The semicrystalline nature of amylopectin is a consequence of the specific dis-
tribution of a(l — 6) linkages within this polymer. Indeed, branch points are
concentrated in amorphous lamellae but are extremely rare in other regions of the
molecule, where linear glucans can intertwine to form crystalline double helices.
As described in Chap. 5, this organization results from the concerted action
of starch synthases, branching, and debranching enzymes. In plants, debranching
enzymes (DBE) are members of the GH13 (glycoside hydrolase) family of the
CAZy classification. DBEs specifically cleave a(1 — 6) linkages and are subdivided
into two classes depending on their substrate specificity. Isoamylases (ISA) act on
amylopectin and glycogen, while pullulanases (PU) (also called limit dextrinases,
LDA) are active on amylopectin and pullulan (a highly branched polyglucan
composed of maltotriosyl residues linked together by a(1 — 6) bonds) but not on
glycogen. Genes encoding debranching enzymes are well conserved throughout
the Chloroplastida. All organisms studied so far contain one pullulanase- and
three isoamylase-encoding genes (ISA1, ISA2, and ISA3) (Deschamps et al.
2008). PU and ISA3 are mainly involved in starch degradation and have minor
role in polysaccharide synthesis. Indeed, as observed in maize or Arabidopsis,
pullulanase null mutants accumulate normal amount of starch in photosynthetic
tissues, and the structure of amylopectin is close to that of the wild-type reference.
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Table 6.1 Amino acid sequence comparison of the four conserved regions of ISA1 and ISA2
proteins from Arabidopsis (At), maize (Zm), rice (Os), and potato (St)

Protein acc%ggaim(ber Region 1 Region 2 Region 3 Region 4
AtISA1 | NP_181522 DVVLNH GFRFDLGS AEAWD FICAHDG
ZmISA1 | AAB97167 DVVFNH GFRFDLAS AEAWD FVCAHDG
OsISA1 | BAA29041 DVVFNH GFRFDLAS AEAWD FVCAHDG
StISA1 | AAN15317 DVVFNH GFRFDLAS AEAWD FVCAHDG
AtISA2 | NP_171830 EVVFTH GFCFINAS ADCWD YISRNSG
ZmISA2 | AAO17048 EVVFTH GFCFINAP ADPWS YVSRNSG
OsISA2 | AAT93894 EVVFTH GFCFINAP ADPWS HVSRNSG
StISA2 | AAN15318 EVVFTH GFVFVNAS ADNWN YIARNSG

In red are reported the eight amino acids found in all active proteins of the a-amylases superfamily
(GH13) (Hussain et al. 2003; Hennen-Bierwagen et al. 2012). ISA2 proteins lack essential amino
acids required for enzyme activity in all four regions

However, pullulanase is able to participate in transient starch synthesis under certain
circumstances. This function has been highlighted when mutations affecting PU and
ISA1 were combined, leading to less starch and to the accumulation of more soluble
polysaccharide (Dinges et al. 2003; Wattebled et al. 2005, 2008; Streb et al. 2008).

There is no doubt that ISA3 is essential for starch degradation in Arabidopsis
leaves. Nevertheless, its involvement in starch synthesis is similar to that of
pullulanase and was inferred when ISA1 and/or ISA2 proteins were also missing.
Indeed, in a wild-type context, ISA3 has no obvious function in starch synthesis
(Wattebled et al. 2005; Delatte et al. 2006). Since ISA3 and pullulanase do not
influence starch synthesis in a wild-type context, the debranching activity involved
in transient starch anabolism is mainly dependent on the presence of ISA1 and
ISA2 proteins. These proteins behave very differently. In all organisms, ISA2 is
not active and lacks essential catalytic amino acids (Table 6.1) conserved within the
GH13 family (Hussain et al. 2003; Hennen-Bierwagen et al. 2012). In all plants,
ISA2 proteins can form active hetero-oligomer complexes with ISA1. However,
depending on its tissular or botanical origin, ISA1 can also be active by itself in
the form of a homo-oligomer (see below).

In Arabidopsis leaves, the isoamylase activity involved in starch synthesis
requires the presence of both ISA1 and ISA2 proteins and was called ISO1
(Wattebled et al. 2005). Mutant plants lacking ISA1 and/or ISA2 display the same
phenotype including a minimal decrease of 80 % of the starch content at the end
of the day (Zeeman et al. 1998; Delatte et al. 2005; Wattebled et al. 2005). In
these plants, the reduction of starch content is associated with the accumulation of a
highly branched soluble polysaccharide in mesophyll cells. This material resembles
glycogen and was therefore called phytoglycogen. Moreover, the residual starch,
mainly accumulated by epidermal and bundle sheath cells, is profoundly modified
at the level of granule size and amylopectin structure (Delatte et al. 2005). Indeed,
starch granules are much smaller than in the wild-type and amylopectin is enriched
in very short chains (DP 3-5).
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In monocots such as rice or maize, ISA1 is active in the endosperm either in
complex with ISA2 or with itself as a homo-oligomer. Inactivation of ISA1 in
maize, barley, or rice endosperms generates a phenotype similar to that observed
in the corresponding mutant of Arabidopsis (James et al. 1995; Nakamura et al.
1996; Dinges et al. 2001; Burton et al. 2002). However, since ISA1 can form active
homo-oligomers (i.e., without the requirement of ISA2), isa2 mutants of maize and
rice display a wild-type starch phenotype (Utsumi and Nakamura 2006; Kubo et al.
2010; Utsumi et al. 2011).

Studies were conducted in rice and maize to assess whether the homo-oligomer
active form of ISA1 is a specific feature of cereal endosperms or also exists in leaves.
Interestingly, in rice, only hetero-oligomers were purified from leaves, whereas both
homo- and hetero-oligomers were catalytically active in the endosperm (Utsumi
et al. 2011). The lack of homo-oligomers in leaves could result either from a pre-
dominant expression of ISA2 or from the rapid degradation of the heteromeric form.
Indeed, ISA1 homo-complexes are less stable than ISA1/ISA2 hetero-complexes.
The former are quickly inactivated at 40 °C, while the latter remain active more
than 30 min in these conditions (Utsumi et al. 2011). ISA1 homo-oligomer may also
behave differently in leaf. Indeed, in maize leaves, ISA1 homo-oligomers appear as
a weak and diffuse band on specific native-gel activity assays, whereas it is clearly
visible as a sharp blue band when extracted from the endosperm (Lin et al. 2013).
The presence of the ISA1 homo-oligomer in leaf was further confirmed by western
blot. Phenotypes induced by the absence of ISA1 or ISA2 on polysaccharides were
determined. Unlike Arabidopsis, isal or isa2 maize mutants do not accumulate
phytoglycogen. However, they display severe reduction in starch content, reduced
average granule size, and modification of amylopectin, similar to what is observed in
Arabidopsis. Interestingly, these phenotypes are more pronounced in the isal mutant
than in the isa2 mutant. The presence of tiny amounts of ISA1 homo-oligomers can
partially counterbalance the lack of ISA2 but cannot restore a wild-type phenotype
conversely to what occurs in the endosperm (Lin et al. 2013).

To determine if the ability of ISA1 from cereals to function as a homo-oligomer is
species dependent, ISA1 from maize or rice were expressed in isal isa2 Arabidopsis
double mutant plants. The isal isa2 double mutant accumulates large amounts of
phytoglycogen while the starch content is strongly reduced. Expression of ISA1
from maize or rice in the isal isa2 mutant restores wild-type starch synthesis (Facon
etal. 2013; Streb and Zeeman 2014). This result indicates that ISA 1 from cereals can
function without ISA2 even in a heterologous physiological context. This property
is likely the consequence of evolutionary divergence between monocots and dicots
(Facon et al. 2013).

Finally, three isoamylase activities were detected by zymogram in crude extracts
of Chlamydomonas reinhardtii. Genetic studies revealed that two out of these three
activities are composed by ISA1 and ISA2 proteins. The latter are assembled
into hetero-oligomer, while the third activity corresponds to ISA1 homo-oligomers
(Dauvillée et al. 2001a, b; Sim et al. 2014). The ISA1 homo-oligomer can sustain
starch synthesis to a near wild-type level when growth conditions mimic the leaf
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cell physiological context (Dauvillée et al. 2001a, b). Recently the crystal structure
of the ISA1 homo-oligomer was elucidated and revealed that it is composed of
two ISA1 subunits associated by their C-terminal domains (Sim et al. 2014), as
previously suggested for the maize leaf enzyme (Facon et al. 2013). Sequence
alignment comparison indicates that the dimeric organization of the ISA1 homo-
oligomer may be conserved in all plants (Sim et al. 2014).

6.2.4 Physical and Functional Interactions

Amylopectin crystallization is a complex mechanism that is not yet completely
elucidated. The involvement of isoamylases in this process is indisputable as
shown by mutant analysis. Data accumulated since 20 years fully support the
trimming model of amylopectin synthesis (Ball et al. 1996; Myers et al. 2000).
However, other factors can also affect amylopectin crystallization. Indeed, enzymes
of the starch pathway do not work independently but physically and/or functionally
interact with each other. These interactions have been mostly studied in storage
tissues (see Chap. 8) although the intricate interaction between enzymes of the
starch pathways is also evident in leaves. For instance, in maize leaves, the
absence of ISA1 or PU was shown to cause the loss of BE2a activity although
the protein content is unmodified, suggesting that the activity of BE2a is altered
because of posttranslational modifications (Dinges et al. 2003). In Arabidopsis
the implication of starch synthases for controlling the distribution of o(l — 6)
linkages within amylopectin has been suggested after the study of mutant lines
defective for several starch synthases. Indeed, defects in both SS1 and SS2 or
both SS1 and SS3, but not in the corresponding single mutants, modify amy-
lopectin branch points distribution (Szydlowski et al. 2011). The precise reason
of such modification is not yet known. However, the destabilization of protein
complexes involving BEs (and consequently BEs activity) may be one explanation.
More recently functional interactions between starch synthases and debranch-
ing enzymes during starch synthesis have been exemplified by the combination
of mutations affecting SS1, SS2, SS3, and ISA1 in Arabidopsis (Pfister et al.
2014). It is proposed that outer chain length is controlled by starch synthases
activity and is a key factor to ensure further amylopectin crystallization. It is
then postulated that isoamylases are involved in the degradation of incorrectly
synthesized glucans that remain water soluble when starch synthase activity is
altered. However, the higher water-soluble polysaccharides content observed in
ss2- ss3- isa-triple mutant could simply arise because of ISA activity deficiency.
Moreover in maize endosperm, combination of mutations for SS3 (dul-ref) and
ISA2 (isa2-339) induces higher water-soluble polysaccharides accumulation with-
out reduction of debranching enzyme activity (Lin et al. 2012) ruling out the
involvement of debranching enzymes for the removing of water-soluble polysac-
charides.
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6.3 Amylose Synthesis Is Controlled by a Dedicated
Elongating Enzyme Located Within the Starch Granule

In addition to amylopectin, starch also contains amylose, which represents between
20 and 30 % of the average granule dry weight. Similar to amylopectin, amylose
is composed of glucose residues linked together by a(l —4) and B(1 — 6) O-
glycosidic bonds. However, the proportion of «-1,6 linkages is smaller (less than
1 %) in the molecule of amylose compared to the moderately branched amylopectin
molecule (5-6 %). The contribution of amylose to the crystallinity of starch is not
yet fully understood. On one hand, amylose can form single helices in vitro (Godet
et al. 1995) and some correlations between amylose contents and starch crystallinity
were observed in Chlamydomonas (Wattebled et al. 2002) or maize (Cheetham and
Tao 1998). On the other hand, one could argue that a direct effect of amylose on
starch crystallinity cannot be discriminated from an indirect effect of amylose on
amylopectin crystallinity in planta.

Studies in some species like tobacco, for example, suggested that amylose
content is lower in leaf starch compared to storage starches (Matheson 1996).
Furthermore, amylose polymers appeared to be on average smaller in transitory
starch from leaves of this species. Nevertheless, it is difficult to generalize since
leaf starch from other species can contain as much or more amylose than storage
starches (BeMiller and Whistler 2009). Moreover, there is no report on variation in
structure and/or content of this polymer within a broad population of leaf starches
from different botanical origins.

Contrary to amylopectin glucans, amylose is biosynthesized by only one starch
synthase, the GBSS. The latter is only active when it is physically associated with
starch (Rongine De Fekete et al. 1960). This isoform is thus located within the
starch granule in planta and can represent up to 95 % of the total starch-bound
protein content. GBSS is a processive enzyme using ADP-glucose as a substrate
and contains the catalytic amino acid residues conserved in all starch synthases
(Denyer et al. 1999a, b; Edwards et al. 1999) (see above section for more details).
However, studies performed with Chlamydomonas, potato, and pea starches showed
that GBSS uses the long external glucans of amylopectin as acceptor substrates
(van de Wal et al. 1998) and that malto-oligosaccharides enhance amylose synthesis
(Denyer et al. 1996).

In waxy mutants of wheat, amylose synthesis sometimes still occurs in some
organs while storage starch is free of amylose (Nakamura et al. 1998), suggesting
that two isoforms of GBSS, encoded by two different loci, may be differentially
expressed according to the organ considered. Indeed, wheat contains two GBBS
isoforms, namely, GBSS1 and GBSS2 (Vrinten and Nakamura 2000). In this
species, GBSS2 is encoded by a locus different from that encoding GBSSI.
The former is expressed in leaves, while the latter is highly expressed in the
endosperm (Vrinten and Nakamura 2000). Thus, GBSS2 seems to be the main
enzyme responsible for amylose synthesis in wheat leaves. Conversely to wheat,
Arabidopsis genome contains only one isoform of GBSS which is regulated both at
the transcriptional and activity levels during day/night cycles (Tenorio et al. 2003).
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6.4 The Regulation of Starch Synthesis and Degradation
in Leaves

As described in the previous paragraphs and chapters, starch metabolism is rel-
atively complex. It is controlled by a quite broad set of enzymes responsible
for the formation and the cleavage of only two O-glycosidic linkages between
glucose residues. Although the functions of many of these enzymes have been
unraveled during the last two decades, the regulation of their activities has remained
elusive. However, the regulation of enzyme activities is a key aspect because it
strictly controls starch accumulation and degradation. Consequently it also controls
carbon flux within the cell and particularly in leaves where starch metabolism
is submitted to diurnal fluctuations. Indeed starch synthesis occurs during the
illuminated period when photosynthesis is active. The polymer is subsequently
degraded in the dark providing carbon and energy to the whole plant, sustaining
its development and maintaining the carbon balance even when photosynthesis
is off. Consequently, starch metabolism is highly regulated in leaves, and the
storage polysaccharide appears as a regulator for plant growth and yield although
it is still debating how this regulation occurs (Sulpice et al. 2009; Gibson et al.
2011). Regulation occurs at different levels including gene transcription and enzyme
activities. This requires different mechanisms such as control by the circadian clock,
transcriptional regulation of gene expression, redox control of protein activities, as
well as posttranslational modifications, protein-protein complexes formation, and
other physiological regulations.

It is now well established that both starch accumulation and degradation occur
almost linearly (albeit with opposite signs) in Arabidopsis leaves throughout the
diurnal cycle (Caspar et al. 1985; Gibon et al. 2004) and that about 95 % of
starch is degraded at the end of the night (Graf and Smith 2011). However,
starch accumulates to a lesser extent in plants cultivated under short-day condition.
Moreover, the rate of starch degradation is negatively correlated to the length of
the dark period (Lu et al. 2005). Thus, plants adjust the rate of starch degradation
according to the ratio between night and day lengths and consequently to the level of
starch accumulated at the end of the light period (Lu et al. 2005). Interestingly, plants
immediately accommodate the rate of starch degradation after an unexpected arrival
of night (Graf et al. 2010). Such adjustment avoids sugar starvation during the dark
period and is under the control of the circadian clock as shown by the impairment
of the rate of starch degradation in the clock-altered ccal/lhy mutant of Arabidopsis
(Graf et al. 2010). Indeed, assuming that the length of the whole diurnal cycle is not
modified, leaf cells can anticipate the arrival of day and night but can also rapidly
adjust to changes in night length preventing carbon/sugar starvation (Graf et al.
2010). It is not clear at which level the circadian clock impacts starch degradation.
The expression of starch enzymes is likely to be tuned by the clock as suggested
by others (Zabawinski et al. 2001; Smith et al. 2004; Lu et al. 2005; Ral et al.
2006). However, the protein abundance of some of the starch-degrading enzymes
(e.g., DPE2, PHS2, and SEX1) is not modified throughout the cycle (Lu et al. 2005)
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suggesting that posttranslational regulation of enzyme activity is responsible for the
control of starch degradation rather than enzyme amounts.

Although the circadian clock is probably an important regulator of starch
breakdown, it is likely not the only controlling step of starch degradation in leaves.
Indeed, immediate adjustment of the rate of starch degradation still occurs in the
ccal/lhy clock mutant when unexpected early night is applied (Scialdone et al.
2013). It has been suggested that two molecules provide information on (1) the
concentration of starch at end of day and (2) on the expected time of dawn. Such
molecules have not yet been identified, although phosphate groups at C¢ and C;
positions on some of the glucose residues of starch were proposed as candidates to
regulate the rate of starch degradation (Scialdone et al. 2013). It is not clear whether
or not the same process applies for the control of starch synthesis.

The rate of starch degradation is also compromised in the ss4 mutant of
Arabidopsis. As described above, SS4 is one of the major factors controlling
the initiation of starch synthesis. The lack of SS4 leads to the accumulation of
fewer (one, rarely two, starch granule per chloroplast) but larger starch granules in
chloroplasts (Roldan et al. 2007). The rates of both starch synthesis and degradation
as well as plant growth are reduced in the ss4 mutant compared to the wild-type,
although the circadian clock and the starch-degrading machinery are unaffected in
this mutant (except for the activities of both starch phosphorylases PHS1 and PHS2
which are enhanced) (Roldan et al. 2007). It was suggested that the surface of the
starch granules represents a key factor in controlling the rate of starch synthesis
and degradation (Roldan et al. 2007; D’Hulst and Mérida 2010). Indeed, if one
compares starch granules to perfect spheres (this assumption has no impact on the
following rationale, although granules resemble oblate spheroids) and considering
homogenous distribution of starch within these spheres, for a given volume of starch
at the end of the day, the cumulated surface of six granules (the average number of
granules per wild-type chloroplasts) is about 2x larger than that of a single granule.
Thus, the surface accessibility for synthesis and degradation is different between the
wild-type and the ss4 mutant. Taking into account that starch content is decreased in
the latter, this surface is about 1.6 times larger in the wild-type at the end of the day.
This may explain the reduction in both the rates of starch synthesis and degradation
as well as why starch is not fully depleted at the end of the night in the ss4 mutant.

It is not yet clear whether the number of granules in plant leaves is unaffected
throughout a day/night cycle. However, if this parameter is constant, the total starch
volume and the surface available for enzymes of the degradation pathway will be
lower at anticipated night arrival in a wild-type background. Moreover, based on
the same postulates and data published by Lu et al. (2005), the ratio between the
total granule surface after 12 h of light and 8 h of light would be 1.6. Thus, such
a reduction of the granule surface may also account, even partly, for the reduced
rate of starch degradation and to the immediate control of this process when the
day length is unexpectedly shortened. Interestingly, SS4 gene expression seems
to be controlled by the transcription factors AtCOL (constans like) and AtIDDS5
(indeterminate domain 5) (Ingkasuwan et al. 2012). In the corresponding mutants of
Arabidopsis (i.e., col and idd5), starch granule size and number per chloroplast were
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altered as well as plastid morphology (as observed by TEM on ultrathin sections
of leaves). The inference of such regulation is still not understood and requires
further investigation but may provide new insights in the regulation of starch granule
initiation and thus starch synthesis as well as degradation control.

Regulation of starch metabolism in leaves also occurs through other mechanisms.
For instance, it is suspected that enzymes of the starch pathway physically interact
to form heteromultimeric complexes in plant storage organs (Hennen-Bierwagen
et al. 2008; Tetlow et al. 2008; Liu et al. 2012). In some instances, their formation is
conditioned by the posttranslational modification (phosphorylation) of the enzymes
involved (Makhmoudova et al. 2014). However, conversely to sink organs, their
formation in leaves has been poorly studied. Apart from the formation of ADP-
glucose pyrophosphorylase (AGPase) (see Chap. 11 for details) and debranching
enzymes (isoamylases) complexes (see Sect. 6.2.3 for details), no other protein-
protein interaction has been formerly described so far in leaves. It is assumed that
the control of the formation of these complexes is crucial for the tuned regulation of
starch synthesis and degradation and thus plant homeostasis.

Redox control of enzymes is also one of the regulatory steps of starch metabolism
in leaves. The first example described was the control of AGPase (a more complete
description of AGPase activity and regulation is presented in Chap. 11), the enzyme
catalyzing the synthesis of ADP-glucose. This reaction is considered as the rate-
limiting step for starch synthesis. AGPase activity was shown to be regulated in
photosynthetic tissues such as leaves of A. thaliana (Crevillen et al. 2003), barley
(Kleczkowski 2000), rice (Lee et al. 2007), and maize (Huang et al. 2014) or
Chlamydomonas reinhardtii (Ball et al. 1991). The regulation results from the ratio
between concentrations of allosteric effectors such as 3-phosphoglyceric acid (3-
PGA) and inorganic phosphate (Pi). AGPase activity is also modulated by the redox
state of the protein as shown in potato, pea, and Arabidopsis leaves (Hendriks
et al. 2003) and previously demonstrated in potato tubers (Ballicora et al. 2000;
Tiessen et al. 2002). Indeed, AGPase is a heterotetramer composed of two small
(catalytic) and two large (regulatory) subunits. In the oxidized state, the catalytic
subunits of the leaf and potato tuber enzyme can form a dimer maintained by a
disulfide bond between two Cys!? cysteine residues (Fu et al. 1998; Hidrich et al.
2012). Dimerization occurs at night and leads to a strong reduction of enzyme
activity (Hendriks et al. 2003). The disulfide bond is reduced during the light period,
but also in the dark when leaves are supplied with sucrose. AGPase activity is
consequently increased as well as starch synthesis. Interestingly, AGPase activity
is under the control of the circadian clock as demonstrated in Chlamydomonas
reinhardtii (Zabawinski et al. 2001). Regulation by the clock applies at both gene
expression and enzyme activity suggesting that the circadian clock modulates the
whole starch metabolism.

The redox control of starch synthesis in leaves is not limited to the regulation of
AGPase activity. Such type of regulation was also reported for several Arabidopsis
enzymes such as: ISA1/ISA2, LDA, SS1, SS3, BE2, BAM3 (B-amylase), AMY3
(a-amylase), GWD (glucan water dikinase), and DSP4 (SEX4) (phosphoglucan
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phosphatase) (Mikkelsen et al. 2005; Sokolov et al. 2006; Sparla et al. 2006; Valerio
etal. 2011; Glaring et al. 2012; Seung et al. 2013; Silver et al. 2013). This suggests
that the whole pathway is under redox control allowing a tight regulation of enzyme
activities during the day/night cycle. For instance, AMY3 is inactive in its oxidized
form (when a disulfide bond is formed between the Cys** and Cys> residues)
and is reactivated by thioredoxins (Seung et al. 2013). Recently a plastid-localized
NADPH-dependent thioredoxin reductase C (NTRC) was found to interact with
AGPase in Arabidopsis (Michalska et al. 2009; Lepisto et al. 2013). Moreover,
starch accumulation is impaired in nfrc mutant plants particularly when the latter
are cultivated under short-day conditions. Conversely, overexpression of NTRC
enhanced plant growth and biomass indicating a direct control of starch synthesis
by this thioredoxin reductase (Toivola et al. 2013). Interestingly, the over expression
of the plastidial thioredoxin f in tobacco increases leaf-starch accumulation by
up to 700 % (Sanz-Barrio et al. 2013). However, high starch accumulation is not
a consequence of AGPase redox activation as proposed earlier for Arabidopsis
(Li et al. 2012). Indeed, it was suggested that the redox control of SS3/SS4
(starch synthases 3 and 4) is responsible for this increase of the starch content in
Arabidopsis leaves (Li et al. 2011).

Finally, starch metabolism in Arabidopsis leaf is physiologically controlled
by the concentration of trehalose-6-phosphate (Tre6P). Tre6P is a nonreducing
disaccharide composed by two glucose residues and found at very low level
in Arabidopsis leaves. It is synthesized from Glc-6-P and UPG-glucose by the
trehalose-6-phosphate synthase (AtTPSI) (Avonce et al. 2004). AtTPS1 was pro-
posed to act as a regulator for glucose signaling in Arabidopsis. An osmoprotectant
function of trehalose was excluded because of its very low levels in plants. Indeed,
Tre6P concentration in leaves increases during the day but also when the dark period
is unexpectedly extended for 6 h as well as in a pgm starchless mutant (Lunn et al.
2006). Increased concentration of Tre6P is accompanied by a modulation of AGPase
redox state in favor of the reduced active form of the enzyme. Consequently starch
content is increased after 4 h of illumination (except in the pgm mutant) (Lunn
et al. 2006). This observation confirmed previous results indicating that the redox
modulation of AGPase activity is controlled by Tre6P, the concentration of which
being in turn regulated by sugars (Kolbe et al. 2005). Interestingly, oscillation of
sugar levels during day/night cycles acts as a metabolic feedback to the circadian
clock (Haydon et al. 2013). Thus, over its function in carbon and energy storage,
starch, which metabolism is controlled by the circadian clock, may also contribute to
the entrainment and the robustness of the clock in photosynthetic tissues. However,
the molecular mechanisms underlying this regulation are still not unraveled.
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