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Abstract 
 

Starch metabolism is a critical process for plant growth and development, regulated by various 

enzymatic and non-enzymatic machinery. Starch accumulates in plants as semi-crystalline 

granules composed of two glucan polymers: amylose and amylopectin. The physicochemical 

properties of starch depend on the organization of these polymers within the granule. It has been 

widely assumed that the amylopectin chains assembled into double helices are able to self-

organize by physical processes to form the starch granule matrix. Recent studies have identified 

two conserved non-enzymatic proteins, Early Starvation 1 (ESV1) and Like Early Starvation 1 

(LESV), which have been proposed to be involved in the organization of the polysaccharides 

within the granule.  

Forward genetics studies of these proteins highlight their importance in influencing the structure 

and organization of starch granules as well as starch metabolism in plants. The mechanisms by 

which ESV1 and LESV function are not yet understood, but they appear to have different roles. 

ESV1 may promote a high level of organization of glucans in the granule matrix, whereas LESV 

may reduce this level of organization, as its overexpression in plants increases the susceptibility 

of starch to degradation during the day.  In Arabidopsis, ESV1 (49 kDa) and LESV (66 kDa) 

are proteins with no previously annotated regions, such as catalytic domains or carbohydrate-

binding domains. On the other hand, although their N-terminal regions differ, they share a 

common C-terminal tryptophan-rich domain containing conserved motifs, which has been 

proposed to constitute a novel and specific starch-binding module.  

In this study, we have carried out a structural characterization of both proteins using model 

modelling and small-angle X-ray scattering (SAXS). Our results indicate that the conserved C-

terminal domain adopts an unusual β-sheet fold in which conserved residues form parallel lines 

whose positions are consistent with interactions with starch molecules. We have shown that 

ESV1 and LESV interact differently and have different affinities for starch polymers, 

explaining their distinct functions. 

 

Keywords: Starch metabolism, Early Starvation 1 (ESV1), Like Early Starvation 1 (LESV), 

amylopectin, glucans, Protein biochemistry, Structural biology. 
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Résumé 
 

Le métabolisme de l'amidon est un processus critique pour la croissance et le développement 

des plantes, régulé par divers mécanismes enzymatiques et non enzymatiques. L'amidon 

s'accumule dans les plantes sous forme de grains semi-cristallins composés de deux polymères 

de glucane : l'amylose et l'amylopectine. Les propriétés physicochimiques de l'amidon 

dépendent de l'organisation de ces polymères à l’intérieur des grains. On suppose généralement 

que les chaînes d'amylopectine assemblées en doubles hélices sont capables de s'auto-organiser 

par des processus physiques pour former la matrice du grain d'amidon. Des études récentes ont 

identifié deux protéines non enzymatiques conservées, Early Starvation 1 (ESV1) et Like Early 

Starvation 1 (LESV), dont on a proposé qu'elles soient impliquées dans l'organisation des 

polysaccharides à l'intérieur du grain.  

Les études de génétique inverse de ces protéines soulignent leur importance dans l'influence de 

la structure et de l'organisation des grains ainsi que du métabolisme de l'amidon chez les plantes. 

Les mécanismes par lesquels ESV1 et LESV fonctionnent ne sont pas encore compris, mais ils 

semblent avoir des rôles différents. ESV1 pourrait favoriser un niveau élevé d'organisation des 

glucanes dans la matrice des granules, tandis que LESV pourrait réduire ce niveau 

d'organisation, car sa surexpression dans les plantes augmente la susceptibilité de l'amidon à la 

dégradation au cours de la journée.  Chez Arabidopsis, ESV1 (49 kDa) et LESV (66 kDa) sont 

des protéines dépourvues de régions précédemment annotées, telles que des domaines 

catalytiques ou des domaines de liaison aux hydrates de carbone. D'autre part, bien que leurs 

régions N-terminales diffèrent, elles partagent un domaine C-terminal riche en tryptophane 

contenant des motifs conservés, qui a été proposé pour constituer un nouveau module spécifique 

de liaison à l'amidon.  

Dans cette étude, nous avons procédé à la caractérisation structurelle des deux protéines en 

utilisant la modélisation et la diffusion des rayons X aux petits angles (SAXS). Nos résultats 

indiquent que le domaine C-terminal conservé adopte un pliage β-sheet inhabituel dans lequel 

les résidus conservés forment des lignes parallèles dont les positions sont cohérentes avec les 

interactions avec les molécules d'amidon. Nous avons montré que ESV1 et LESV interagissent 

différemment et ont des affinités différentes pour les polymères d'amidon, expliquant leurs 

fonctions distinctes au sein de la plante. 
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SSI: Starch synthase I 

SSII:  Starch synthase II 

SSIII: Starch synthase III 

SSIV: Starch synthase IV 

SSV: Starch synthase V 

SS: Starch synthase 

SDS:  Sodium dodecyl sulfate 

SDS-PAGE: Sodium Dodecyl-Sulfate-Polyacrylamide Gel Electrophoresis 

SEX: Starch EXcess 

Tm: Melting temperature 
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Foreword 
 

When I began my academic journey, I initially enrolled in the Business Management program. 

However, I soon realized that my true passion lay elsewhere: in the complex interaction of the 

smallest elements that make up life. As a result, I switched my major to Biochemistry in the 

middle of my second year, a decision that led me down a fascinating and challenging path. 

 

After obtaining my bachelor's degree in biochemistry in Lebanon, I pursued a master's degree 

where I had the chance to study the impact of environmental pollutants on the health of people 

living near a landfill. This experience opened my eyes to the real impact of biochemistry as it 

applies to human health and the environment. 

 

In September 2017, I moved to France to complete two master’s degrees at the University of 

Lorraine. My first master 2 was an international RNA/enzyme science degree, focusing my 

research on the neuropathological consequences of methionine synthase deficiency in aging. In 

the second, I specialized in microbiology, developing diagnostic tools for the identification of 

Mayaro virus and its differentiation from other viruses. 

 

I joined the UGSF laboratory on December 2020 for my second year of Ph.D. on the project 

proposed by Mme Coralie Bompard entitled “Structural and Functional Study of ESV1 and 

LESV Proteins from Arabidopsis thaliana reveals a Novel Starch-Binding fold Module". This 

project felt like a perfect fit for me, and I was drawn to the complex mystery of it - sometimes 

it feels like we don't choose our destiny, but rather they choose us. 

 

My research work focused on the characterization at the molecular level the structure and 

function of two new, highly-conserved non-enzymatic proteins namely EARLY 

STARVATION 1 (ESV1) and LIKE EARLY STARVATION 1 (LESV).  These proteins have 

been identified to be involved in the control of starch metabolism in Arabidopsis thaliana (At) 

plant model, but their molecular functions in the plant remain unclear.  

 

My research aimed to elucidate the mysteries of the structure and function of the two proteins 

ESV1 and LESV using integrative structural biology approaches. The first part consists in 

producing and purifying the proteins: Early Starvation 1 (ESV1) and Like Early Starvation 1 

(LESV), and then validate their AlphaFold predicted patterns by checking for model’s 
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compatibility with the SAXS and Circular Dichroism data, confirming the presence of the 

predicted β-sheet.  The second part consists in examining protein-ligand interactions, by 

analyzing the different putative ligands using different techniques that allow us to study this 

interaction and to check for structural rearrangements such as electrophoretic mobility shift 

assay and circular dichroism, to find the appropriate ligands for crystallographic determination 

of 3D protein structures.  

 

I am grateful to have had the opportunity to work on this project in collaboration with Prof. 

Sam Zeeman's team at ETH Zurich, who originally discovered these proteins. The guidance 

and support of my supervisor, Coralie Bompard were invaluable. 

 

This journey has been both challenging and rewarding, and I hope that the insights provided in 

this dissertation will help us better understand these unique proteins and their role in plant 

metabolism."  
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1. Introduction  
 

1.1. Carbohydrates 
 

Biomolecules are essential components to all living organisms and are divided into four main 

classes: carbohydrates, proteins, lipids, and nucleic acids. Carbohydrates play a critical role in 

the proper functioning of all living organisms, serving as a primary source of energy and carbon. 

Chemically, carbohydrates are a diverse group of organic compounds primarily composed of 

carbon, hydrogen, and oxygen atoms, with a general molecular formula of Cx(H2O)y.  

Carbohydrates can be classified based on their complexity, size, and functional groups. 

Monosaccharides, or simple carbohydrates, are the fundamental building blocks of more 

complex carbohydrates, including glucose, fructose, and galactose. Disaccharides, such as 

sucrose, lactose, and maltose, are formed when two monosaccharide units are linked together 

through a glycosidic bond. Oligosaccharides and polysaccharides are examples of complex 

carbohydrates, consisting of a few or long chains of monosaccharides, respectively. Complex 

carbohydrates can be further classified into four types: starch and glycogen, which serve as 

energy storage molecules in plants and animals, and cellulose and chitin, which function as 

structural components in plants and arthropods, respectively. However, the structure of glucans 

can vary depending on the specific type of glucan from starch, glycogen, cellulose or chitin. 

Also, the specific arrangements of the glucose monomers can result in different properties and 

functions of the different types of glucans listed above. Starch is the most abundant and 

widespread non-structural carbohydrate in plants. 

Starch and glycogen, both branched homoglycans composed of α-D-glucosyl residues, share 

chemical similarities. They contain two types of glycosidic bonds: α-1,4-glycosidic bonds in 

the backbone and α-1,6-glycosidic bonds in the branches. Glycogen is characterized by short, 

extensively branched chains and a restricted solubility, much like amylopectin.  

 

a. Glycogen: energy storage molecule in animals 
 

Glycogen is a branched storage polysaccharide found in organisms ranging from bacteria and 

archaea to more complex organisms like yeast, animals, and humans (Adeva-Andany et al. 

2016; S. G. Ball et Morell 2003; Wilson et al. 2010). It is composed of α-1,4-linked glucose 



30 
 

units and contains branching points with α-1,6-glycosidic linkages roughly every ten residues 

(Roach 2002) (Figure 1.1). The synthesis of glycogen polymers begins with the Glycogenin 

(GN) enzyme, working in tandem with glycogen synthase (GS) and glycogen branching 

enzyme (Zeqiraj et al. 2014; Hurley et al. 2006). The homodimeric GN enzyme possesses a 

tyrosine 194 (Tyr194) residue on each subunit and employs UDP-glucose as a donor for 

transferring glucosyl residues directly to Tyr194 or to glucose residues already connected to 

Tyr194 via an autoglycosylation process. This results in a polymer with a minimum of four 

glucose units linked by α-1,4-glycosidic bonds (Gibbons, Roach, et Hurley 2002; B. Lin et al. 

1999). 

 

 

Figure 1.1: Structure of Glycogen. The linear configuration is a component of a glycogen 

molecule, where glucose units are interconnected by α-1,4-glycosidic bonds. At the branching 

points, they are connected by α-1,6-glycosidic bonds. 

 

After an oligosaccharide chain of glucosyl monomers is established as a glycan primer, it is 

elongated by glycogen synthase, but only when complexed with glycogenin. During glycogen 
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molecule synthesis, glycogen synthase detaches from glycogenin, allowing glycogen molecules 

to grow and reach their full size (Smythe et Cohen 1991). The glycogen branching enzyme then 

creates branches by transferring the chain's end to form α-1,6-position branch points within the 

same or nearby glucan chain in glycogen (K. Wang, Henry, et Gilbert 2014). 

Conversely, the breakdown of glycogen polymers is facilitated by the combined action of 

glycogen phosphorylase and glycogen debranching enzyme. Glycogen phosphorylase releases 

glucose 1-phosphate from linear glucan chains, but its activity is inhibited when it approaches 

the last four glucosyl residues from a glucan branch point. Thus, the glycogen debranching 

enzyme is needed to complete degradation and release branch points (Alonso-Casajús et al. 

2006; Burwinkel et al. 1998; Adeva-Andany et al. 2016). In humans, glycogen is primarily 

stored in the liver, providing glucose to the bloodstream during fasting periods, and in skeletal 

muscle, supplying glucose to muscle fibers during muscle contractions. Additionally, glycogen 

is present in other human tissues, such as the brain, heart, kidney, adipose tissue, and 

erythrocytes (Roach et al. 2012). 

 

b. Starch: energy storage molecule in plants 
 

Starch is a type of carbohydrate that is primarily used by plants for storage purposes, and it 

serves as a key source of calories for both humans and animals. Additionally, this polymer is 

utilized in a wide range of industrial applications, including those related to food and non-food 

products (Samsudin et Hani 2017).   Although its unique properties make it ideal for various 

uses, starch is typically processed after extraction from plants rather than being used in its native 

form. 

Key factors, such as starch content, granule size, phosphate and protein contents, and glucan 

structure, significantly impact the extractability, yield, and end-use of starch. Additionally, 

these parameters influence the digestibility and nutritional properties that starch provides to 

humans. Consequently, understanding and optimizing these factors is essential to maximize the 

benefits of starch in both food and non-food applications (Y. Zhang, Rempel, et McLaren 2014). 

Starch can be classified into two types - storage starch and transitory starch - depending on its 

biological functions. Typically referred as transitory starch, this type of starch is produced in 

the leaves (source organs) during the day through photosynthesis. It accumulates in the 

chloroplasts of photosynthetic cells during the day, and is broken down and used as carbon and 
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energy source during the night to sustain metabolism and biosynthesis in the absence of 

photosynthesis, as well as for energy production (Pfister et Zeeman 2016). This process is under 

a photoperiodic control guaranteeing progressive consumption of starch reserves until dawn 

(Scialdone et al. 2013). However, plants can experience severe starvation if their starch reserves 

are depleted before the end of the night. It happens in wild type plants when they are exposed 

to a night longer than the time it takes to use up their starch reserves (Gibon et al. 2006), or in 

mutants with defective starch synthesis (Pal et al. 2013). In addition, the same effect is also 

observed in a mutant with a shortened circadian clock, which depleted its starch reserves three 

hours before the end of the night (Graf et al. 2010). On the other hand, Storage starch is the 

type of starch found in plant organs that don't perform photosynthesis, such as seeds, roots, and 

tubers. It is typically stored for extended periods of time and serves as long-term carbohydrate 

reserve used only when photosynthesis is unable to provide all the energy and carbon needed 

for biosynthesis which is used during fuel germination, and seasonal re-regrowth (Pfister et 

Zeeman 2016). This type of starch, produced and stored in large amounts, is commonly 

consumed in our daily life and used by the industries (Lafiandra, Riccardi, et Shewry 2014). 

Starches obtained from different botanical sources have different characteristics  that affect 

their properties and possible applications (K. Wang, Henry, et Gilbert 2014). The variations 

arise from differences in the structure of starch. For example, the size of starch granules can 

vary depending on the plant source, which affects how quickly they gelatinize. The composition 

of the starch granules, such as the relative amounts of amylose and amylopectin, also influences 

their functional properties. Finally, the molecular architecture of the constituent polymers, 

which make up the starch granules, can vary between different plant sources, resulting in 

different functional properties (K. Wang, Henry, et Gilbert 2014); (Pfister et Zeeman 2016).  

 

1.2. Regulation of Transitory Starch Biosynthesis and Degradation in 

Arabidopsis thaliana Leaves: The Role of Circadian Clock and 

Carbon Allocation  
 

Plants accumulate starch as a product of photosynthesis in their leaves during the day and use 

it as a carbon source for normal growth and to provide energy at night for the plant’s metabolism 

(Stitt et Zeeman 2012). Approximately 50% of the carbon assimilated by photosynthesis in 

plants is stored as starch in leaf chloroplasts (Sulpice et al. 2009). Almost all of the starch is 
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consumed by dawn due to the nearly linear conversion of starch to sucrose that occurs at night 

(Graf et al. 2010).  

The rate of starch biosynthesis and degradation is adjusted to optimize carbon allocation in 

response to changes in day length, for example, plants exposed to only 2 hours of light in a 12-

hour light/12-hour dark cycle and are then placed in darkness show a slower rate of starch 

degradation compared to a normal night. This results in the conservation of starch reserves until 

dawn (Graf et al. 2010). This rate of starch degradation is adapted to match the length of the 

night and depends on both the circadian clock and the amount of starch in the leaf (Graf et al. 

2010).  

However, the mechanism by which starch levels are measured in plants is not fully understood, 

but the plant's circadian clock is responsible for tracking the length of the dark period. The 

Arabidopsis  short-period circadian clock mutant cca1/lhy experiences a shortened clock period 

of about 17 hours instead of the normal 24 hours and adjusts its starch degradation rate 

accordingly (Alabadı́ et al. 2001). When grown under a 12-hour light/12-hour dark cycle, 

cca1/lhy mutants exhaust their starch reserves three hours before dawn, leading to carbon 

starvation as indicated by the induction of sugar-repressed transcripts (Graf et al. 2010).  

 

1.3. The building blocks of starch:  structure and composition 
 

Starch is a storage polymer made of glucose residues (Figure 1.2) that accumulates as water 

insoluble, partly crystalline granules of 0.1 - 100 µm in diameter. In higher plant cells, starch 

granules are stored within plastids as discrete, semi-crystalline structures. These granules are 

composed of two types of polyglucans, namely amylose and amylopectin that adopt different 

3D structures (Yu et al. 2017) and have different physicochemical properties. Their structure 

are not the same and their synthesis does not involve the same molecular mechanisms (Pfister 

et Zeeman 2016). Amylopectin the major component accounts for 70-80% of the starch content 

and the component responsible for determining the granule's precise structure, while the rest 

being amylose.  
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Figure 1.2: Structure of starch. The linear configuration is a component of a starch molecule 

in which the glucose units are connected by α α-1,4-glycosidic linkages, and the branching 

points are connected by α-1,6-glycosidic linkages. 

 

Minor components  less than 1% of the starch weight are also found in starch such as proteins, 

lipids and phosphate (Grimaud et al. 2008).  

 

1.3.1. Structure of amylopectin 
 

Amylopectin is a large, highly branched macromolecule with an enormous molecular weight 

ranging from 107–108 Dalton. It is composed of numerous relatively short α-glucan chains, each 

containing around 18 to 25 glucosyl units connected by α-1,4-D-glycosidic linkages. These 

chains are interconnected through α-1,6-linkages (Figure 1.3), which make up about 5% of all 

glucosyl bonds in most starch types (Manners 1989).  
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Figure 1.3: Chemical structure of amylopectin units. Starch granules are made up of α-1,4-

glycosidic bonds with few α-1,6- glycosidic bonds, parallel to each other allowing the formation 

of double helix. The branches are placed in a specific manner, resulting regions of branching 

called amorphous lamella and regions of exclusively linear chains called crystalline lamella, 

which form defined growth rings. This highly ordered insoluble structure requires specific 

enzymes to synthesize and degrade (Coultate, 2001).   

 

The frequency and clustering of α-1,6-linkages play a key role in starch's water-insoluble 

nature, in contrast to water-soluble glycogen, which has more evenly distributed α-1,6-linkages 

accounting for roughly 9% (S. Ball et al. 1996; Brust, Orzechowski, et Fettke 2020). 

Amylopectin has a crucial role in the organization of the starch granules and in determining the 

structure of the granules in which the distribution of its branches is asymmetrical (Figure 1.4). 

It gives the molecule a semi-crystalline structure in successive clusters, and this distribution is 

fundamental for the formation of the granules. This structure is at the origin of the physico-

chemical properties of starch (Tetlow et Bertoft 2020).  
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a. Molecular structure of amylopectin 

 

Amylopectin consists of two major types of unit chains: short and long chains. Short chains 

have a degree of polymerization (DP) ranging from 6 to 36, with the upper limit varying based 

on the amylopectin source (Eric Bertoft et al. 2008). Long chains possess a DP of 36 or more. 

Chains are classified into A-, B-, and C-chains (Hobson, Whelan, et Peat 1951). A-chains are, 

by definition, completely external and do not carry any branches themselves. In contrast, B-

chains include one external segment, a total internal chain segment, and one or more branches. 

The C-chain is the single B-chain per molecule with a free reducing end (Figure1.4). To analyze 

the distribution of these chains, enzymatic debranching of the macromolecule is performed, 

followed by separation of the debranched products using size-exclusion chromatography (SEC) 

(J.-L. Jane et al. 1994), high-performance anion-exchange or chromatography (HPAEC) (Wong 

et Jane 1997). The molar ratio of short to long chains (S:L) typically falls between 6 and 19 in 

most starches, with B-crystalline starches having a generally lower ratio compared to A-

crystalline types (Eric Bertoft et al. 2008). A-chains are not connected to other chains, while B-

chains are connected to other chains (either A- or B-chains). Each macromolecule contains one 

C-chain, which has the only reducing-end group but is otherwise similar to B-chains (Hobson, 

Whelan, et Peat 1951). Additionally, the outermost chain segments in the macromolecule, 

between the outermost branch points and the non-reducing ends, are known as external chains. 

On the other hand, the segments located between the branches are known as internal chains, 

which includes the segment located between the internal branch point and the reducing terminal 

(Manners 1991). A total internal chain segment includes the entire chain except for the external 

segment, containing all internal segments and branch points  (E. Bertoft 1991).  
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Figure 1.4: The clustered structure of amylopectin based on the model proposed by Manners 

1989. A tree-like structure for the amylopectin. Double helices formation stabilizes the structure 

of linear α-1,4-chains and this latter form clusters of various arrangements, giving rise to the 

granule’s semi-crystalline characteristics in amylopectin (Fasahat, Rahman, et Ratnam 2014). 

 

Hizukuri discovered a polymodal size-distribution of unit chains in the amylopectin and a 

periodicity in chain length of about 27 to 28 glucosyl units through size-exclusion 

chromatography (Hizukuri 1986). He proposed that B2-chains span across two clusters, B3-

chains across three, and B4-chains across four, with each cluster being a component of the 

repeating crystalline and amorphous lamellae. Each cluster corresponds to a 9 nm repeat 

distance, which aligns with the observed periodicity in chain length. 

In most amylopectins, B2-chains make up the majority of long chains, while B3-chains only 

form a small portion of this group. This indicates that there is a minor part of long chains with 

decreasing numbers as their length increases, and without any periodicity in length (Eric Bertoft 

et al. 2008). As a result, the backbone primarily consists of B2-chains, but longer chains can 

also be found occasionally. 

X-ray scattering and electron microscopic analyses indicate that amylopectin molecule clusters 

stack with a periodicity of about 9 to 10 nm (Figure 1.5). This 9 nm repeat distance of the 

lamellae corresponds to around 27-28 glucose units in a double-helical conformation (Gernat 
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et al. 1990). X-ray diffraction patterns further show that neighboring linear chain segments 

within the clusters form parallel double helices, with each full turn containing 6 glucose units 

per chain and having a period of 2.1 nm and a diameter of 1.05 nm (Anne Imberty et al. 1991).  

Double-helices in starch are arranged in either an A-allomorph or a B-allomorph crystalline 

pattern, distinguishable through wide-angle X-ray diffraction (WAXS or XRD) (Buleon et al. 

1997). A-allomorphs have more tightly packed double-helices and are commonly found in 

cereal starches. B-allomorphs, on the other hand, are less densely packed, with water molecules 

essentially replacing one out of four double-helices in the crystalline lattice. They are often 

found in tuber and root starches, which are more susceptible to amylolysis (Pfannemüller 1987). 

Some starch granules contain both allomorph types, referred to as "C-types," which can be 

found in banana (Musa sp.) fruits, cassava (Manihot esculenta L.), and many legume cotyledons 

(Bogracheva et al. 1998). The relative crystallinity in most starch granules ranges from 20 to 

45% (Gérard et al. 2000). Waxy starches (a type of starch containing a high percentage of 

amylopectin) generally have slightly higher values than non-waxy counterparts, implying that 

the amylose component does not contribute significantly to the crystallites. It is important to 

note that external chain segments in amylopectin usually make up around 60% of the 

macromolecule.  

 

b. Higher order structure of starch 

 

Although starch granules display a wide variety of appearances, their internal structure is 

remarkably consistent across plant species (Paul J. Jenkins, Cameron, et Donald 1993). Most 

granules, perhaps excluding the smallest ones, exhibit a regular pattern of darker and lighter 

ring-like structures when viewed under a microscope (Ambigaipalan et al. 2011). These 

"growth rings" surround the starch granule's core, known as the hilum (Figure 1.5), which is 

generally considered the starting point of starch granule biosynthesis (Baker, Miles, et Helbert 

2001). 

The exact differences in structure between the light and the dark rings remain unclear. It is 

thought that the rings are composed of alternating regions amorphous (less compact), and the 

crystalline (more compact) regions, which give rise to different refractive phenomena viewed 

under the microscope. The semi-crystalline rings likely contain more ordered structures, with 

amylopectin being the main contributor. The organized arrangement of the macromolecules 

within the granules is demonstrated by the birefringent of starch granules, which allows them 
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to exhibit a "Maltese cross" pattern when viewed under cross-polarized light (Figure 1.5), and 

that amorphous regions are lost more quickly than ordered crystalline rings under controlled 

digestion conditions (Eric Bertoft 2013).  

 

 

Figure 1.5: From granules to individual glucosyl units: (a) Maize starch granules show a 

characteristic "Maltese cross" pattern when viewed under polarized light. (b) A theoretical 

granule is shown with growth rings radiating outward from the hilum. (c) Blocklets are shown 

within semi crystalline (black) and amorphous (gray) rings. (d) Crystalline and amorphous 
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lamellae are formed by double helices (shown as cylinders) and branched segments of 

amylopectin (shown as black lines). Amylose molecules, indicated by the red lines, are 

interspersed between the amylopectin molecules. (e) Three double helices of amylopectin are 

shown, with each double helix consisting of two polyglucosyl chains. Glucosyl units are 

represented by black circles, which are the A-chains that are unsubstituted, and white circles, 

which are the B-chains that are substituted with other chains. Double helices can form either 

A- or B-type allomorphic crystals (shown as A and B, with circles symbolizing double helices 

viewed from the edge). (f) Glucosyl units are shown with α-(1,4) and α-1,6-linkages at the base 

of the double helix. A bar scale (measured in nanometers) gives a rough indication of the size 

dimensions (Tetlow et Bertoft 2020; Pérez, Baldwin, et Gallant 2009). 

 

Atomic force microscopic studies have revealed bulb-like structures, known as blocklets, with 

diameters ranging from 20 to 100 nm on the surface and within starch granules. These blocklets 

were isolated as discrete units from waxy maize starch (Perez Herrera, Vasanthan, et Hoover 

2016). While their exact nature is uncertain, blocklets are hypothesized to be a result of 

amylopectin super-helix interactions (Gallant, Bouchet, et Baldwin 1997). Based on their size, 

the blocklets are thought to represent either individual amylopectin molecules or smaller cluster 

of those molecules. In this structure, amylopectin is organized in layers of alternating 

amorphous and crystalline sheets, with blocklets containing layered stacks of these lamellae 

contributing to the formation of the semi-crystalline rings. Tang et al. suggested that the 

amorphous rings also contain blocklets, but with a more "imperfect" architecture (Tang, 

Mitsunaga, et Kawamura 2006). 

Tang et al. (Tang, Mitsunaga, et Kawamura 2006) and Perez-Herrera et al. (Perez Herrera, 

Vasanthan, et Hoover 2016) further proposed that amylose is distributed both between and 

within the blocklets, extending across multiple blocklets while interacting with amylopectin 

molecules. It is generally believed that amylose molecules are primarily present in the 

amorphous state within granules, either in amorphous rings or lamellae. However, they may 

also penetrate the stacks of lamellae, introducing "imperfections" into the crystalline 

organization (P. J. Jenkins et Donald 1995; Kozlov et al. 2007). 
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c. Understanding the macromolecular structure of amylopectin 

 

The fundamental structure of the amylopectin is mainly determined by the orientation of its 

constituent chains. Therefore, insight into the configuration of the long and short chains, 

including the A- chains, B-chains, C chain, and the outer and inner segments, is critical to 

understanding the complex structure of the macromolecule. The simplest approach to determine 

this structure is to separate the branched components of the macromolecule. For this purpose, 

the endo-acting α-amylase of Bacillus amyloliquefaciens was used (E. Bertoft 1991). This 

specific α-amylase from B. amyloliquefaciens primarily attacks extended chain segments 

between branching points, whereas internal chain segments with three or fewer residues prove 

to be resistant to its action, and probably those with four residues as well (Robyt et French 

1963).  

Nevertheless, this enzyme also cleaves external chain segments, which reduce their lengths to 

an average of about two residues (Umeki et Yamamoto 1972). The remaining branched limit 

dextrins consist of closely-related branching points with inner chain lengths (ICL) of three 

residues or less. Thus, these limit dextrins constitute the branched components of amylopectin 

and are known as building blocks (Eric Bertoft et al. 1999) (see Figure 1.6). The size distribution 

of building blocks has been analyzed using size-exclusion chromatography (SEC) and high-

performance anion-exchange chromatography (HPAEC), revealing a remarkably similar 

distribution regardless of the botanical source of amylopectin (Eric Bertoft 2013). Building 

blocks can be isolated, structurally characterized, and classified into different groups based on 

the number of chains they contain (Figure 1.6a) (Eric Bertoft, Koch, et Åman 2012). 

Group 2 building blocks consist of only two chains (and a single branch point), meaning they 

have an A-chain connected to a B-chain (more accurately defined as a C-chain in this case; 

Figure 1.6c) with a DP range between 5 and 9. Group 3 building blocks comprise three chains 

(and two branches) with a DP range of 10 to 14, while Group 4 building blocks have four chains 

(DP 15 to 19) (Figure 1.6). Group 5 building blocks are isolated as mixtures of dextrins with a 

DP range of 20 to 35 and consist of an average of six chains, while Group 6 (DP > 35) contains 

9 to 12 chains (Eric Bertoft, Koch, et Åman 2012). The most abundant category of building 

blocks in all amylopectins is Group 2, which represents about 50% of all blocks by number 

(Figure 1.6b), and about 25% of all amylopectin branch points are located within this group. 

The second most common group is Group 3, which accounts for about 30% of the blocks, and 

represents another 25% of amylopectin's branch points. Group 3 building blocks display one of  
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Figure 1.6: Building block unit composition in amylopectin: (a) The size distribution of 

amylopectin building blocks from mung bean cotyledon was determined by HPAEC-PAD 

analysis after β-amylolysis and successive α-amylolysis. The building blocks are categorized 

into groups 1-6, with their corresponding DP values. Group 1 is composed of glucose, maltose, 
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and maltotriose, whereas groups 2-6 are composed of branched dextrins. However, HPAEC 

does not resolve individual peaks for groups 5 and 6. (b) The relative amount of each branched 

building block for each group, with the PAD response adjusted to measure the amounts of each 

DP. (c) The basic structures of the branched building blocks, showing A- chains or B-chains 

for both groups 2 and 3. Group 5 consists of building blocks with 5 to 7 chains, whereas group 

6 contains 8 or more chains. The diversity of the possible building block structures greatly 

increases with the chain number. The Red lines between building blocks indicate the interblock 

segments (Tetlow et Bertoft 2020). 

 

two primary structural arrangements, referred to as the Haworth (one A- chain and two B-

chains, (Haworth, Hirst, et Isherwood 1937)) and Staudinger configurations (two A chains and 

one B-chain). The first is shown in Figure 1.6c. It’s likely that a combination of these 

configurations exists in amylopectin, but the ratio may vary among different types of starches. 

Group 4 represents about 10% of the building blocks in terms of quantity, and the potential 

chain combinations in the dextrins increase exponentially with the number of chains. Group 5 

constitutes between 5 and 8% of the building blocks, and the number of different dextrins is so 

vast that single peaks are not distinguishable by HPAEC, but can be quantitatively evaluated 

by SEC. Finally, Group 6 represents only a few percent of all blocks, with about 16% of all 

branch points included in this group. 

The individual α-glucan chains within the building blocks are remarkably short.  HPAEC shows 

a peak at DP 2 or 3 (mainly A-chains) and another peak at DP 5, 6, or 7 (B-chains) for most 

starches. The internal chain length (ICL) in building blocks is minimal, averaging from 1.2 to 

2.2 glucosyl units. The total ICL varies from 4.1 to 5.8 and tends to increase with the size of 

the block (Eric Bertoft, Koch, et Åman 2012). 

Building blocks are connected by interblock segments (IB-S, shown in red in Figure 1.6c). The 

sizes of these segments are predicted by studying the number and structure of the building 

blocks within the larger α-dextrins composed of two or more blocks. When B. 

amyloliquefaciens α-amylase acts between the building blocks, small, linear saccharides such 

as Glucose, maltose, and maltotriose are obtained as "Group 1" (Figure 1.6a), and the amount 

of these saccharides measures the inter-block chain length (IB-CL). Typically, the IB-CL  varies 

between 5 and 8 Glucose residues (Eric Bertoft, Koch, et Åman 2012). 
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The resulting question concerns the location of the IB-Ss within the amylopectin 

macromolecule. Extremely small clusters of building blocks (α-dextrins) that have been 

purified do not have longer chains. However, somewhat larger clusters consisting of three or 

more building blocks tended to have longer chains (Eric Bertoft, Koch, et Åman 2012).  

This strongly suggests that the majority of the blocks are linked to each other by the long chains 

of amylopectin. Therefore, the most likely structural model of amylopectin is that the majority 

of the building blocks are distributed along these extended chains of amylopectin (Figure 1.7a). 

These elongated B-chains are likely connected to each other by α-1,6-linkages, creating a longer 

backbone within the macromolecule. The distribution of building blocks from diverse groups 

within the backbone appears to be totally random  (Källman et al. 2015).  

It has been proposed that shorter B-chains (DP < 36) form short branches that connect "external" 

building blocks to the backbone (Figure 1.7a). Some types of amylopectins, principally A-

crystalline storage starches from cereal endosperms (with high S:L ratios), may contain more 

of such branches and also involve some shorter B-chains in the backbone, compared to the 

amylopectin found in B-crystalline starches (with low S:L ratios) (Eric Bertoft, Koch, et Åman 

2012). 
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Figure 1.7: Amylopectin Backbone Structure: (a) The primary structure shows the backbone 

(in red) with unique interblock segments between the branched building blocks (encircled in 

green). The numbers represent the building block groups, with group 2 having two chains, 

group 3 having three chains, and group 4 having four chains (minor groups 5 and 6 are not 

shown in the figure). The short chains create double-helices (cylinders), and the outer segments 

of the long chains that form the backbone also contribute to double-helices (red cylinders). 

Some of the chains do not make double-helices (blue chains) and are speculated to induce 

distortions among the double-helices, affecting crystallite formation. (b) The flexible backbone 

can generate single-helical segments, that constrict the macromolecule and bring individual 

double-helices closer together, allowing for crystallization. To construct bigger crystallites with 

one of the characteristic A- or B-allomorphs, double-helices of several amylopectin molecules 

must be in close proximity. The sizes of the single- and double-helices are constructed on data 

provided by (Zobel, French, et Hinkle 1967) and (Anne Imberty et al. 1991), respectively. (c) 

Structure of amylopectin. The image displays the double helix structure of amylopectin. This 

structure was obtained from https://glyco3d.cermav.cnrs.fr. 

https://glyco3d.cermav.cnrs.fr/


46 
 

The backbone of amylopectin is believed to be a highly flexible structure. The larger the 

interblock segments, the more flexibility they give to the backbone, which significantly affects 

the properties and functionality of starch (Vamadevan, Bertoft, et Seetharaman 2013). The 

internal chains of amylopectin have been shown to bind iodine (I3
-) (Shen et al. 2013), which 

suggests that the backbone segments can create helical inclusion complexes with iodine and 

that helical segments can exist in native starch even in the absence of a complexing agent. Those 

segments are probably the interblock segments, the length of which might theoretically create 

single helices with about six residues per turn (Figure 1.7b). This would facilitate the approach 

of double helices to each other along the backbone and enhance the interaction between the 

double helices, like the formation of crystallites. 

In addition to the two primary groups of short and long chains, amylopectin from certain plants, 

such as indica rice varieties, wheat, potato, and cassava, also contains "superlong" (or extra-

long) chains (Isao Hanashiro et al. 2005). These superlong chains are composed of hundreds or 

even thousands of glucosyl units, making them similar in length to the amylose moiety. The 

super-long chains seem to have some elongated branches, reflecting branched amylose (Isao 

Hanashiro et al. 2005). The location of the super-long chains inside the amylopectin 

macromolecule remains unknown, but it is reasonable to assume that they are attached to the 

backbone without bearing double helices. The quantity of super-long chains varies 

considerably, ranging from a few percent by weight in wheat, potato, and cassava 

(Laohaphatanaleart et al. 2009) to over 10% in indica rice varieties (Takeda et al. 1987). Super-

long chains do not occur in waxy starches, and the enzyme that is responsible for their synthesis 

is granule-bound starch synthase I (GBSS I), which is the same enzyme that synthesizes 

amylose and is either inactive or absent in waxy plants (Wikman et al. 2014). 

 

d.  Chain Length Correlation with Crystalline Allomorphs in Amylopectin 

 

It has long been accepted that the average chain length (CL) of amylopectin is associated with 

the crystal allomorphs of starch granules. Shorter CLs result in the A-allomorph, while longer 

CLs lead to the B-allomorph, and intermediate CLs tend to produce the C-allomorph pattern 

(Hizukuri 1986). However, it is important to note that double-helices are comprised of only the 

external segments of the chains (Eric Bertoft et al. 2008). The chain length conditions for the 

two inner chain segments (m and n, in which the m is the inner segment of the main chain and 
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n is the inner segment of the side chain joining to another double helix) connecting two double 

helices in the crystal lattice have been studied. It was discovered that only a limited combination 

of chain lengths for these two segments would result in either the A- or B-allomorph (Palmer, 

Macaskie, et Grewel 1983). Only the combinations of ICL with m = 1 and n = 3, or m = 4 and 

n = 6, could produce the A-allomorph structure, while the latter combination, along with m = 6 

and n = 4, results in the B-allomorph. Additionally, m = n = 7 could produce two parallel double 

helices. All other combinations of m and n did not yield parallel double helices. 

 

1.3.2. Structure of amylose 
 

Amylose, the second component and the minor polyglucan of starch accounts for approximately 

15 to 35% of the carbohydrate content in most starches (Seung et al. 2020). It is mostly linear, 

with very few branching points about 1% of α-1,6-linkages (Tetlow et Bertoft 2020) (Figure 

1.8). This loosely branched molecule (Buleon et al. 1998) is present in all-natural starch 

granules, suggesting an essential structural role. In some plant species, amylose content can be 

as low as 5 to 8%, like in Arabidopsis  thaliana while in waxy starches, it is significantly reduced 

or even absent (Eric Bertoft 2017). The exact biological function of amylose remains unclear, 

but it is thought to enhance the storage capacity and packing of starch granules (Donald 2001). 

 

 

Figure 1.8: Structure of Amylose. Image displays the double helix structure of A-type amylose. 

This structure was sourced from http://polysac3db.cermav.cnrs.fr.  

http://polysac3db.cermav.cnrs.fr/
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Amylose α-glucan chains are significantly longer than those of amylopectin, generally 

consisting of several hundred to thousands of α-1,4-linked D-glucosyl units with an estimated 

mass of 106 Da (Doutch et Gilbert 2013; Eric Bertoft 2017) (Figure 1.9). Amylose molecules 

can be linear with a single long chain or slightly branched via α-1,6-linkages, with the number 

of chains in branched amylose varying between 5 and 20 (Hizukuri et al. 1981), which is depend 

on the starch source and these chains are shorter than those in the linear fraction. It is 

synthesized in the semi crystalline matrix: created by amylopectin. Research on amylose 

branching patterns has revealed a bimodal chain length distribution: AM1 consists of relatively 

short chains with a degree of polymerization (DP) of 100-700, while AM2 comprises longer 

chains with a DP of 700-40,000 (K. Wang, Henry, et Gilbert 2014). 

 

 

Figure 1.9: Chemical structure of amylose units. 

 

X-ray scattering data indicate that amylose is likely situated within the amorphous regions of 

amylopectin blocklets (P. J. Jenkins et Donald 1995), with a higher abundance near the granule 

surface (Pan et Jane 2000; J. Jane et Shen 1993). The amylose makes the starch granule denser 

by filling the spaces in the semi-crystalline matrix that is formed by the amylopectin (Pfister et 

Zeeman 2016). Early research suggest that amylose, but not amylopectin, leaks from starches 

into the water, indicating a weak association with the amylopectin matrix (R. F. Tester et 

Morrison 1992). 
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1.3.3. Other components 
 

Starch granules also include minor components like lipids, minerals, and proteins, which 

together make up a small percentage of the granule's total weight. Among these components, 

only phosphate is covalently attached to the starch, specifically to the amylopectin part. Starch 

contains a low protein concentration (around 0.1–0.7%), primarily consisting of granule-bound 

starch synthase (GBSS), responsible for amylose synthesis, and other enzymes involved in 

amylopectin synthesis, such as starch synthases (SSs) and starch-branching enzymes (BEs) 

(Grimaud et al. 2008). 

 

Root and tuber starches typically have very low lipid content but are relatively rich in phosphate 

groups covalently linked to amylopectin's α-glucan chains (Nitschke et al. 2013; Hizukuri et al. 

1970). B-crystalline starches often contain higher levels of covalently linked phosphate 

compared to the A-crystalline. Potato (Solanum tuberosum L.) starch, in particular, is known 

for its relatively high phosphate content. Approximately two-thirds of the phosphate is bound 

to the C6 position of glucosyl units, and 20 to 30% at the C3 position (Hizukuri et al. 1970). A 

tiny percentage of phosphate in starch is located at the C2 position (Nitschke et al. 2013; 

Hizukuri et al. 1970). Other elements, such as potassium, calcium, magnesium, and sodium, are 

comparatively rare (Blennow et al. 2005; Dhital et al. 2011). 

 

Additionally, starch granules comprise several proteins attach within the water-insoluble 

amylopectin matrix, recognized as granule-associated proteins (Mu-Forster et al., s. d. 1996; 

Denyer et al. 1993). Most of these proteins are present in the granules and involved in granule 

biosynthesis at some point. They remain attached even after thorough washing of starch 

granules with detergents and solvents. 

 

1.4. Starch granules morphology 
 

Starch granules occur in a wide range of sizes and shapes, depending on their botanical origin. 

The size of a starch granule can vary from about 100 nm for the smallest to 100 μm for the 

largest (Figure 1.10) (Buléon et al. 1998). Like in potato and orchid (Phajus grandifolius) who 

have large size distributions of about 100 μm (Chanzy et al. 2006), while in some cereals like 

rice the size distributions is about 0.1 - 7 μm (Waterschoot et al. 2015). It exists also an 
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intermediate size distributions of about 10 - 20 μm like in the case of maize (Zea mays L.) (Chen 

et al. 2006). There are two populations of granules which have the characteristic of bimodal 

size distribution in the endosperm of the starch granules: the A-granules which is the large 

granules with a diameter ranging from 15 to 35 μm with a flatten shape,  and the B-granules 

which is the smaller granules with a diameter ranging from 2 to 10 μm with a spherical shape 

characteristic (Saccomanno et al. 2017). Important members of this group such as wheat 

(Triticum aestivum L.), barley (Hordeum vulgare L.), rye (Secale cereale L.) and oats (Avena 

sativum L.) (Saccomanno et al. 2017). 

 

Figure 1.10: Scanning electron microscopy (SEM) of starch granules from different species: 

(a, at 2000X) rice (Oryza sativa), (b, at 850X) wheat (Triticum aestivum), (c) maize (Zea mays 

L.), d) pea (Pisum sativum L.), (e) potato (Solanum tuberosum), (f) sweet potato (Ipomoea 

batatas), (g) cassava, and (h) Arabidopsis thaliana. Adapted from (Fasahat, Rahman, et Ratnam 

2014; Khalid et al. 2017) and (amidotheque.cermav.cnrs.fr). 

 

The shape of a starch granule can vary also from round or polygonal (e.g., Arabidopsis  thaliana 

transitory starch and maize (Zea mays)), pyramidal (lesser yam (Dioscoreaceae species)), disc 

shaped (A-granules in wheat and barley), spherical shape such as the reserve starch of sweet 

potato (Ipomoea batatas), to oval ((potato (Solanum tuberosum), peas (Pisum sativum L.)) (J.-

L. Jane et al. 1994).  Also, some plant groups, such as rice (Oryza sativa L.), produce compound 

granules (Tetlow et Emes 2017). Waxy varieties generally have granule shapes similar to their 

non-waxy counterparts, while high-amylose starches often exhibit irregular or elongated 

granule shapes (e.g., high-amylose (amylose-extender) maize, wrinkled (rr) peas) or amylose-

only barley (Chen et al. 2006; Goldstein et al. 2016; Gallant, Bouchet, et Baldwin 1997). This 
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further supports the notion that amylopectin is the primary contributor to the fundamental 

architecture of starch granules in non-mutant (wild-type) plants. 

 

1.5. Arabidopsis thaliana 

Arabidopsis thaliana (Figure 1.11), a small diploid plant, is part of the Brassicaceae family, 

which also includes plants like mustard, cabbage, and radish. This plant offers significant 

advantages for fundamental research in genetics and molecular biology. It has become a crucial 

model organism in the field of plant biology and genetics due to its small genome, short 

generation time, and ease of cultivation under laboratory conditions. In 1943, Friedrich Laibach 

demonstrated its potential as a model organism by correctly identifying the number of 

chromosomes in the plant and isolating the first mutants using X-rays. 

The study of Arabidopsis  thaliana gained momentum in the 1980s, thanks to the development 

of efficient transformation methods that enabled the production of insertion mutants (Koornneef 

et Meinke 2010). Arabidopsis thaliana has become the most widely used model organism for 

studying starch metabolism. The most commonly used varieties for research are Columbia 

(Col), Wassilewskija (WS) and Landsberg erecta (Le). 

 

 

Figure 1.11: Arabidopsis thaliana plant 
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Arabidopsis thaliana possesses several characteristics that make it an attractive model for study, 

its small size and rapid life cycle of Arabidopsis thaliana make it an ideal model organism for 

laboratory research. It can grow to maturity in just six weeks, and its small stature allows for 

the cultivation of a large number of plants in limited space. Additionally, Arabidopsis  thaliana 

can self-fertilize, which simplifies the process of generating stable genetic lines for study 

(Meinke et al. 1998). 
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2. Starch biosynthesis and degradation 

 

2.1. Starch metabolism 
 

2.1.1. Starch biosynthesis 
 

Despite that starch is a chemically simple molecule, its structure is complex, and therefore 

involves a complex synthesis mechanism that requires several dozens of enzymes/proteins and 

protein-complexes to regulate the entire process. In short, amylopectin is produced by the 

coordinated action of several enzymes, including soluble starch synthases (SSs), starch 

branching enzymes (BEs), and starch debranching enzymes (DBEs), while, amylose is 

synthesized by the activity of granule-bound starch synthase (GBSS) (Grimaud et al. 2008). In 

this section, the different steps of starch synthesis and the exact role of each enzyme involved 

will be explained. 

In higher plants, starch is synthesized within plastids, such as chloroplasts in leaves and 

amyloplasts in starch-storing tissues such as endosperm, roots and tubers (Tetlow et Bertoft 

2020a; Pfister et Zeeman 2016). Research on crops and model species like Arabidopsis  has 

identified the enzymes responsible for starch synthesis and degradation that are well-conserved 

across various plant species, providing valuable insights into starch formation (Tetlow et 

Bertoft 2020). However, starch structures can vary widely in terms of shape, size, and number 

of granules between different tissues and species, due to the duplication and specialization of 

starch enzymes with unique or partially overlapping functions. Starch degradation is more 

complex than synthesis, involving more steps and enzymes to convert starch to maltose and 

glucose, which are also fine-tuned at multiple levels (Tetlow et Bertoft 2020). 

There are four major steps in starch synthesis: (1) Initiation (2) glucan chain elongation, (3) 

branching, and (4) debranching. The elongation process is catalyzed by starch synthase (SSs) 

enzymes, which use adenosine 5'-diphosphate-glucose (ADP-glucose) as a glucosyl donor to 

elongate glucose chains through α-1,4-linkages (Fujita et al. 2006). Starch branching enzymes 

(SBEs) are responsible for branching glucan chains, transferring chain segments to adjacent 

chains via α-1,6-linkages through glucanotransferase reactions (Tetlow et Emes 2014). 

Mispositioned glucosyl chains are removed by starch debranching enzymes (DBEs), which 

hydrolyze α-1,6 linkages to homogenize the structure (Yasunori Nakamura 1996). Several 
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isoforms of SSs, SBEs, and DBEs play specific roles in synthesis, contributing to the periodic 

branching pattern of amylopectin and the overall granule matrix structure. These enzymes exert 

their actions simultaneously and interdependently, and there are different classes among each 

type of enzyme (Pfister et Zeeman 2016). 

                    

Figure 2.1: Overview of the starch biosynthesis pathway. ADPglucose pyrophosphorylase 

(AGPase) produces ADPglucose, the substrate of starch synthases (SSs). Granule-bound starch 

synthase (GBSS) synthesizes amylose, while soluble SSs, branching enzymes (BEs) and 

isoamylase-type debranching enzyme (ISA) collectively synthesize amylopectin (Pfister et 

Zeeman 2016). 

 

2.1.2. Synthesis of the precursor ADP-glucose for the synthesis of starch 
 

The starting point for starch synthesis is ADP-glucose (ADP-Glc), with its precursors varying 

depending on the tissue. In photosynthetically active leaf chloroplasts, ADP-glucose production 

is directly connected to the Calvin-Benson cycle, in which fructose-6-phosphate is converted 

to glucose-6-phosphate (Glc-6-P) by phosphoglucose isomerase (PGI), and then to glucose-1-

phosphate (Glc-1-P) via phosphoglucomutase (PGM) (Tiessen et al. 2002). This Glc-1-P is 

obtained by gluconeogenesis from Glyceraldehyde-3-phosphate (G3P) in the Calvin cycle 

(Tiessen et al. 2002). ADP-glucose pyrophosphorylase (AGPase) initiates starch synthesis in a 

committed rate-limiting reaction that converts Glc-1-P and adenosine triphosphate (ATP) to 

ADP-glucose and pyrophosphate (PPi) (Tiessen et al. 2002), however, the more abundant the 

Pi, the more inhibition to the activity of the AGPase. This process accounts for around 30%-
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50% of Arabidopsis  leaf photoassimilates being allocated to starch (Stitt et Zeeman 2012). In 

contrast, heterotrophic tissues acquire sucrose from source tissues, which is then converted into 

hexose-phosphates in the cytosol. Glucose-phosphates (mainly Glc-6-P, even though Glc-1-P 

transport has also been observed) and ATP are transported into the plastid for ADP-glucose 

synthesis (Geigenberger 2011). The cereal endosperm pathway is unique, as most AGPase 

activity (usually 80% or more) is present in the cytosol, and ADP-glucose is directly imported 

into the plastid through a cereal-specific adenine nucleotide transporter called BRITTLE1 (Bt1)  

(Martha G James, Denyer, et Myers 2003). 

AGPase, crucial for carbon partitioning and starch synthesis, comprises two large regulatory 

subunits and two small catalytic subunits. These four subunits cooperatively interact to form a 

heterotetramer that responds to various post-translational regulations. In Arabidopsis, there are 

two genes encoding small subunits and four genes encoding large regulatory subunits, each 

with distinct spatial expression patterns. This may lead to the formation of AGPase with unique 

properties in different plant tissues. 

 

2.1.3. Starch granule initiation 
 

The initiation of starch granules is currently an active and developing area of research. It seems 

that the process of starch granule initiation is dependent on a network of proteins, both catalytic 

and non-catalytic. In order for starch granule initiation to occur, either MOS needs to be 

synthesized from soluble sugars in cells that produce storage starches, or semi-crystalline 

amylopectin needs to be built from existing structures in cells that produce transient starch, with 

a remnant of the granule often remaining after a period of darkness (Zhu et al. 2015). 

a. Proteins Associated with Granule Initiation 

The starting point of a starch granule is typically a central core called the hilum, which has an 

unclear structure but is believed to have a disordered α-glucan structure based on X-ray data   

(Gregory R.  Ziegler, John A.  Creek, et Runt 2005; Buleon et al. 1998; Vamadevan et al. 2014). 

The initiation of the hilum and the subsequent formation of starch granules require the SSIV 

isoform of a single starch synthase (Lundquist et al. 2017). Recent research suggests that 

another protein, SSIII, may also be involved in the initiation process, as there seems to be some 

overlap in its action with SSIV (Szydlowski et al. 2009; Leterrier et al. 2008). In Arabidopsis, 

SSIV interacts with a group of non-catalytic proteins called PTST proteins, which act as 
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regulatory scaffold proteins (Lohmeier-Vogel et al. 2008). Specifically, SSIV interacts with a 

protein called PTST2 (Seung et al. 2017), which recognizes a specific three-dimensional shape 

of MOS via its CBM48 and then forms a complex with SSIV, allowing SSIV to elongate the α-

glucan (Janeček, Svensson, et MacGregor 2011). PTST2 may then be released and bind to other 

MOS structures for further interaction with SSIV (Seung et al. 2017). The ability of SSIV to 

dimerize is crucial for its catalytic activity and for forming interactions with other proteins. 

According to research, SSIV requires pre-existing α-glucan chains in order to elongate, and it 

is particularly active with maltotriose (Szydlowski et al. 2009). On the other hand, SSIII has 

been found to be capable of forming unprimed α-glucan in the presence of ADP-Glc 

(Szydlowski et al. 2009), and starch phosphorylase (SP), also known as Pho1, has the ability to 

generate and elongate maltodextrins (MOS) even without the α-glucan primer, using Glc1P 

(Malinova et al. 2014). The priming actions performed by SSIII and SP have been recognized 

as essential elements in the granule initiation pathway (Malinova et al. 2014; 2017; Yasunori 

Nakamura et al. 2017). In rice endosperm, SP forms a protein assembly with the 

disproportionating enzyme (DPE) (Hwang et al. 2016), , and it's postulated that this assembly 

could provide MOS substrates for additional elements of the granule initiation system (Seung 

et Smith 2019).  The DPE also plays a role in adjusting the length of the MOS chain, and could 

contribute to the granule initiation process and subsequent steps in starch synthesis (Hwang et 

al. 2016; Bresolin et al. 2006).  

Non-catalytic proteins are also believed to play crucial roles in starch granule initiation by 

facilitating protein scaffolding and suborganellar positioning. One such protein is PROTEIN 

INVOLVED IN STARCH INITIATION1 (PII1), a newly discovered chloroplast protein in 

Arabidopsis that forms a complex with SSIV and may be essential for SSIV catalytic activity 

(Vandromme et al. 2019). PII1, also known as MYOSIN-RESEMBLING CHLOROPLAST 

PROTEIN (MRC), was discovered to be one of the two proteins that interact with PTST2 

(Seung et al. 2018). PTST2, in turn, interacts with other coiled-coil containing proteins, 

including thylakoid-associated MAR-BINDING FILAMENT-LIKE PROTEIN (MFP1). 

Research on Arabidopsis has revealed many components of the granule initiation machinery.  

Recently, another component called SSV has been identified in Arabidopsis. SSV looks to 

modulate the number of starch granules produced in plastids through interacting with PII1/MRC 

via an α-glucan-binding domain. Although SSV is closely related to SSIV, it lacks 

glycosyltransferase activity. Mutants deficient in SSV show a reduction in the number of starch 

granules per chloroplast, but the size of these granules is larger, suggesting that other elements 
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of the granule initiation apparatus may partially compensate for the absence of SSV (Abt et al. 

2020). 

The hilum, which is believed to be structurally disorganized, serves as a glucan scaffold that 

supports further growth of the granule by the enzymes involved in amylopectin biosynthesis. 

The machinery involved in granule initiation produces linear, unbranched maltodextrins and 

initiates the formation of the hilum, which serves as a starting point for the growth of the 

emerging starch granule. The association of SSIV with PTST2, PII1/MRC, and SSV may create 

a micro-environment that promotes the formation of semi-crystalline α-glucans. Linear MOS 

can self-assemble into helical coils, which may be the first water-insoluble structures formed 

and facilitate starch granule initiation (Gidley et Bulpin 1987; Putaux et al. 2006). These 

structures may be less susceptible to degradation by α- and β-amylases, especially if physically 

protected by the protein complexes associated with the initiation machinery (Seung et Smith 

2019). The branching of linear MOS structures by starch branching enzymes (SBEs) is 

necessary for granule formation, but it is not known when SBEs act during the hilum structure's 

formation or extension. Studies suggest that SBEIIa may play a role in granule initiation in 

barley endosperm (Malinova et al. 2017). Starch phosphorylase (SP) may work with starch 

synthases (SSs) and starch branching enzymes (SBEs) to provide a starting point for continued 

hilum expansion and development of the amylopectin backbone and its basic units (Y. 

Nakamura et al. 2012). 

 

2.1.4. Amylose Synthesis 

a. Granule Bound Starch Synthase 
 

Granule bound starch synthase (GBSS) is a single enzyme responsible for amylose biosynthesis 

in plants and green algae. Its loss of catalytic activity results in waxy starch, indicating that no 

other synthase can replace it in this function (Shure, Wessler, et Fedoroff 1983; S. G. Ball, van 

de Wal, et Visser 1998). The process of amylose deposition takes place in a preexisting matrix 

of a starch granule and involves the water-insoluble amylopectin backbone to guide granule-

bound starch synthase (GBSS) to the granule. There are two tissue-specific isoforms of GBSS, 

GBSSI and GBSSII, which are encoded by separate genes and act in different tissues (Tsai, 

Salamini, et Nelson 1970; Geddes, Greenwood, et Mackenzie 1965). Granule-bound starch 

synthase (GBSS) incorporates glucose (Glc) from ADP-Glc to the non-reducing end of an α-
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1,4-linked glucan chain in a processive manner  (K Denyer et al. 1999). Its product is largely 

linear and is protected from branching activity, explaining why it is linear. GBSS activity is 

stimulated by MOS and is regulated by protein phosphorylation and oligomerization. The 

synthesis of amylose necessitates the involvement of a member from the PTST family (Leterrier 

et al. 2008), PTST1, which targets GBSS to the starch granule via a CBM48 (Seung et al. 2017; 

2015). Loss of PTST1 results in a waxy phenotype, indicating its critical role in amylose 

biosynthesis. A proportion of amylose contains α-1,6-branch linkages, but the enzymes 

responsible for branching amylose are not known. 

Amylose is distributed unevenly in the starch granule, being more prominent at the periphery 

of the granule and in the equatorial fold or groove of developing granules (R. Tester et Morrison 

1990). It is likely confined to regions that are more easily accessible to enzymes than the denser, 

less hydrated crystalline regions. The elongated chains of amylose and the extremely long 

chains of amylopectin produced by GBSS may contribute to the structural support of the 

amylopectin backbone within the non-crystalline regions. 

 

2.1.5. Amylopectin Synthesis 
 

Amylopectin is synthesized from the hilum, which results from the initiation process, by three 

major groups of enzymes: starch synthases (SSs), starch branching enzymes (SBEs), and 

debranching enzymes (DBEs). These three groups of enzymes functionally and physically 

interact with each other during the process. They have multiple isoforms within each enzyme 

class with distinct biochemical properties. 

a. Starch Synthases 

 

Three of the six known SS isoforms (SSI, SSII, and SSIII) play a direct role in amylopectin 

biosynthesis. They produce α-1,4-linked glucan chains of various lengths that can be further 

extended, branched (by starch branching enzymes, SBEs), or debranched (by debranching 

enzymes, DBEs) (Pfister et Zeeman 2016). In contrast to granule-bound starch synthase 

(GBSS), all SS isoforms involved in amylopectin biosynthesis operate in a distributive manner, 

in which the α-1,4-linked chain is elongated by a single glucose per enzyme-substrate 

interaction.  The possible donor chains for the starch synthase (SS) isoforms could be different 

and originate from different sources such as pre-existing α-glucans (maltodextrins, MOS) 

produced by other SS isoforms, debranching enzymes (DBEs) that release branch chains while 
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trimming amylopectin, disproportionating enzyme (DPE), or starch phosphorylase (SP). SSs 

have a highly conserved C-terminal catalytic glycosyltransferase domain and a variable N-

terminal extension (Figure 2.2) (Pfister et Zeeman 2016). The catalytic domain is conserved 

between SSs and bacterial glycogen synthases and contains both a GT5 and a GT1 domain 

(CAZy) (Leterrier et al. 2008).  

 

Figure 2.2: Domain structure of different Starch Synthases (SS) classes from Arabidopsis. 

Different structural domains are highlighted: Plastidial transit peptides (N-terminal blue boxes), 

carbohydrate-binding modules of Family 25 (yellow boxes, CBM), coiled-coil domains (green 

boxes, C), glycosyltransferase-5 domains (black boxes, GT5), glycosyltransferase-1 domains 

(red boxes, GT1). The scale bar represents 100 amino acids (AA) (Pfister et Zeeman 2016). 

 

ADPglucose binding to SSs may involve specific conserved motifs such as Lys-X-Gly-Gly  

(Furukawa et al. 1990; Edwards et al. 1999) and other charged/polar residues (Buschiazzo et 

al. 2004; Busi et al. 2008). The N-terminal extensions of different SS classes are diverse. In 

SSIII and SSIV, these extensions may facilitate protein-protein interactions, potentially via 

coiled-coil motifs (Hennen-Bierwagen et al. 2008). Additionally, the N-terminal part of SSIII 

contains three conserved carbohydrate-binding modules (CBMs) that are involved in substrate 

binding  (Busi et al. 2008; Wayllace et al. 2010). 
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1. Starch synthase I (SSI) 

 

Starch synthase I (SSI) extends the shortest MOS/α-glucan chains, with a degree of 

polymerization (DP) ranging from 6 to 7, generating intermediate-sized α-glucan chains with a 

DP between 8 and 12. The exact chain lengths used and produced by different SS isoforms 

depend on the plant source. These intermediate chains are likely further lengthened by SSII and 

potentially other SS enzymes. Nonetheless, recombinant Arabidopsis SSI can synthesize chains 

up to DP 15 when using maltoheptaose as a primer (Seung et Smith 2019) and, with the aid of 

a branching enzyme, can generate the full range of chain lengths typically found in one 

crystalline layer of amylopectin, such as A and B1 chains (Malinova, Qasim, et al. 2018). 

A lack of SSI activity leads to noticeable changes in the chain length distribution (CLD) of 

amylopectin, especially regarding the A- and B1-chains that form clusters (Fujita et al. 2006). 

Barley-derived SSI studies reveal that the enzyme does not bind to maltotriose or maltotetraose, 

suggesting that it utilizes short MOS generated by other enzymes  (Wilkens et al. 2014). 

 

2. Starch synthase II (SSII) 

 

Starch synthase II (SSII) deficiency has been investigated in various plants, such as potato 

tubers (Kossmann et al. 1999), pea seeds (Denver et al. 1995), rice (Umemoto et al. 2002), 

maize (X. Zhang et al. 2004), and Arabidopsis leaves (Pfister et al. 2014). The resulting 

phenotypes share remarkable similarities, characterized by noticeable changes in the fine of 

polymerization (DP) around 8 and a decrease in chains with a DP around 18, indicating a shift 

towards shorter chain lengths. Additionally, ssII mutant starches typically have higher amylose 

content, altered granule morphology, and reduced starch crystallinity. In Arabidopsis, small 

quantities of soluble glucan were found to accumulate alongside starch (Pfister et al. 2014). 

Based on these changes in chain length distribution (CLD), it seems that the intermediate chains 

with a DP between 8 and 12, generated by SSI, are elongated by SSII, which subsequently 

produces longer chains with a DP ranging from 12 to 30. 

 

3. Starch synthase III (SSIII) 

 

The role of Starch synthase III (SSIII) is less well-defined compared to SSI and SSII. It has 

been proposed to be involved in synthesizing long B chains, extending cluster-filling chains, 

and regulating other starch-biosynthetic enzymes. Additionally, SSIII is important for initiating 
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starch granules, especially in the absence of SSIV. Among all SS enzymes, SSIII possesses the 

longest N-terminal extension, which contains starch-binding domains and predicted coiled-coil 

domains (Klucinec et Thompson 2002). The most well-understood function of SSIII is the 

synthesis of long, cluster-spanning B chains such as B2 and B3. Alterations in the short chain 

profile of amylopectin in ssIII mutants suggest that SSIII also participates in the synthesis of 

short A and B chains (Q. Lin et al. 2012). 

Apart from its function in granule initiation and hilum formation, SSIII also continues to 

elongate the long glucan chains, initially produced by SSII with a degree of polymerization 

(DP) between 12 and 30, to create the longest linear chains in amylopectin which can have a 

degree of polymerization (DP) more than 30.  

SSI, SSII, and to a lesser extent SSIII show strong association with starch granules and are 

resistant to significant removal even after thorough washing with detergents. The mechanism 

by which granule-associated proteins bind to the granule is not fully understood (Commuri et 

Keeling 2001). However, for some SS isoforms such as SSI, it's been proposed that their binding 

affinity for the α-glucans improves with glucan chain length, causing them to become locked 

onto the substrate  (F. Liu et al. 2012). The activities of other SS isoforms and starch branching 

enzymes (SBEs) may decrease the likelihood of individual enzymes becoming trapped in the 

granule during starch synthesis. 

 

b. SS Isoforms influence on the Building Block-Backbone Model 
 

The majority of the amylopectin structure is composed of building blocks, which consist of 

short α-glucan chains extended to form short outer segments. The configuration of these 

medium-length chains facilitates the formation of helices that contribute to the crystalline 

characteristic of the 9-nm repeating structure. Starch synthase isoforms SSI and SSII are 

responsible for creating the short and intermediate-length glucans, which make up the primary 

structure of amylopectin. This includes the building blocks and short outer segments that are 

considered part of the clusters in the models proposed by Hizukuri and French. Research in 

Arabidopsis suggests a critical role for functional interactions between starch synthase isoforms 

SSI and class II starch branching enzymes (SBEs) in establishing the characteristic multimodal 

chain length distribution found in plant starches (Brust et al. 2014). SS enzymes and SBEs have 

been shown to physically interact (Tyynelä et Schulman 1993; Tetlow et al. 2008). The long 
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chains that form the backbone are likely a result of SSIII activity (Martha G James, Denyer, et 

Myers 2003). In fact, one proposed function of SSIII in amylopectin synthesis, according to 

other structural models, is the provision of long, cluster-connecting chains that make up the 

amylopectin backbone (Martha G James, Denyer, et Myers 2003). α-glucan chain groups are 

abundant in plant amylopectins, and along with the analysis of various SS mutants, this suggests 

a vital role for SSI, SSII, and SSIII in constructing the building blocks and backbone. 

Additionally, the backbone may be reinforced by the super-long chains formed by granule-

bound starch synthase (GBSS) (Isao Hanashiro et al. 2005; I. Hanashiro et al. 2008). 

 

2.1.6. Starch Branching Enzymes 
 

Branching enzymes (E.C.2.4.1.18) catalyze an irreversible reaction that forms an α-1,6-linked 

glucan linkage from α-1,4-linked glucan chain. This occurs by hydrolytic cleavage of an α-1,4- 

glycosidic bond inside the α-glucan chain. The reducing end of the released α-glucan chain is 

subsequently transferred either to a C6 hydroxyl of the original glucan chain leading to an intra-

chain transfer (Drummond, Smith, et Whelan 1972; Borovsky et al. 1979) or to an adjacent α-

glucan chain (inter-chain transfer). The factors that determine whether inter- or intra-chain 

transfer occurs are not fully understood; however, research on potato tuber starch SBE reactions 

suggests that the relative concentrations of the α-1,4- glucan chains (maltodextrins, MOS) may 

have a significant influence (Borovsky et al. 1979; Borovsky, Smith, et Whelan 1976). 

In starch biosynthesis, branching frequency is limited to about 5%, much lower than in other 

polyglucans like glycogen (approximately 9%).  Branching linkages are restricted to the non-

crystalline regions (amorphous regions) of the 9-nm repeat structure in the amylopectin (Brust, 

Orzechowski, et Fettke 2020). In plants, there are typically two classes of starch branching 

enzymes (SBEs), categorized based on the relationships of their conserved amino acid 

sequences: SBEI and SBEII (Figure 2.3) (Larsson et al. 1996; Jobling et al. 1999). SBEI and 

SBEII are the products of separate genes and have distinct biochemical properties, suggesting 

specific roles in determining amylopectin structure (Fisher et al. 1996). Typically, the two 

classes - SBEI and SBEII differ in their substrate specificity and the length of the α-glucan 

chains they transfer. There are different minimum chain length requirements for SBEI and 

SBEII classes for branching: approximately DP 15 for SBEI and approximately DP 12 for 

SBEII (Guan et Preiss 1993; Fisher et al. 1996). SBEI shows a preference for amylose 

transferring long chains with a degree of polymerization (DP) of about 30, predominantly in 
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the DP 10 to 13 range. On the other hand, SBEII isoforms show increased catalytic activity 

when working with amylopectin and transfer relatively shorter α-glucan chains from about DP 

6 to 14 (Fisher et al. 1996). 

In grasses and cereals, starch branching enzyme class II (SBEII) is subdivided into tissue-

specific isoforms: SBEIIa (mainly found in leaves) and SBEIIb (predominantly endosperm-

specific), each the product of separate genes and exhibiting different glucan length transfer 

properties (Fisher et al. 1996; Regina et al. 2005). Typically, SBEI is expressed more 

predominantly in storage tissues than in leaves and other photosynthetic tissues, suggesting its 

critical role in determining the structural characteristics of storage starches as opposed to the 

transient starches (Blauth et al. 2001; Satoh et al. 2003). The absence of SBEI in cereals leads 

to minor changes in the amylopectin structure, implying some functional overlap between 

different SBE isoforms. Interestingly, the absence of SBEI in the green alga Chlamydomonas 

reinhardtii results in a decreased in the degradation of transient starch, suggesting that SBEI 

expression promotes the formation of amylopectin structures that are more susceptible to 

amylolysis (Tunçay et al. 2013). It's remarkable that not all plants express SBEI, while some 

plants, such as Canola (Brassica napus L.) and Arabidopsis, harbor only SBEII class enzymes 

(Dumez et al. 2006). 

 

 

Figure 2.3: Domain structure of different classes of branching enzymes (BE). While these 

classes can be distinguished by sequence, they share a common domain structure. Different 

structural domains of these enzymes are highlighted: Plastidial transit peptides (N-terminal blue 

boxes), carbohydrate-binding modules of type 48 (orange boxes, CBM), catalytic domains of 

the α-amylase family (black boxes, AMY), and the all-β domains typically found in the C-

terminus of α-amylase family members (blue boxes, AMY_C). The scale bar represents 100 

amino acids (AA) (Pfister et Zeeman 2016). 
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SBEI plays a role in forming long branch chains found in amylose and the "super-long" chains 

of amylopectin. Many studies highlight the significance of the SBEII class in determining the 

fine structure of amylopectin and affecting overall starch content in various plants (Pfister et 

Zeeman 2016; Tetlow et Emes 2014). This is not unexpected, considering that the majority of 

amylopectin structure consists of building blocks and interblock segments, with branching 

points attached to these structures that are likely formed through the action of SBEII.  In many 

plants such as grasses and cereals, SBEII is responsible for the majority of measurable SBE 

activity (Regina et al. 2006; Boyer et Preiss 1981), while the absence of SBEII leads to 

significant changes in the architecture of amylopectin. Loss of SBEII results in an amylopectin 

with reduced branching frequency, an increase in long chain content (referred to amylose 

content), and a decrease in total starch content (F. Liu et al. 2009; J. Wang et al. 2018; Jobling 

et al. 1999; Schwall et al. 2000). Conversely, overexpression of SBEII results in starches with 

low crystallinity, highlighting the importance of adjusting the rates of α-glucan chain elongation 

(starch synthases, SS) and branching (Brummell et al. 2015; Tanaka et al. 2004). 

 

2.1.7. Starch Debranching Enzymes  
 

Starch debranching enzymes (DBEs) play a critical function in shaping the water-insoluble 

properties of amylopectin within starch granules in green algae and higher plants by truncating 

the amylopectin structure (Cenci et al. 2013; 2014; S. Ball et al. 1996). DBEs belong to the α-

amylase superfamily and hydrolyze the α-1,6-branch linkages created by branching enzymes 

(Møller, Henriksen, et Svensson 2016). During plant and green algae evolution, some DBE 

isoforms acquired a catabolic function, becoming essential components of the starch 

biosynthetic pathway. Selective hydrolysis of α-1,6-branch points is thought to play a role in 

clustering the remaining branches within amylopectin. This clustering promotes local 

interactions between α-glucan chains and the formation of α-helices, which are likely crucial 

for the development of the semi-crystalline structure of amylopectin (Gidley et Bulpin 1987; 

Regina et al. 2004; Mouille et al. 1996; Nielsen, Baunsgaard, et Blennow 2002). 

There are two classes of debranching enzymes (DBEs) in plants: the isoamylase (ISA) type and 

the pullulanase (limit dextrinase) (LDA) type (Figure 2.4). ISA-type DBEs are responsible for 

debranching amylopectin and other polyglucans, while LDA acts on both amylopectin and the 

fungal polymer pullulan's α-1,6-linkages (Møller, Henriksen, et Svensson 2016). LDA and an 
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ISA-type DBE isoform (ISA3) primarily function in removing α-1,6-branch linkages from 

chains during starch degradation (Wattebled et al. 2008; Yun, Umemoto, et Kawagoe 2011). 

 

During starch biosynthesis, two isoforms of isoamylase (ISA1 and ISA2) trim exposed branches 

created by SBEs. This trimming results in the formation of clustered branches that are thought 

to be less accessible to the action of debranching enzymes (DBEs) or amylases such as α- and 

β-amylases (M. G. James, Robertson, et Myers 1995; Morris et Morris 1939). The function of 

DBEs in starch biosynthesis has been assumed primarily from mutant analyses, such as the 

sugary1 mutant found in sweet corn varieties. This mutant produces a water-soluble polyglucan 

similar to glycogen there is a polyglucan in plants known as phytoglycogen (M. G. James, 

Robertson, et Myers 1995; Morris et Morris 1939).  Biochemical analysis of Chlamydomonas 

ISA1 supports the role of isoamylase (ISA) in glucan trimming and the formation of water-

insoluble polyglucan. The enzyme has a low affinity for closely spaced branches, preferentially 

removing more open and accessible α-1,6-branch points that prevent the clustering of branches 

necessary for the accumulation of insoluble polyglucan (Dauvillée et al. 2001; Sim et al. 2014). 

On the other hand, debranching enzymes (DBEs) act by releasing maltodextrin (MOS) chain 

fragments. These fragments can be used by granule-bound starch synthase (GBSS) for amylose 

synthesis or by starch phosphorylase (SP) and debranching enzyme (D-enzyme), which may 

control the availability of MOS for granule initiation (Bresolin et al. 2006). Unlike other key 

enzymes involved in amylopectin and amylose synthesis, such as starch synthase (SS) and 

starch branching enzyme (SBE) isoforms, DBEs remain soluble in the plastid stroma rather than 

becoming physically associated with the growing water-insoluble starch granule.  
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Figure 2.4: Domain structure of different classes of debranching enzymes (DBE). The 

Arabidopsis debranching enzymes (ISA1, ISA2, ISA3, LDA). Different structural domains are 

highlighted: Plastidial transit peptides (N-terminal blue boxes), carbohydrate-binding modules 

of family 48 (orange boxes, CBM), catalytic α-amylase family domains (black boxes, AMY), 

and a Pfam domain of unknown function, DUF3372 (red box, DUF). The scale bar represents 

100 amino acids (AA) (Pfister et Zeeman 2016). 

 

DBEs have a critical, albeit indirect role in shaping amylopectin's fine structure. Within the 

context of the amylopectin cluster model proposed by Hizukuri and French (Hizukuri 1986; 

French 1972), amylopectin trimming is considered necessary for cluster formation, which 

optimally structures crystallites (S. Ball et al. 1996). The backbone model proposes that the 

debranching enzyme (DBE) isoforms involved in amylopectin synthesis, such as ISA1, ISA2, 

and LDA, act on the building blocks and interblock segments as they are synthesized at the 

periphery of the growing starch granule by starch synthases (SSs) and starch branching enzymes 

(SBEs). These DBEs are responsible for removing short outer chains, thereby modifying the 

structure of the amylopectin molecule. In the backbone model, trimming serves to prevent the 

formation of overly large, tightly branched entities (i.e., "clusters"), enabling the development 

of interblock segments, that contribute to the formation of a flexible backbone structure. In 

addition, the presence of helical segments along the backbone facilitates the alignment and 

crystallization of double helices, contributing to the overall crystalline structure of amylopectin 

(Inouchi, Glover, et Fuwa 1987; Boyer et Liu 1983). Initially, a part of the amylopectin 

molecule is formed with tightly positioned branches. Subsequent trimming by DBEs  
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facilitates further elongation of the emergent long chain in the growing backbone. This process 

occurs simultaneously with the formation of double helices from the remaining short chains 

within the trimmed section (Inouchi, Glover, et Fuwa 1987; Boyer et Liu 1983). As a result, 

backbone elongation and double-helix formation occur simultaneously, contributing to the 

overall structure of the starch molecule. This elongated region is continuously trimmed, and 

more double-helices are formed. In the absence of trimming (lack of ISA1 activity), extensively 

branched phytoglycogen is produced instead, which is known to lack long-chain fractions 

(Inouchi, Glover, et Fuwa 1987; Boyer et Liu 1983). 

As mentioned earlier, Group 6 building blocks, which consist of approximately 10 chains, may 

indicate remnants of incomplete truncation of the amylopectin backbone. These building blocks 

are typically found in small amounts within the amylopectin structure (Eric Bertoft, Koch, et 

Åman 2012). 

 

2.2. Starch degradation 
 

For starch degradation in leaves, the breaking of glucan polymers is mainly catalyzed by two 

types of hydrolytic enzymes, i.e. exoamylase (β-amylase) that cleaves α-1,4 linkages, and the 

debranching enzyme isoamylase that cleaves α-1,6 linkages. Moreover, as starch is compacted 

into semi-crystalline structures, it is essential to decreases the degree of crystallinity to facilitate 

and speed up degradation allowing a quick turnover. Phosphorylation at the granule surface, 

probably by interfering with the packing of double helices, facilitates the opening of the granule 

surface, thus making starch more accessible for hydrolytic enzymes. However, for full 

degradation of starch, removing the inhibitory phosphates (dephosphorylation) is also required 

to allow β-amylase to access (Fulton et al. 2008).  

Plants rely on stored metabolites to survive and maintain their metabolism at night. Given that 

starch is the major storage metabolite in leaves, its degradation into glucose and other sugars is 

essential at night to reach different organs and maintain plant growth (Smith, Zeeman, et Smith 

2005). Different enzymes regulate the process of starch degradation through multiple non-linear 

reactions. First, glucans phosphorylation occurs to facilitate the initiation of starch degradation, 

whereby the enzymes GWDs and phosphoglucan water dikinases (PWDs) transfer the β-

phosphate of ATP to phosphorylate amylopectin glucosyl residues at C6 and C3, respectively 

(Edner et al. 2007; Ritte et al. 2006). As a result, the semi-crystalline packed structure of glucans 
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at the surface of granules becomes disrupted, thereby initiating the process of starch degradation 

(Mahlow et al., 2016).  

The breakdown of amylopectin glucans is dependent on the phosphorylation and 

dephosphorylation reactions (Smirnova et al., 2015). The enzyme Starch EXcess 4 (SEX4) 

catalyzes the dephosphorylation of amylopectin glucans at C6 and C3 positions (Kötting et al. 

2009) whereas and Like Starch-excess Four2 (LSF2) catalyzes the dephosphorylation at C3 

position only (Santelia et al. 2011). The dephosphorylation step is crucial for allowing β-

amylase to access and break down the glucan chains because the presence of a phosphate group 

hinders its enzymatic activity (Mahlow et al., 2016). Thus, starch degradation process is 

achieved through destabilizing the granule surface via phosphorylation, then its degradation by 

glucan hydrolytic enzymes and dephosphorylation by SEX4 and LSF2 in a process known as 

reversible glucan phosphorylation (Mahlow et al., 2016; Smirnova et al., 2015; Silver et al., 

2014). 

Several enzymes have been found to be involved in the starch degradation process. A key 

enzyme in this process is β-amylase, which catalyzes the cleavage of α-1,4-glycosidic bonds 

from the non-reducing ends of starch to produce maltose (Lloyd et al., 2005). The enzymes 

isoamylases (ISAs) are also involved in starch metabolism, where they hydrolyze the α-1,6-

branching points in amylopectin to release long linear glucan chains (Mahlow et al., 2016; 

Smirnova et al., 2015). Other enzymes such as α-amylases and debranching enzymes hydrolyze 

the α-1,4 and α-1,6-glycosidic bonds of glucans, respectively (Smith et al., 2005). These 

reactions produce a mixture of linear and branched malto-oligosaccharides. Further degradation 

of these products can be done by chloroplastic glucan phosphorylase, which releases G1P that 

can be converted to triose phosphate (Weise et al., 2004). The latter can be exported from the 

chloroplast in exchange for inorganic phosphate via the triose-phosphate transporter (Walters 

et al. 2004). In addition, the produced maltose by the action of β-amylase can be transported 

from the chloroplast into the cytosol through the maltose transporter MALTOSE EXCESS 1 

(MEX1) (Lu et al. 2006).  Lastly, evidence suggests that DPE1 is implicated in maltotriose 

metabolism during starch degradation (Critchley et al. 2001). It converts two maltotriose 

molecules into maltopentaose and glucose, which is exported from the chloroplast to the cytosol 

through a glucose transporter (O’Neill et Field 2015).  

The process of starch degradation is regulated in response to a vast array of factors and 

conditions, including the circadian clock, CO2 levels, nutrients, hormone signaling, and water 

supply (Lloyd et al., 2005). Environmental alterations that cause a decreased level of 
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accumulated starch storage during the day affect the process of starch degradation at night 

(Streb et Zeeman 2012). Similarly, changes in pH and redox potential affect the catalytic 

activity of enzymes implicated in this process (Monroe et al. 2014). These factors are also 

affected by the onset of light-night transition. Short photoperiods are associated with an 

increased rate of starch biosynthesis and decreased rate of degradation  (Gibon et al. 2009). 

Likewise, changes in the levels of metabolites may affect the fluxes into and out of the starch 

degradation process (Keurentjes et al. 2008). In summary, starch degradation is an essential 

process in plants that allows for the efficient use of stored energy. It is regulated by various 

enzymes and signaling pathways and is particularly important in plants that experience periods 

of prolonged darkness.   
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3. Two new proteins involved in starch metabolism  
 

In order to understand the mechanism by which starch break down is adjusted to the length of 

the night, an Arabidopsis thaliana mutant with a clock-regulating phenotype was studied, 

allowing the discovery of novel proteins involved in starch metabolism. 

Like PTSTs, two new proteins, ESV1 (Early Starvation 1) and LESV (Like Early Starvation 1), 

with no predicted enzymatic activity but with an important role in starch metabolism in plants, 

have recently been identified (Feike et al. 2016). The presence of these proteins in all 

photosynthetic organisms highlights their importance in these organisms. My PhD thesis 

focuses on the study of these two proteins. 

I am co-author of one of the papers describing the function of these proteins, which is currently 

in press  (C. Liu et al. 2023). In that paper, I performed the structural part that I will describe in 

the results. However, as I was not involved in the functional studies, I have chosen to describe 

these data in the introductory part of my thesis. 

 

3.1. Early Starvation 1 (ESV1) 

3.1.1. ESV1 identification  
 

ESV1 was discovered through a forward genetic screen in a study aimed at investigating the 

regulation of transitory starch between the day-night cycle, by understanding how Arabidopsis  

thaliana plants modulate leaf starch degradation rates to the length of the night by identifying 

mutants defective in the regulation of carbon availability that exhaust their starch reserves at 

night earlier than normal plants in which they identified ESV1 (Feike et al. 2016).  In addition, 

ESV1 was identified for the second time in a study aimed at identifying the genes responsible 

for the absence of starch granules in the hypocotyl endodermis and root columella in mutants 

in which they found that the esv1 mutant is the responsible for the lack of starch granules 

phenotype (Song et al. 2021). 
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3.1.2. Phenotype analysis of esv1 mutants 

a. Starch turnover in plants 
 

esv1 mutant is a mutant discovered by Feike et al. 2016, and named early starvation1 (esv1-1) 

in which the plant depleted in this gene has a starvation phenotype (Feike et al. 2016). This 

mutant displayed strong bioluminescence at the end of the night compared to the wild type, 

indicating rapid starch degradation at night due to a mutation in an unannotated gene encoding 

a highly conserved tryptophan-rich protein encoded by At1g42430 found in chloroplasts and 

within starch granules (Feike et al. 2016; Song et al. 2021). However, this mutant maintained 

near-normal starch levels at the end of the day.  

esv1 mutants displayed abnormal, nonlinear starch turnover during the day and experienced 

sucrose starvation, leading to the depletion of their starch reserves too quickly at night, 

approximately two hours before night’s end. Consequently, this resulted in early carbon 

starvation under a normal 12-hour light/12-hour dark cycle despite having normal levels of 

starch at the end of the day (Figure 3.1.a) (Feike et al. 2016) . 

 

 

Figure 3.1: Rosettes stained with iodine two hours before the end of the night.  Control plant 

(Col-0) is to the left, while the esv1-1 mutant obtained from the forward genetic screen is to the 

right. (a) Wild type rosettes stained pale (on the bottom), indicating that some starch was still 

present, while esv1 mutant did not stain two hours before the end of the night (at the bottom), 

indicating a significant decrease in starch content.  esv1-1 mutant had near-normal starch levels 

at the end of the day (at the top), as shown by the iodine staining. (b) Starch degradation in 
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leaves of esv1 mutants. The graph shows starch content throughout the day-night cycle in 3-

week-old wild-type rosettes (black) and esv1 (blue) (Feike et al. 2016). 

 

In addition, under 8-hour light/16-hour dark cycles, which represent an unexpectedly early 

night, esv1 mutants depleted their starch reserves 4 hours before the end of the night indicating 

an inability to adjust the rate of starch degradation properly Figure 3.1 (Feike et al. 2016). On 

the other hand, wild-type plants can adapt starch degradation rates based on night length by 

degrading starch at an almost linear rate and didn't exhaust their reserves before night's end 

during the 12-hour night or during the early night (8-hour light) (Feike et al. 2016).  The time 

it takes for esv1 mutants to exhaust starch reserves was demonstrated by Feike et al. 2016 to be 

dependent on their initial starch content when exposed to different light levels. They subjected 

both esv1 and wild-type plants to varying light levels throughout a single day, resulting in 

different starch levels at the beginning of the 12-hour night.  esv1 mutant also have lower net 

starch accumulation during the day meaning low starch content at the start of the night. esv1 

mutant plants have higher sucrose and maltose levels during the day but lower levels at night's 

end which means that they degraded starch during both day and night. This led to premature 

starch depletion in esv1 plants also resulting in less starch accumulation than in wild-type 

plants. increased maltose levels are a sign of starch breakdown (Weise et al., 2004) while 

increased sucrose levels are a sign of defects in starch biosynthesis or degradation pathways 

(Mugford et al. 2014). 

ESV1's mutation has an impact on starch granule formation and this impact varies depending 

on the tissue, and the reasons for this variation are unknown (Song et al. 2021). However, the 

severity of the ESV1 mutant phenotype may be linked to the balance between starch synthesis 

and degradation in a given tissue, which in turn determines the formation of starch granules. In 

Arabidopsis  sink tissues, starch is synthesized from glucose 6-phosphate in the cytosol and 

then transported to the plastids via GPT (Kunz et al. 2010), while in photosynthetic source 

tissues, it is synthesized from fructose 6-phosphate in the Calvin-Benson cycle (Streb et Zeeman 

2012). The absence of starch granules in tissues lacking ESV1 coincides with those that use 

transported glucose 6-phosphate for starch biosynthesis, suggesting a possible function for 

ESV1 in glucose 6-phosphate transport (Song et al. 2021). However, it is important to note that 

this information does not necessarily indicate ESV1's involvement in glucose 6-phosphate 

transport into the plastids (Song et al. 2021). ESV1 may have a role in regulating metabolic 

processes that are common to all tissues, but the severity of the mutant phenotype may be linked 
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to the ratio of starch synthesis to degradation in a particular tissue (Song et al. 2021). This ratio 

determines the balance between starch synthesis and degradation, which in turn affects the 

formation of starch granules (Song et al. 2021). 

 

b. Phenotype of starch granules 
 

Alteration levels of esv1 will lead to change in the starch granule morphology, number, or 

composition, in esv1 mutants (Feike et al. 2016). The shape of starch granules in esv1 mutant 

was less regular compared to those of the wild-type as discussed in chapter 1 and as we can see 

in Figure 3.2 (Feike et al. 2016). in addition, in esv1 mutant starch had a change in the starch 

composition of approximately 60% more amylose than wild-type plants (Figure 3.3), but this 

change doesn't have any effect on starch degradation since the esv1 mutant had a faster 

degradation of starch even if the amylose is present in the starch or no (Feike et al. 2016).  

 

Figure 3.2: esv1 mutant starch granule morphology. Scanning electron micrographs (SEM) 

of isolated starch granules of wild-type (Col) and esv1; Bars = 2 µm (Feike et al. 2016). 

 

Rice ESV1 is important for accumulating starch in leaves and forming tightly packed starch 

granules.  Mutants lacking ESV1 were found to have small, loosely packed starch granules with 

crevices between them, whereas wild-type starch granules are large, tightly packed with narrow 

crevices between them. During the day, rice ESV1 mutants store less starch in leaves compared 

to the wild type. However, they deplete starch at a slower rate at night, resulting in similar levels 

of starch depletion at dawn (Song et al. 2021). 
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3.1.3. Overexpression of ESV1  

With the aim of understanding the function of ESV1 protein in regulating leaf starch content, 

Feike et al. 2016 created plants with increased levels of esv1 protein using constitutive YFP 

fusion expression. Elevated starch contents were observed in plants expressing ESV1-YFP, 

regardless of whether they were wild-type or esv1 mutants. Increased starch content was seen 

only at the end of the night for some lines, whereas in line 3-2 as we can see in Figure 3.3 is the 

most noticeable effect where starch content was significantly higher throughout the entire day-

night cycle (Figure 3.3). It has the highest ESV1-YFP expression (Feike et al. 2016). 

 

 

Figure 3.3: Starch contents at the end of the day represented in white, then 10 hours into the 

night represented in gray, and the end of the night represented in black were measured for wild-

type plants, esv1, lesv mutants, and lines overexpressing ESV1-YFP in a wild-type or an esv1 

background (Feike et al. 2016). 

 

3.2. Like Early Starvation 1 (LESV) 

3.2.1. LESV identification 

LESV was identified by sequence homology to ESV1 protein encoded by At3g55760 in 

Arabidopsis genome and referred to as LIKE EARLY STARVATION 1 (LESV).  It shares 

38% sequence identity with ESV1 in Arabidopsis  (Feike et al. 2016). 
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3.2.2. lesv mutant phenotype 
 

Feike et al. 2016 studied the effect of lesv mutants on starch degradation, in which they found 

that starch accumulation and degradation were similar to wild-type plants (Figure 3.4). In 

addition to the levels of sucrose of maltose that are also similar to wild-type plants during the 

day and the night cycle. 

 

Figure 3.4: Starch degradation in leaves of lesv mutant. Control plant (Col-0) is to the left, 

while the lesv mutant to the right. (a) Wild type rosettes stained pale and lesv mutant two hours 

before the end of the night (on the bottom), indicating that some starch was still present.  Wild 

type rosettes and lesv mutant had near-normal starch levels at the end of the day (at the top). 

(b)The graph shows starch content throughout the day-night cycle in 3-week-old wild-type 

rosettes (black) and lesv-1 (red) (Feike et al. 2016).  

 

a. Phenotype of starch granules  

Feike et al. 2016 studied the alteration levels of LESV protein in terms of starch granule 

morphology; The shape of starch granules in lesv mutant was less regular compared to those 

of the wild-type (Feike et al. 2016).  
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Figure 3.5: lesv mutant starch granule morphology. Scanning electron micrographs (SEM) of 

isolated starch granules of wild-type (Col), and lesv mutant leaves (Feike et al. 2016). 

 

Changes in the amount of LESV had a greater impact on the levels of starch-bound phosphate. 

When LESV was absent, starch phosphate content decreased by around 25%, and when it was 

overexpressed, it increased by about 75% (Feike et al. 2016). 

Subsequent to this publication and in view of the results obtained for lesv and described in the 

rest of the manuscript, the phenotype of the lesv mutant, which is very close to that of the wild 

type, did not fully correspond to the expected results because of the important function of lesv. 

So TEM images have been look more closely and a small fraction of the chloroplasts (5%) that, 

in fact, contained aberrant granules has been found (C. Liu et al. 2023). In these plastids small 

granules with irregular surfaces were observed surrounded by very small particles, or just the 

small particles (Figure 3.6A). 

 



78 
 

  

Figure 3.6:   A) TEMs of selected lesv chloroplast sections, obtained from plants grown. Most 

lesv plastids appear wild-type like (i), but a few contain unusual glucans (ii). B) TEMs of lesv 

plants grown and harvested. Most chloroplast sections contain either a mixture of starch and 

phytoglycogen (i) or phytoglycogen-like inclusions only (ii) Scale bar, 2 μm (C. Liu et al. 2023). 

 

So, it has been decided to de-starch the plants lesv with an extended dark period and let them 

resynthesize the starch from scratch. This yields a spectacular phenotype, with the vast majority 

of chloroplasts containing a mixture of aberrant granules and substantial amounts of water-

soluble polysaccharide. Visualization of these glucans by TEM showed that most lesv 

chloroplast sections contained a mix of aberrant granules and small, presumably soluble 

particles (58%) or exclusively small particles (37%) (Figure 3.6B). Normal starch was observed 

in only 5% of chloroplast which shows an important function for LESV in starch granules 

formation planta that will be described hereafter. 

 

3.2.3. Overexpression of LESV 

Overexpression of LESV resulted in a higher number of granules per chloroplast, many of 

which were much smaller than wild-type granules, and a reduction in the amylose content in 
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plants. with the aim of understanding the function of ESV1 and LESV proteins in regulating 

leaf starch content, Feike et al. 2016 created plants with increased levels of LESV protein using 

constitutive YFP fusion expression. Secondly, they studied the impact of LESV overexpression 

on starch content. In a wild-type background, LESV-YFP expression had minimal effect on 

starch content at day's end, but caused a 3-fold decrease in starch content 10 hours into the night 

and at night's end. This suggested that LESV-overexpressing plants might experience starvation 

by the end of the night (Feike et al. 2016). 

 

3.3. Localization of ESV1 / LESV 

ESV1 and LESV proteins were predicted to be localized in the plastids for the first time using 

a proteomic approach by (Bayer et al. 2011).  However, analysis using TargetP and ChloroP 

software algorithms did not indicate the presence of a significant chloroplastidial transit peptide 

(cTP) for the ESV1 protein, in addition, similar proteins from other plant species have putative 

transit peptides. however, this absence was unexpected since most nuclear-encoded proteins 

require a targeting sequence for localization in plastids (Emanuelsson et al., 1999) . This 

absence was confirmed by mass spectrometry analysis, which showed that the first 58 amino 

acids were missing and probably were eliminated during the transportation of the protein into 

the chloroplast (Malinova et al. 2018).  

On the other hand, analysis using the ChloroP program indicates the presence of a 

chloroplastidial transit peptide of about 56 amino-acid on the N-terminal for LESV protein 

(Feike et al. 2016). 

The chloroplastic location of ESV1 and LESV proteins was later confirmed by Feike et al. 2016 

through transient expression of both proteins in the leaves of a plant called woodland tobacco 

plant (N. Sylvestris) by C-terminal fusions to YFP (Feike et al. 2016). In both cases, YFP 

fluorescence was fully observed in the chloroplasts and also associated with structures expected 

to be starch granules called discrete bodies as we can see in Figure 3.7. 
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Figure 3.7: Transient expression of ESV1-YFP and LESV-YFP in wild-type and pgm mutant 

N. sylvestris leaves. The top panel displays YFP fluorescence, the middle panel shows the 

combined YFP fluorescence and chlorophyll, and the bottom panel shows only the chlorophyll 

fluorescence superimposed on a bright field image of the leaf area. All panels share the same 

magnification. The scale bar at the bottom right represents 5 mm (Feike et al. 2016). 

 

Then, in order to have more information about proteins location within the chloroplast, they 

expressed the fusions protein in a plant that cannot synthesize starch due to the absence of the 

chloroplastic phosphoglucomutase enzyme which is the pgm mutant of N. Sylvestris (Hanson 

et McHale 1988). pgm mutant showed a diffuse YFP signal in the chloroplast stroma, 

suggesting that the fluorescence in wild-type plants was indeed associated with starch granules. 

In wild-type Arabidopsis leaves, ESV1 and LESV were found in both soluble and insoluble 

fractions. The proteins were mainly soluble when starch levels were low and insoluble when 

starch levels were high (Feike et al. 2016). The proteins were predominantly soluble when 

starch levels were low at night and insoluble when starch levels were high during the day. 

Additionally, these proteins were present in purified starch from economically significant 

plants, including cassava, potato, rice, and maize (Feike et al. 2016). 

 



81 
 

3.4. Conservation of ESV1 / LESV 

The two non-enzymatic proteins, ESV1 and LESV, are highly conserved across the plant 

kingdom, including land plants and green algae, while being absent from red algae, prokaryotes 

and other eukaryotic organisms (Feike et al. 2016).   The considerable evolutionary 

conservation of ESV1 and LESV protein sequences implies that these proteins possess crucial 

functions exclusive to the Viridiplantae (green plants). 

ESV1 protein are conserved in different starch-producing plants such as rice (Oryza sativa), 

liverwort (Marchantia polymorph), maize (Zea mays) and Arabidopsis  thaliana, as well as 

starch-producing unicellular green algae such as Chlamydomonas and multicellular green algae 

like Chara (Song et al. 2021).  LESV, a lesser-known protein, but equally important protein 

that shares similarity with the well-studied ESV1 protein. Similar to ESV1, LESV is conserved 

among diverse plant species, including both land plants and algae (Figure 3.8). The 

conservation of these two proteins across different plants indicates their fundamental role in 

starch metabolism (Feike et al. 2016).  
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Figure 3.8: The conservation of LESV and ESV1 proteins in green algae and land plants is 

examined using a phylogenetic tree. ESV1 protein sequences are shown in blue, while LESV 

protein sequences are shown in red (Feike et al. 2016). 

 

3.5. Double mutants  
 

Feike et al., 2016 explored if ESV1 can interact with and inhibits a specific enzyme involved 

in starch degradation by creating double mutant plants lacking both ESV1 and a particular 

enzyme associated with starch degradation. They looked at how the phenotype of the GWD-

deficient sex1 mutant might change if ESV1 was lost. Glucan water dikinase (GWD) is an 

enzyme that catalyzes the phosphorylation of the C6-position of the amylopectin's glucose 

residues, which is the initial step in the breakdown process. In sex1 mutants, starch is not 

properly degraded and accumulates in excessive quantities, in addition to having differences in 
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starch contents of leaves compared to both parents. These starch contents were significantly 

higher in the esv1 and wild-type plants while significantly lower in the sex1 mutant (Figure 

3.9). 

However, Hejazi et al., 2008 suggested that the architecture of the starch polymers is assumed 

to be disrupted and made easier to degrade by enzymes that hydrolyze starch as a result of 

GWD's phosphorylation at the granule surface. 

Also, starch turnover phenotypes in double mutants esv1 sex1 were different from their parent 

plants. Starch contents were substantially higher than those of esv1 and wild-type plants but 

much lower than those of the sex1 mutant. 

 

 

Figure 3.9: Starch contents in esv1 double mutants in 4-week-old plants, specifically in wild-

type (Col), esv1-1, sex1, and esv1-1 sex1 double mutants at the end of the day (white bars color) 

and the end of the night (black bars color) (Feike et al. 2016).  

 

The results showed that the loss of ESV1 modified but did not eliminate the effects of mutations 

reducing starch degradation. Although the loss of ESV1 diminished the severity of the starch-

excess phenotype in all mutant backgrounds, double mutants still retained more starch than 

esv1 and wild-type plants. This implies that ESV1's role in starch degradation may not be 
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primarily a negative regulator of any single starch degradation protein. However, additional 

research is necessary to confirm this. 

 

3.6. ESV1 and LESV Proteins expression in isa1isa2 mutants in 

yeast S. cerevisiae 
 

The role of ISA1 and ISA2 in the crystallization of amylopectin molecules during starch 

granules formation has been described as crucial (Delatte et al. 2005; Streb et Zeeman 2014). 

Given the degraded starch granule phenotype observed in lesv mutants, the latter also appears 

to play an important role in this process. 

To examine the role of ESV1 and LESV in starch biosynthesis within a simplified biological 

context, these proteins were expressed in S. cerevisiae cells that were previously modified to 

produce starch-like glucans. This yeast lacks the glycogen metabolic machinery and synthesizes 

starch like glucans (Pfister et al. 2016). Two yeast strains, referred to as lines 28 and 29, were 

utilized for this purpose. Line 28 contained Arabidopsis enzymes SS1 to SS4, BE2, and BE3, 

resulting in the accumulation of substantial amounts of soluble glucan. In contrast, line 29 

additionally harbored the heteromultimeric isoamylase composed of ISA1 and ISA2, leading to 

a considerable fraction of insoluble and semi crystalline glucans (Streb et al. 2008). It was 

proposed that ISA activity are required to hydrolyze improperly positioned α-1,6-glucosidic 

linkages that disrupt the formation and packing of double helices in amylopectin, consequently 

preventing its crystallization (S. Ball et al. 1996). Line 29 produced high amounts of insoluble 

glucans in which the regular repeats of crystalline and amorphous layers were less well-ordered 

and happened with a space of 13.6 nm which is larger than that of starch which is 9 nm. This 

spacing may possibly occur due to the relative abundance of longer chains (DP>25) in this line 

(Pfister et Zeeman 2016). Moreover, a significant proportion of the glucans produced by line 

29 remained soluble. 

Through homologous recombination, sequences encoding ESV1 and LESV (excluding transit 

peptides) were inserted into the yeast nuclear genome, either individually or in combination. 

Subsequently, the expression of these proteins in different strains was confirmed using 

immunoblotting. The levels of accumulated glucans in the strains were assessed by separately 

measuring the soluble and insoluble pools. Intriguingly, introducing ESV1 into line 28 (referred 

to as line 559) caused a minor accumulation of insoluble glucan in addition to the soluble 

glucans typically observed in the parental line (Figure 3.10). This effect became more 
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pronounced when LESV (line 562) or both proteins (line 563) were expressed simultaneously. 

Similar results were observed when ESV1 and LESV were expressed in line 29, which already 

produced insoluble glucans. In this scenario, the supplementary expression of ESV1, LESV, or 

both (lines 569, 572, and 573, respectively) significantly elevated the levels of insoluble 

glucans, surpassing those of soluble glucans. Notably, the impact was most prominent when 

LESV was expressed or when both proteins were simultaneously expressed. In both genetic 

backgrounds, the increase in insoluble glucans resulting from ESV1/LESV expression 

coincided with a corresponding decrease in soluble glucans, implying that these two proteins 

might influence the distribution of glucans between the soluble and insoluble fractions, rather 

than modifying their overall accumulation. 

 

Figure 3.10: Insoluble and soluble glucans are accumulated upon the expression of ESV1 

and LESV in different yeast strains. (A) Quantification of soluble glucans (grey bars) and 

insoluble glucans (black bars) in yeast strains grown in liquid culture with galactose as a C-

source in order to induce protein expression (C. Liu et al. 2023). 

 

Glucan accumulation patterns were observed in iodine-stained cells of various strains using 

light microscopy (LM). Line 28 and Line 559, which also expressed ESV1, displayed a uniform 

brownish stain. In contrast, lines 562 and 563, which expressed LESV or both ESV1 and LESV 



86 
 

respectively, showed less consistent staining, possibly due to the presence of both insoluble and 

soluble glucans. Insoluble glucans in cells from line 29 were visible as discrete, darkly stained 

patches and irregularly shaped particles (C. Liu et al. 2023). Interestingly, in line 569, which 

expressed ESV1, the patchy deposits appeared larger and more uniform in shape but appeared 

less darkly stained. This effect was more pronounced in line 572 (expressing LESV), and even 

more so in line 573. (expressing both ESV1 and LESV) (C. Liu et al. 2023). 

To gain further insight into the appearance of the insoluble particles generated in various yeast 

strains, transmission electron microscopy (TEM) of embedded and fixed yeast cells as well as 

scanning electron microscopy (SEM) of purified insoluble glucans (Figure 3.11) were used (C. 

Liu et al. 2023). As previously reported (Pfister et al., 2016), TEMs revealed an abundance of 

small, glycogen-like particles but no larger particles of insoluble glucan-like particles in line 

28's cytoplasm. However, lines 559, 562, and 563 (expressing ESV1, LESV, and both proteins, 

in the line 28 background, respectively) showed larger, irregularly-shaped particulate matter 

deposits were frequently visible in TEMs (Figure 3.11). These irregular deposits were 

surrounded by glycogen-like material like that in the parental line. Using SEM, the insoluble 

material of these three lines looked as small, aggregated particles (C. Liu et al. 2023). 

 

 

Figure 3.11: Visualization of insoluble and soluble glucans accumulated upon the 

expression of ESV1 and LESV in different yeast strains. Scanning electron micrographs 

(SEMs) of purified insoluble particles purified from the specified yeast strains lines (C. Liu et 

al. 2023). 
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In line 29, the insoluble glucans produced were visible as large irregular particles in the yeast 

cell cytoplasm, and upon extraction, appeared as granular structures with rough surfaces under 

the SEMs (Figure 3.11), consistent with previous findings (Pfister et al. 2016). The additional 

expression of ESV1, LESV, or both proteins simultaneously which are lines 569, 572, and 573, 

respectively changed the particles morphology in this background significantly; many of them 

appeared as aggregates of discrete, larger particles with much smoother surfaces compared to 

the particles in line 29 (C. Liu et al. 2023).  

The effect on particle morphology, regarding size and surface uniformity, was more pronounced 

with LESV expression compared to ESV1 expression, but the most noticeable change occurred 

when both proteins were expressed together (C. Liu et al. 2023).  

 

3.7. Starch crystallinity in the Arabidopsis isa1isa2 background 
 

isa1isa2 plant mutants was used with the aim to study the effect of esv1 and lesv mutants or 

their overexpression on the starch structure and its crystallinity in plants. 

The isa1isa2 mutants produce glucans with a modified structure due to the lack of the 

debranching step, which is known to facilitate amylopectin crystallization. As a result, a 

significant portion of the glucan produced remains soluble and does not crystallize (Zeeman et 

al. 1998; Wattebled et al. 2005; Delatte et al. 2005). This aberrant soluble glucan, which bears 

a superficial resemblance to mammalian and bacterial glycogen, is referred to as 

"phytoglycogen" (Dvonch et Whistler 1949).  

To investigate the specific function of ESV1 and LESV in glucan crystallinity in Arabidopsis, 

esv1 and lesv mutants were crossed into the isa1isa2 mutant background, which accumulates 

significant amounts of phytoglycogen as well as small quantities of starch in its chloroplasts. 

Isa1isa2esv1 and isa1isa2lesv were chosen as triple mutants. They used Lugol's staining and 

quantitative glucan measurements to examine glucan metabolism in higher-order mutants and 

parental lines. By the end of the day (EOD), isa1isa2 had accumulated a mixture of 

phytoglycogen and starch, with phytoglycogen being predominant (Figure 3.12A and B). This 

dominance was reflected in the stained rosettes' reddish-brown appearance, while the wild type, 

esv1, and lesv mutants, which all accumulated exclusively starch, displayed a characteristic dark 

brownish-blue color. 
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When compared to their respective parental lines, both isa1isa2esv1 and isa1isa2lesv triple 

mutants accumulated significantly less total glucan at the EOD, with reductions in both starch 

and phytoglycogen. The relative proportion of phytoglycogen to starch in isa1isa2lesv was 

higher than in isa1isa2, while in isa1isa2esv1, the proportion shifted slightly towards more 

starch than phytoglycogen, despite the fact that glucan levels were extremely low (Figure 

3.12B). 

 

 

Figure 3.12: Starch and phytoglycogen content of isa1isa, esv1, lesv, and isa1isa2esv1, 

isa1isa2lesv mutants. (A) Entire rosettes were harvested at the EOD (upper images) and 2h-

EON (lower images), and stained for starch with Lugol’s solution. (B) and (C) Quantification 

of starch and phytoglycogen in plants at the EOD (B) and 2h-EON (C) (C. Liu et al. 2023). 

 

At 2 hours before the end of the night (2h-EON), rosettes of esv1, isa1isa2, isa1isa2esv1, and 

isa1isa2lesv were hardly stained (Figure 3.12A). This suggests that these lines had prematurely 
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depleted their glucan reserves, possibly displaying an early-starvation phenotype similar to 

esv1. 

They examined the presence of glucans in leaf mesophyll, epidermal, and bundle sheath cells 

(C. Liu et al. 2023). They found that phytoglycogen-like particles predominated in the 

mesophyll chloroplasts of isa1isa2, with few larger starch-like particles present. Isa1isa2 

epidermal and bundle sheath cell plastids contained only starch granules. There was less glucan 

visible in the mesophyll cells of isa1isa2esv1, but some solid starch-like particles remained. 

There are no starch granules or phytoglycogen in the epidermal cells. However, with 

isa1isa2lesv a different result found that the plastids in the mesophyll, epidermal, and bundle 

sheath cells all appeared to contain only phytoglycogen. 

 

3.8. ESV1 or LESV Overexpression enhances starch accumulation 

in Arabidopsis isa mutants 
 

 Liu et al. 2023 investigated the function of ESV1 and LESV by altering their expression in the 

isa1isa2 double mutant background, in order to study their effects on glucan crystallinity. 

Transgenic Arabidopsis lines overexpressing YFP-tagged ESV1 or LESV were crossed with 

isa1isa2, and the resulting lines were characterized with respect to their starch content and 

phytoglycogen content at the end of the day (EOD).  When stained with Lugol's solution, ESV1-

OX rosettes appeared darker blue (sign of high amylose) than wild-type rosettes, whereas 

LESV-OX stained equally to the wild type (Figure 3.13A). TEM microscopy showed that 

ESV1-OX had bigger granules than the wild type, whereas LESV-OX accumulated high 

number of small starch granules with variable appearance. Starch quantification revealed a 

significant starch excess in ESV1-OX and wild-type levels in LESV-OX.  
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Figure 3.13: Glucan accumulation and turnover in plants lines overexpressing LESV and 

ESV1 in the isa1isa2 background. (A) Entire Arabidopsis rosettes were harvested at the EOD 

and 2h-EON colorized with Lugol’s solution. (B) Quantification of starch and phytoglycogen 

in plants harvested at the EOD and 2h-EON (C. Liu et al. 2023).  

 

Both the isa1isa2ESV1-OX and isa1isa2LESV-OX lines stained brown-red, indicating a 

mixture of starch comparable to the wild type and phytoglycogen like the isa1isa2 line. 

Quantitative glucan measurements revealed the presence of similar amounts of soluble glucan 

in isa1isa2ESV1-OX as in isa1isa2, but significantly less in isa1isa2LESV-OX indicating that 

both isa1isa2ESV1-OX and isa1isa2LESV-OX lines displayed different phenotypes compared 

to isa1isa2 (Figure 3.13C). Nevertheless, in both lines, the starch fraction was significantly 

higher than in isa1isa2, predominating over the phytoglycogen (Figure 3.13B). In contrast, 

isa1isa2LESV-OX exhibited wild-type starch levels and very little phytoglycogen. 
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These findings indicate that ESV1 appears to primarily limit starch degradation, whereas LESV 

appears to promote starch formation instead of phytoglycogen, without hindering degradation. 

Under confocal microscopy, the distribution of YFP-tagged proteins showed patterns consistent 

with starch granule localization. 

 

3.9. Biochemical characteristics of ESV1 and LESV proteins 

In Arabidopsis leaves, ESV1 protein has a molecular weight of approximately 49 kDa (the 

product of the At1g42430 gene) and is made up of 426 amino acids, with no previously 

annotated regions (catalytic domain or carbohydrate-binding domain, or even protein-protein 

interaction domain). It possesses a proline-rich region at the C-terminal extremity consisting of 

11 proline residues between amino acids 397 and 425. It is also characterized by a high 

abundance of tryptophan residues (W) residues and other aromatic amino acids in the C-

terminal two-third end of the sequence (Figure 3.14) (Feike et al. 2016). Around 11% of the 

amino acids between amino acids 130 and 380 are tryptophan residues. This region contains 

conserved motifs of 5 to 9 residues in which aromatic residues are separated mostly by acidic 

residues (E or D). However, these conserved residues may form several Sugar Binding Sites 

(SBS) allowing the binding of the protein to the long glucanic chains of starch (Feike et al. 

2016). 

LESV protein has a molecular weight of approximately 66 kDa and is made up of 578 amino 

acids (Feike et al. 2016). It shares the tryptophan-rich region containing acidic and aromatic 

motifs with ESV1 (Figure S1, Liu et al 2023) but lacks the proline-rich C- terminal regions. 

Although its N-terminal region is different from ESV1 (Feike et al. 2016). The highest level of 

identity between ESV1 and LESV proteins is within the tryptophan region in which they have 

similar numbers of tryptophan residues (Figure 3.14) (Feike et al. 2016). 

 



92 
 

 

Figure 3.14: Schematic representation of the conserved structures of ESV1 and LESV. The 

proline-rich region, W-rich region, and transit peptide are colored green, blue, and yellow 

respectively. 

 

3.10. Distinct roles of ESV1 & LESV in supporting starch granule 

formation 
 

The function of  ESV1 was investigated in plant systems (Feike et al. 2016), where mutations 

that affect its expression or overexpression have distinct phenotypic effects (Feike et al. 2016). 

ESV1 may function in the formation of starch granules, in which the conservation of this 

function was demonstrated by the ability of ESV1 orthologs to restore the phenotype of an esv1 

mutant by expressing the orthologs of ESV1 protein from other species that are capable of 

rescuing the production of starch granules, indicating that the ESV1 is a functionally conserved 

protein among many organisms and required for starch granules formation (Song et al. 2021). 

The primary function of ESV1 is not believed to be involved in the regulation of starch 

degradation, it has been suggested that ESV1 is likely involved in starch degradation at an 

earlier stage (before the beginning of starch degradation) (Malinova, Mahto, et al. 2018). 

Furthermore, ESV1 prefers binding to highly ordered starch-like glucan structures. This protein 

affects the activity of GWD on the surface of the starch granule, which, in turn, impacts the 

function of PWD as well (Malinova, Mahto, et al. 2018) . ESV1 plays a critical role in starch 

degradation by affecting the phosphorylation of starch via GWD and PWD in an antagonist 

manner. It reduces the activity of GWD, leading to a decrease in phosphorylation and an 

increase in PWD-mediated phosphorylation, likely due to prephosphorylation by GWD 

(Malinova, Mahto, et al. 2018). The absence of ESV1 in knock-out mutants results in an 

increase in the degradation of starches during the dark phase (Feike et al. 2016). The expected 

58 

56 

395 139 
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higher GWD-mediated phosphorylation in the absence of ESV1 would lead to more rapid starch 

degradation. Furthermore, the influence of ESV1 is rather specific for the dikinases as it alters 

the structure of the starch granule surface specifically and differently used by the two starch-

related dikinases downstream of GWD and PWD (Malinova, Mahto, et al. 2018). However, 

ESV1 does not directly influence the phosphorylation activity of GWD and PWD, nor does it 

significantly alter their binding to Arabidopsis  wild-type starch (Malinova, Mahto, et al. 2018). 

However, mutation or overexpression of ESV1 in Arabidopsis  resulted in only minor 

alterations in the amount of phosphate bound to starch (Feike et al. 2016). it was proposed that 

ESV1 may play a role in organizing the starch matrix, which affects the resistance of glucan 

chains to degrading enzymes (Feike et al. 2016).  

The function of LESV was examined in plant systems (Feike et al. 2016). LESV is expressed 

across all plant organs. In leaves, its transcript levels are elevated at the end of the night and 

reduced during a significant portion of the day (Feike et al. 2016). It exhibits strong co-

expression with numerous genes responsible for encoding starch metabolism enzymes, 

including Glucan water dikinase (GWD), starch branching enzyme 3 (BE3), and alpha-amylase 

3 (AMY3) (Feike et al. 2016). In addition, LESV expression in Arabidopsis  esv1 mutant 

doesn’t rescue the production of the starch granules like in ESV1 case (Song et al. 2021), and 

does not show the same phenotype as the esv1 mutant, indicating that LESV doesn’t required 

for starch granules formation and that LESV has different function than ESV1 protein (Song et 

al. 2021).  

Prior to the study by Feike et al. in 2016, it was generally believed that starch chains synthesized 

on the surface of granules in vivo assemble into double helices and self-assemble by physical 

processes to form the semi crystalline lamellar structure of the starch matrix (Waigh et al. 2000). 

However, the discovery of the ESV1 and LESV proteins introduced a new hypothesis, 

suggesting that the proper assembly of the starch matrix involves not only physical processes, 

but also the involvement of proteins that bind to starch polymers, as shown by (Feike et al. 

2016). 

 

a. LESV may be a potential organizer of starch granule matrix.  

In yeast cells previously engineered to produce starch-like glucans, LESV was found to enhance 

the accumulation and the transition of glucans into insoluble glucans in addition to affecting its 

morphology in yeast cells by resulting in larger and more regularly shaped starch granules. 
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LESV can reduce the accumulation of short maltooligosaccharides (Pfister et al. 2016), 

suggesting that LESV may influence the distribution of glucans (C. Liu et al. 2023), indicating 

a greater proportion of the glucan transitioned into an insoluble form with a lower degree of 

debranching (C. Liu et al. 2023). Further experiments demonstrated that the process of insoluble 

starch granules formation may be impaired in the lesv mutant, as evidenced by the accumulation 

of soluble glucans and short chains after a prolonged night treatment, which indicates that 

LESV plays an essential role in facilitating the formation of insoluble starch granules (C. Liu 

et al. 2023).  

 

b. ESV1 may act as a protective shield of amylopectin structure 

against degrading enzymes.  
 

ESV1's function is to stabilize amylopectin within the starch granule, rather than to promote its 

crystallization. ESV1 expression in yeast cells results in a smaller effect on promoting glucan 

phase transition compared to LESV in yeast cells. However, ESV1 overexpression in plants 

increases the amount of starch with larger granules compared to the wild type (Feike et al., 

2016), and this increase come from blocking its degradation at night (C. Liu et al. 2023) rather 

than by decreasing the amount of soluble phytoglycogen which remains similar to the wild type 

(Feike et al. 2016). As previously mentioned, the esv1 mutation causes the starch to be broken 

down too quickly at night (Feike et al. 2016), indicating that ESV1 may be involved in 

stabilizing some weak points in the semi-crystalline structure. The surface of starch granules is 

not uniform, and certain areas may be more susceptible to degradation, such as where a 

crystalline lamella ends and a new one begins. These areas may have less stable double helices. 

ESV1 may recognize and stabilize these weak points, and without it, uncontrolled degradation 

can occur. On the other hand, overexpression of ESV1 could make the granule too stable and 

interfere with phosphorylation. (Malinova et al. 2018). As a conclusion, the amylopectin 

biosynthetic enzymes generate a glucan product with a tendency to crystallize, facilitated by 

LESV and subsequently stabilized by ESV1. 

 

3.11. Mechanism of action 
 

Liu et al., 2023 studies found that these two proteins greatly enhance the transition of branched 

amylopectin from a soluble to a pseudocrystalline state during starch granule synthesis, 
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indicating that they significantly improve the process. LESV is particularly important for 

promoting the nucleation of granules during starch biosynthesis, while ESV1 functions later on 

by stabilizing them (C. Liu et al. 2023). This new understanding challenges the previous 

assumption that the formation of starch granules was a spontaneous biophysical process (C. Liu 

et al. 2023).  

All of these results suggested that starch granules can clearly form in the absence of LESV, also 

it promotes this process by seeding the glucan phase transition (C. Liu et al. 2023). They 

proposed that the tryptophan-rich domain acts as a template for aligning double helices that 

spontaneously happen between neighboring amylopectin chains (Figure 3.15). Each strip of 

aromatic amino acids on each side of the β-sheet domain could bind one double helix, and that 

once properly aligned on LESV, these double helices could then align others, resulting in a 

crystalline lamella.  
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Figure 3.15: Proposed functions of ESV1 and LESV are illustrated in this model. (A) LESV 

interacts with glucans with helical secondary structure via its Trp-rich domain and, possibly 

assisted by its N-terminal domain (not shown), facilitating their arrangement into compact, 

ordered tertiary structures. Regular glucan arrangements can self-produce and spread once 

seeded. (B) ESV1 binds to and stabilizes exposed helices, preventing hydrolytic activities. It 

should be noted that the displayed areas of ordered glucan are most likely underrepresented, 

and the proteins to glucans ratio in starch would be lower.  ESV1 and LESV proteins are 

represented as simplified versions of their predicted AlphaFold structures in both A and B, 

(only Trp-rich region shown; aromatic residues are highlighted by color; pLDDT values are 

disregarded)  (C. Liu et al. 2023). 
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Other parts of the LESV protein, such as the conserved -helical domains or regions with 

additional conserved aromatic residues, may also be required for this seeding function. Many 

observations could be explained by this model. In cases, where the glucan branching pattern is 

suboptimal (e.g., in the absence of the trimming isoamylase), the likelihood of spontaneous 

self-alignment of double helices to seed a crystalline structure is reduced, but the presence of 

LESV template may allow it to happen and thus LESV facilitate crystallization. When 

branching is optimal, however, crystallization can occur spontaneously even in the absence of 

LESV template (C. Liu et al. 2023). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



99 
 

Objectives 
 

The objective of my PhD project is to elucidate the molecular functions of the ESV1 and LESV 

proteins, which have recently been identified as being involved in starch metabolism in the 

model plant Arabidopsis thaliana by structural approaches. The widespread conservation of 

both proteins across the plant kingdom, along with their presence in starch particles from a 

variety of sources, suggests a critical role in plant physiology. 

 

Since the precise assembly of the matrix may involve proteins binding to starch polymers in 

addition to physical processes, my goal is to investigate these phenomena. I intend to achieve 

this through a strategy that combines structural and functional studies as follows: 

 

The aim of this Ph.D. project is threefold: 

1. To validate the predicted models of ESV1 and LESV proteins involved in starch metabolism 

in the model plant Arabidopsis thaliana using biophysical techniques such as small-angle 

X-ray scattering (SAXS) and circular dichroism (CD) to understand their overall architecture 

and conformation. 

2. To study the functional interactions between these proteins and glucans, such as 

amylopectin, using an interdisciplinary approach combining biochemical and biophysical 

methods to uncover their functions, reveal any structural rearrangements, and identify the 

molecular interactions involved. 

3. To decipher the 3D structures of ESV1 and LESV proteins using X-ray crystallography to 

obtain a detailed structural understanding that may provide further insights into their role in 

starch metabolism throughout the plant kingdom. 
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4. Materials and Methods 
 

4.1. ESV1 protein 

4.1.1. ESV1 protein construct 

a. DNA construction and bacterial strain 
 

The ESV1 protein gene has been synthesized with codons optimized for expression in E. coli 

and inserted into the pET24a+ plasmid (Novagen). This plasmid allows the insertion of a 6His-

tag at the C-terminus of the ESV1 protein, and is selected by its resistance to kanamycin and 

chloramphenicol. In the ESV1 construct, the coding sequence for the first 95 residues at the N-

terminus has been deleted, which corresponds to a region with low conservation in orthologous 

sequence alignments. This modified construct is referred to as pET24a+ AtESV1 -Δ95. This 

construct was provided by our collaborator, Zeeman’s lab (C. Liu et al. 2023). 

 

4.1.2. ESV1 expression and purification protocol 

a. Cell culture and Induction  
 

The pET24a+ AtESV1 -Δ95 construct was used to transform the bacterial strain BL21 codon+ 

(Agilent) for overexpression, which is one of the most widely used hosts for protein expression 

and has the advantage of being deficient in both lon and ompT proteases. This strain was 

selected using kanamycin and chloramphenicol. Transformed bacteria were grown on sterile 

LB agar plates containing Kanamycin and chloramphenicol at concentrations of 50mg/mL and 

35 mg/mL respectively.  

For an overnight pre-culture, bacteria were grown in 100ml of Lysogeny Broth (LB) medium 

supplemented with kanamycin (50 mg/ml) and chloramphenicol (35mg/ml), with shaking at 

180rpm overnight at 37°C.   

A 1L volume of LB liquid broth, supplemented with kanamycin (50 mg/ml) and 

chloramphenicol (35mg/ml), was then inoculated with 50ml of the overnight pre-culture. The 

culture was incubated with agitation at 37°C until an optical density of 0.5 - 0.6 (A600) was 

reached using a SPECTROstarNano. Protein expression was induced with 1mM isopropyl β-

D-1-thiogalactopyranoside (IPTG) for 2- 3 hours at 37 °C, followed by overnight incubation at 

20°C.  
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b. Protein purification 
 

Cultures were centrifuged at (8,000 × g) for 20 minutes at 4°C, cells were collected and re-

suspended in 50mM Tris buffer pH 7.5 with 300mM Nacl, 40mM Imidazole, 1/200 DNase, 

1/100 MgSO4, complete protease inhibitor cocktail EDTA-free tablets [one tablet per liter of 

culture] (Roche) at 4°C, and were disrupted through an emulsiflex high-pressure homogenizer 

at 1500 bars. Soluble bacterial extract was then collected by centrifugation (10,000 × g) for 1 

hour at 4 °C.  

The extract was subjected to two purification steps using the ÄKTA™ go purification system 

(Cytiva) (Figure 4.1). The first purification step using an Immobilized metal affinity 

chromatography (IMAC) using His-Trap FPLC 5 ml column (Cytiva) equilibrated in 50mM 

Tris buffer pH 8, 300mM Nacl, 40mM Imidazole. Recombinant protein was then eluted using 

250mM Imidazole in the equilibrium buffer and 1.5 mL fractions are collected in 96-well plate.  

 

 

Figure 4.1: ÄKTA™ go purification system (Cytiva) 

This step was followed by a second purification step by size exclusion chromatography (SEC) 

step using a Superose™ 6 Increase 10/300 GL (Cytiva) pre-equilibrated with 50mM Tris pH 

7.5, 100mM Nacl, 10% (v/v) glycerol, 2mM DTT (w/v) at 4°C. Recombinant protein was then 

eluted using the same equilibrium buffer 50mM Tris pH 7.5, 100mM Nacl, 10% (v/v) glycerol, 

2mM DTT (w/v) and 2 mL fractions are collected in 96-well plate. Different fractions collected 

throughout the purification process are subsequently analyzed using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) to identify the fractions that contain the ESV1 
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protein. For structural study, protein samples were concentrated using Vivaspin centrifugal 

falcon with a 10 kDa cut-off (sartorius). Protein concentrations were determined using a 

Nanodrop Spectrophotometer (ND1000) from Thermo Scientific. The monodispersity of the 

obtained protein solution has been assessed by dynamic light scattering (DLS) by our 

collaborator in Zurich. 

 

4.2. LESV Protein 

4.2.1. LESV protein construct 

a. DNA construction and bacterial strain 
 

The gene encoding the LESV protein has been synthesized with codons optimized for 

production by E. coli and inserted into the pET28a+ plasmid (Novagen), resulting in the 

construct pET28a-AtLESV. The pET28a+ plasmid allows the insertion of a 6xHis-tag at the N-

terminus of the protein, followed by a thrombin cleavage site and is selected for its resistance 

to kanamycin. In the LESV construct, the sequence encoding the 56 residues representing the 

N-terminal transit peptide was truncated. giving rise to the construct called pET28a+ AtLESV. 

This construct was used to transform the bacterial strain Rosetta (DE3) pLysS (Novagen). 

 

4.2.2. LESV expression and purification protocol 

a. Cell culture and Induction  
 

The pET28a+ AtLESV construct was utilized to transform the bacterial strain Rosetta (DE3) 

pLysS (Novagen) for overexpression, which was previously selected among several species 

because it allows the best production of the protein. This strain contains the pRARE plasmid, 

which is selected by Chloramphenicol allowing the expression of tRNAs specific for rare 

codons in bacteria. The strain was selected using kanamycin. Transformed bacteria were grown 

on sterile LB agar plates containing Kanamycin at a concentration of 50mg/mL.  

For an overnight pre-culture, bacteria were incubated in 20ml of LB media (lysogeny broth) 

supplemented with kanamycin (50 mg/ml) and agitated at 37°C overnight.   

A 1L volume of ZY liquid broth, supplemented with kanamycin (50 mg/ml), was inoculated 

with 10 ml of the overnight pre-culture. The culture was incubated with agitation at 37°C until 
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an optical density of 0.5 - 0.6 (A600) was reached using a SPECTROstarNano. Protein 

expression was induced by self-induction for 3 hours at 37 °C, followed by overnight incubation 

at 20°C.  

 

b. Protein purification 
 

Cultures were centrifuged at (8,000 × g) for 20 minutes at 4°C, cells were collected and re-

suspended in 50mM Tris buffer pH 8 with 300mM Nacl, 10mM Imidazole, 1/200 DNase, 1/100 

MgSO4, complete protease inhibitor cocktail EDTA-free tablets [one tablet per liter of culture] 

(Roche) at 4°C, and were disrupted through an emulsiflex high-pressure homogenizer at 1500 

bars.  Soluble bacterial extract was then collected by centrifugation (10,000 × g) for 1 hour at 

4 °C.  

The extract was subjected to two purification steps using the ÄKTA™ go purification system 

(Cytiva). The first purification step using an Immobilized Metal Affinity Chromatography 

(IMAC) using His-Trap FPLC 5 ml column (Cytiva) equilibrated in 50mM Tris buffer pH 8, 

300mM Nacl, 10mM Imidazole. Recombinant protein was then eluted using one step of 250mM 

Imidazole in the equilibrium buffer and 1.5 mL fractions are collected in 96-well plate. This 

step was followed by a second purification step by size exclusion chromatography (SEC) step 

using a HiLoad 16/600 Superdex 200 (Cytiva) pre-equilibrated with 50mM Tris pH 8, 150mM 

Nacl, 10% glycerol, 2mM DTT (w/v).  Recombinant protein was then eluted using the same 

equilibrium buffer 50mM Tris pH 8, 150mM Nacl, 10% glycerol, 2mM DTT (w/v) and 2 mL 

fractions are collected in 96-well plate. Different fractions collected throughout the purification 

process are subsequently analyzed using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) to identify the fractions that contain the LESV protein. For 

structural study, protein samples were concentrated using Vivaspin centrifugal falcon with a 10 

kDa cut-off (sartorius). Protein concentrations were determined using a Nanodrop 

Spectrophotometer (ND1000) from Thermo Scientific.  The monodispersity of the obtained 

protein solution has been assessed by dynamic light scattering (DLS) using a Zetasizer pro 

(Malvern Panalytical). 

The biophysical characteristics of ESV1 and LESV constructs calculated using Expasy 

Protparam Tool are shown in Table 4.1. 
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Table 4.1: Biophysical characteristics of ESV1 and LESV constructs based on Expasy 

Protparam Tool 

 ESV1 LESV 

Amino acids (aa) 343 523 

Molecular weight (Da) 39880.15 59595.26 

Theoratical pI 5.27 5,04 

Extinction coefficient, ε (M-1 

cm-1) 

166505 184035 

 

4.3. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis 

(SDS-PAGE) 
 

This is a one-dimensional electrophoresis on polyacrylamide gel under denaturing condition, it 

allows a separation of proteins denatured by SDS and β-mercaptoethanol according to their 

molecular weight under the influence of an electric field. 

Proteins are denatured in loading buffer (1X Tris-Glycine; 0.1X SDS; 25% glycerol; 10mM 

EDTA) in the presence of β-mercaptoethanol and bromophenol blue by incubation for 5 

minutes at 90°C. Samples are loaded onto a 4% concentration gel and a 12% separation gel 

according to the compositions. Migration is done in a PowerPac Basic™ system (Biorad) at 

room temperature and 130V immersed in Tris-Glycine-SDS buffer at pH ≈ 9. Gel reading is 

done against a pre-stained molecular weight marker PageRuler™ 10 to 170 (ThermoSientific) 

after staining under agitation with Coomassie Brilliant Blue (7-8mL) InstantBlue™ G-25I 

(Expedeon) of the gel previously rinsed with distilled water. 

 

4.4. Glucan Solutions Preparation 
 

In this study, we prepared stock solutions of various glucans, including amylose, A600, 

pullulan, amylopectin, β-limit dextrin, and glycogen, for EMSA and CD experiments. The 

procedures for each glucan solution preparation are as follows:   
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For EMSA experiments, stock solutions of amylose 1% (w/v), A600 1% (w/v), pullulan 1% 

(w/v), amylopectin 1% (w/v), β-limit dextrin 1% (w/v), and glycogen 1% (w/v) were prepared.  

0.1g of amylose powder (from potato, Sigma A0512) was dissolved in 1mL of 2M sodium 

hydroxide (NaOH) alkaline solution and then vortexed to ensure complete solubilization of the 

amylose powder. After adding 2 mL of distilled water, the solution was neutralized by adding 

1 mL of 2M hydrochloric acid (HCl). The solution was adjusted to a final volume of 10 mL 

with distilled water, then heated at 50°C for 5 minutes and vortexed to ensure complete 

dissolution. The same procedure was performed for both A600 and pullulan from Sigma. 0.1g 

of amylopectin powder (from potato, Sigma A8515) was dissolved in 10 mL of distilled water 

under a hotplate (70°C) and then subjected to autoclaving to completely dissolve the 

amylopectin and produce a homogeneous solution. 0.1g of glycogen powder (from Oyster, 

Sigma 50573) was dissolved in 10 mL of distilled water and then stirred under heat (40°C) to 

obtain a homogeneous solution.  

For CD experiments, glucan stock solutions were prepared using the same protocol by replacing 

water with protein buffer containing with 15mM Tris pH 7.5, 10% glycerol, 2mM DTT and 

100mM NaCl for ESV1 protein, and 15mM Tris pH 8, 10% glycerol, 2mM DTT and 150mM 

NaCl for LESV protein. 

 

4.5. AlphaFold2 modelling 

 
The 3D structures of ESV1 and LESV proteins were modeled using AlphaFold2 (Jumper et al. 

2021). For each protein, five different models were calculated and ranked according to their 

global pLDDT scores. These five molecular models were then superimposed to assess the 

potential positioning of dynamic regions. The models with the highest pLDDT scores were used 

for illustrations and additional molecular docking. 

 

4.6. Synchrotron radiation Circular dichroïsm  

 
Synchrotron radiation circular dichroïsm (SR-CD) measurements were conducted at the DISCO 

beamline of the SOLEIL Synchrotron, located in Gif-sur-Yvette, France. Samples containing 5 

µL of ESV1 at 6.1 mg/mL and 2 µL of LESV at 13.4 mg/mL were placed between two CaF2 

coverslips with wavelengths of 20 µm and 10 µm, respectively (Refregiers et al. 2012). 
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Utilizing a beam size of 4 × 4 mm and a photon flux per nm step of 2 × 1010 photons s-1 in the 

270–170 nm spectral range, radiation-induced damage was avoided (A. J. Miles et al. 2008). 

CD spectra were obtained using IGOR software from WaveMetrics. Protein and buffer spectra 

were obtained consecutively, each being the average of three accumulations. Buffer baselines 

were recorded sequentially and subtracted from the spectra, with concentration in residues 

considered. Prior to measurements, the molar elliptical extinction coefficient of Ammonium d-

10-Camphorsulfonate (CSA) was determined on the beamline and used as the calibration 

standard for all data measurements (Andrew J. Miles, Wien, et Wallace 2004). Data processing 

was conducted using CDToolX software (Andrew J. Miles et Wallace 2018). The impact of 

various glucans on the structure of LESV and ESV1 was examined by incubating protein/glucan 

mixtures for 2 hours and measuring spectra under conditions identical to those for native 

proteins. Mixtures consisted of 80% protein solution and 20% amylose or amylopectin solutions 

at 1% w/v. Spectra containing a mixture of 80% protein buffer and 20% glucan solutions were 

subtracted from the protein/glucan spectra prior to CSA calibration.  

Temperature scans were performed to assess protein stabilization by glucan interaction. CD 

spectra were gathered from 20-30 to 90°C and processed as previously described with 3-5 ◦C 

temperature increases and 3 min of equilibration time. 

The content of secondary structure elements in each protein, either alone or in the presence of 

glucans was estimated using BestSel (Micsonai et al. 2015). 

 

4.7. Small-angle X-ray scattering (SAXS) 
 

Each protein sample solutions were centrifuged for 10 minutes at 10,000 rpm before X-ray 

analysis to remove all aggregates. SAXS data were collected at the SWING beamline of 

Synchrotron SOLEIL (λ = 1.033 Å). All solutions were combined within a quartz capillary held 

at a constant temperature of 15°C. Monodisperse protein sample solutions were loaded onto a 

size exclusion column (SEC-3, 150 Å; Agilent) using an Agilent HPLC system and eluted into 

the capillary cell at a flow rate of 0.3 ml/min-1 (David et Pérez 2009). Subsequently, 50 µl of 

protein samples were injected for SAXS measurements. Numerous frames were collected 

during the first minutes of elution and averaged to account for buffer scattering. This was then 

subtracted from selected frames corresponding to the primary elution peak. Data reduction to 

absolute units, frame averaging, and subtraction were performed using FOXTROT (David et 

Pérez 2009). All subsequent data processing, analysis, and modelling stages were executed 
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using programs from the ATSAS suite (D. Franke et al. 2017). The radius of gyration (Rg) was 

determined through the Guinier approximation using PRIMUS (D. Franke et al. 2017).  GNOM 

(D. I. Svergun 1992)  was employed to calculate the pair-distance distribution functions [P(r)] 

and establish the maximum dimension of the macromolecule (Dmax).  

DAMMIF/DAMAVER/DAMFILT (Volkov et Svergun 2003)  were utilized to model protein 

envelopes and structures. BUNCH (Petoukhov et Svergun 2005)  was used to model the missing 

parts of proteins not identified by Alphafold (Jumper et al. 2021). 

The sample to detector distance is two meters and data have been collected to qmax=0,5Å-1. 

 

Kratky representation 

SAXS analysis provides information on the level of structuring of the protein. One way to 

evaluate this level of structuring is Kratky representation (q2. I(q) as a function of q). For a 

globular protein, the Kratky representation has the shape of a bell curve. On the other hand, for 

a protein with disordered regions, the values of q2.I(q) increase for large values of q and can 

reach a plateau in the case of unstructured case of unstructured protein (Figure 4.2). 

 

 

Figure 4.2: Kratky representation of proteins of different structuring levels. Kratky 

representation of a globular protein in purple, with disordered regions in black, a disordered 

protein in red. 
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Distance distribution function 

The SAXS data also allows access to the dimensions of the protein, more particularly to its 

maximum diameter (Dmax). The distance distribution function P(r) is the Fourier 

transformation of I(q). It corresponds to a histogram where all distances interatomic distances 

(r) within the protein are represented. Nevertheless, its direct calculation from the scattering 

curve I(q) is limited by the cuts in resolution qmin, qmax and by the noise of the of the scattering 

curve. 

The GNOM program (Svergun et al., 2001) is therefore used to compute the indirect Fourier 

transform of I(q). transform of I(q). The maximum diameter Dmax of the protein is then defined 

by the user thanks to the graph P(r)=f(r) calculated by GNOM. 

The shape of the distance distribution curve obtained allows to deduce information on the shape 

of the protein.  

 

Ab initio modelling 

Using the distance distribution function obtained, the protein envelope can be modeled. For this 

purpose, the program GASBOR (Svergun et al., 2001)  was used. 

The GASBOR program uses the entire scattering curve for shape calculations. The amino acids 

of the protein are represented by N balls of 0.38 nm in diameter (in order to respect the 

constraints of interatomic distances). These N pseudo residues, correspond to the numbers of 

amino acids in the protein, GASBOR then proceeds by iteration: the position of a pseudo 

residue is changed randomly, then the curve of the obtained model is calculated and compared 

to the experimental curve, where the divergence between the two is defined by χ2. At each 

cycle, the program refines the position of the pseudo-residuals allowing to minimize this 

divergence. In order to achieve a reliable model, 10 envelopes were generated by GASBOR 

and we selected the most representative model. 

Those envelopes generated by GASBOR are then averaged by the DAMAVER program 

(Volkov et Svergun 2003). The resulting envelope thus reflects an average of the conformations 

corresponding to the experimental SAXS data. 
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4.8. Docking  
 

The alphafold model structure of the conserved C-terminal domain of ESV1 and LESV was 

used as a target to model the binding position of the double helix of the amylopectin model 

derived from Polysac3DB (CERMAV https://polysac3db.cermav.cnrs.fr ). A genetic algorithm 

was used for the search phase within a 10 Å sphere centered on the tryptophan stripes of the 

conserved β-sheet. The scoring function was based on the ChemPLP force field as used by 

GOLD (Jones et al. 1997). All settings were left as defaults. A subsequent energy minimization 

was performed on the best model using the Amber force field. All images depicting the 

molecular structures of proteins and ligands were generated using Pymol (The Pymol Molecular 

Graphics System, version 1.8.0.0 Schrödinger, LLC). 

 

4.9. 3D imaging by fluorescence microscopy 
 

In this study, we used waxy corn starch granules. The waxy variety of starch is obtained from 

plants with mutations for GBSS, an enzyme that facilitates the production of amylose and is 

responsible for the autofluorescence of the granules. We cleaned the starch granules with water, 

acetone, and ethanol to remove any phenolic contaminants from plastic storage, following the 

procedure described in (Tawil et al. 2011). 

We then monitored the binding of ESV1 and LESV to the starch granules using UV microscopy. 

This process was further investigated using both visible and UV microscopy, following the 

same protocol described in (Jamme et al. 2014). We regulated the excitation at λ=310 nm and 

used an emission filter at 329-351 nm to observe the tryptophan emission (at 345 nm) of the 

bound proteins. 

Data were collected over a period of 10 seconds for each emission fluorescence image and 0.2 

seconds for visible images. For 3D visualization, Z-slices (along the optical axis) were acquired 

with a step size of 300 nm over a 40 µm Z-range under the control of µManager according to 

the method described in (Edelstein et al. 2010). 

 

 

 

https://polysac3db.cermav.cnrs.fr/
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4.10. Electrophoretic Mobility Shift Assay (EMSA) 
 

Electrophoretic Mobility Shift Assay (EMSA) or Gel Shift Assay is a simple, efficient, rapid, 

and versatile technique used to study protein-glucan interactions.  It is based on the decrease in 

the electrophoretic mobility of the protein in acrylamide gels caused by an interacting protein 

to an increasing concentration of glucans in a non-denaturing condition. The EMSA assay 

provides valuable insight into the binding specificity, affinity, and stoichiometry of the protein-

glucan interaction. This interaction of the protein with the glucan will result in a reduced 

migration rate compared to the free glucan, resulting in a "shift" in the position of the band in 

the gel, a phenomenon that can be seen on the gel with the naked eye as we can see in Figure 

4.3.  

 

 

Figure 4.3: Electrophoretic Mobility Shift Assay gel 

 

The presence of a specific glucan in the gel causes the protein to interact and migrate differently 

with the different types and concentrations of the glucan used, resulting in a shift in the band 

visible upon detection. The technique is suitable for qualitative, quantitative, and kinetic 

analyses. In our experiment, we investigated whether the proteins can interact with the different 

ligands used and induce conformational changes upon interaction. To test this, we have 

prepared polyacrylamide electrophoresis gels containing 8% of 40% Acryl/Bisacryl solution 

(29:1) with an increasing concentrations of glucan solutions ranging from 0% to 0.5%. Once 

the gels are prepared, 1µg of the purified proteins ESV1 and LESV were loaded on the different 
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gels containing the glucans. We used a reference protein which has no affinity for sugars. 

Electrophoresis was carried out under native conditions at 4°C at a constant voltage of 130V 

for 2 hours in a migration buffer containing 25mM Tris and 192 mM Glycine. When the desired 

separation was achieved, the gels were rinsed with distilled water and then stained with 

InstantBlueTM Coomassie Brilliant Blue G-25I (Expedeon). 
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5. Results 

5.1. Production and Purification of ESV1 and LESV proteins 
 

Structural studies by SAXS and X-ray crystallography require pure and monodisperse protein 

solutions. In order to obtain accurate and reliable structural analysis, it is essential to have pure 

protein samples with consistent behavior in solution. Impurities and aggregates can lead to 

inaccurate data and hinder the ability to decipher the true structure of the protein. Therefore, 

obtaining high quality protein samples is critical for the success of SAXS and X-ray 

crystallography experiments. This task was the first part of my research work. 

 

5.1.1. Purification of ESV1 protein 
 

Before starting my PhD, preliminary experiments were conducted using the ESV1 and the 

LESV protein.  pET24a+ AtESV1 -Δ95 and pET28a+ AtLESV were chosen in order to express 

and purify ESV1 and LESV proteins.  

Our collaborators tried to work with the full-length of ESV1 protein, but they never succeeded 

in expressing the full length of the ESV1 protein. So, they decided to do a deletion of the first 

95 residues in which they succeeded in expressing and produce the protein. They send us the 

construct and preliminary purification protocol. ESV1 is expressed at lower levels than LESV 

and is less soluble during the concentration process. 

ESV1 protein was eluted using an imidazole-containing buffer and then dialyzed. The main 

issue is that the protein precipitate rapidly after few days. So, we tried a second purification 

protocol by using a Superose 6 column or by doing directly a desalting step after using the 

HisTrap chromatography column. 

Later on, we tried to design a new construct for the ESV1 protein that contains only the β-sheet 

a construction from the residues E139 till E371 but we never succeeded in expressing this 

construct. 

In the Materials and Methods segment, the protocol for expressing and purifying the ESV1 

protein are described in details and the steps of the final optimum purification process for ESV1 

protein are shown in Figure 5.1. To achieve stable ESV1 protein samples, many steps required 

optimization. 
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Figure 5.1: Diagram of the purification steps of the ESV1 protein 

 

The chromatogram of the ESV1 HisTrap purification with the UV absorbance curves at 280 

nm, and the 12% SDS-PAGE with different fractions are shown in Figure 5.2. 

 

Figure 5.2: A) Purification profile of ESV1 by size exclusion chromatography Column 

volume: 120mL; Flow rate: 1mL/min. The blue curve represents the absorbance at 280 nm of 

the protein as a function of the volume. B) Analysis of the purified fractions of ESV1 using 

12% SDS-PAGE in which Coomassie blue stained showing 2 µg of purified protein samples of 

ESV1. 
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The elution profile shows a single peak with elution volumes of 86ml (Figure 5.2) containing 

pure ESV1 (Figure 5.2). The protein was concentrated for crystallization and SAXS 

experiments to a maximum concentration between 4 and 6 mg/ml. 

 

5.1.2. Purification of LESV protein 
 

We succeeded in expressing and producing the full-length of LESV protein with a good 

expression and soluble. LESV protein was eluted using an imidazole-containing buffer for the 

first step of the purification, and with a second purification protocol by using a Superdex 200 

column. 

In the Materials and Methods segment, the protocol for expressing and purifying the LESV 

protein are described in details and the steps of the final optimum purification process for LESV 

protein are shown in Figure 5.3.  

 

Figure 5.3: Diagram of the purification steps of the LESV protein 

 

The elution profile shows two main peaks with elution volumes of 77ml and 60ml (Figure 5.4) 

both containing LESV (Figure 5.4).  
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Figure 5.4: A) Purification profile of LESV by size exclusion chromatography Column 

volume: 120mL; Flow rate: 1mL/min. The blue curve represents the absorbance at 280 nm of 

the protein as a function of the volume. B) Analysis of the purified fractions using 12% SDS-

PAGE gel in which Coomassie blue stained showing 2 µg of purified protein samples of LESV. 

 

The peak with an elution volume of 77ml corresponds to the monomeric form of LESV that has 

been used for structural studies. LESV was then concentrated using Vivaspin concentrator. The 

protein was concentrated to a maximum concentration between 20 and 25mg/ml. 

 

5.2. Structural study of ESV1 and LESV 
 

One of the objectives of my PhD project is to resolve the molecular structure of the Arabidopsis 

thaliana ESV1 and LESV proteins at the atomic level using an integrative structural biology 

approach, mainly combining X-ray crystallography for stable domains and/or full-length 

proteins, small angle X-ray scattering to analyze disordered regions and dynamic organization 

of the domains, and circular dichroism to estimate the composition of the protein's secondary 

structure. 

Since the ESV1 and LESV proteins have no known homologs, we decided to start our study by 

studying their structure by SAXS with the aim of identifying their different domains and their 

organization in order to obtain more information about the protein structure in solution. In order 

to analyze the structural organization and to complete the AlphaFold predictions of the ESV1 
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and LESV protein structures, we first examined the newly accessible AlphaFold2 prediction 

models for the ESV1 and LESV protein structures, and we experimentally validated these two 

AlphaFold2 prediction models using two structural biology approaches small angle X-ray 

scattering (SAXS) and circular dichroism (CD) techniques in order to evaluate their secondary 

structure content. 

 

 

5.2.1. AlphaFold2 models: ESV1 and LESV 
 

Recently, two molecular models for the ESV1 and LESV proteins from Arabidopsis thaliana 

were available in the alphafold database (Jumper et al. 2021). AlphaFold is a very powerful tool 

that reveals the tertiary structure models of both proteins in which they share a common -

sheet at the C-terminal region, a highly conserved region rich in tryptophan residues (Figure 

5.5). These tryptophan-rich regions in both ESV1 and LESV proteins are confidently predicted 

with a value of about pLDDT >90 as we can see in Figure 5.5.  
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Figure 5.5: AlphaFold2 structure models predicted for full-length of Arabidopsis ESV1 

(right: F4I9G2) and LESV (left: Q5EAH9) proteins. A) Structural elements with a confidence 

score of pLDDT > 90 are colored with blue color, elements with 90 > pLDDT < 70 are colored 

with cyan color and those with pLDDT<70 are colored with yellow color. B) Plots of predicted 

positional errors in Å for ESV1 (right) and LESV (left). 

 

The N-terminal (including the supposed transit peptides) and the C-terminal of these β-sheets 

have lower confidence scores. The majority of these sections are likely disordered and exhibit 

poor conservation in the ESV1 protein in addition to the proline-rich region as we can see in 

Figure 5.5 (Feike et al. 2016), while numerous α-helices are predicted with high confidence 

(pLDDT > 70) in both the N- and C-terminal of the β-sheet in the LESV protein. In addition, a 

short helical region is predicted with high confidence (pLDDT > 90) at the C-terminus of the 

LESV protein (Figure 5.5). In addition to the prediction of the C-terminal region, AlphaFold2 

has no prediction for the N-terminal domains. 

The tryptophan-rich regions in both proteins exhibit unique conformations, forming elongated, 

twisted planar sheets that are around 70 Å long and consist of 16 antiparallel β-strands (Figure 
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5.6). In these antiparallel β-strands, the conserved tryptophan residues are arranged along two 

lines parallel to each other and to the axis of the sheet separated by approximately 10Å (Figure 

5.6).  

 

 

Figure 5.6: Structures and conservation of ESV1 and LESV proteins. (A) AlphaFold 

predictions of ESV1 and LESV (Uniprot identifiers F4I9G2 and Q5EAH9, respectively). 

Cartoon representations of the full proteins; aromatic (Trp, Tyr, Phe) and acidic residues are 

highlighted in pink and yellow, respectively (side chains shown as sticks; for better 

visualization, their alpha carbons are colored as the cartoon backbone). (B) Isolated β-sheet 

plane regions of ESV1 and LESV, reoriented along the x-axis to reveal the view along the long 

axis of the planes.  

 

Since the aromatic and acidic residues in the β-sheets of ESV1 and LESV proteins are highly 

conserved, we looked at their spatial arrangement along the β-sheets. We found that the 

aromatic residues in the β-sheets form two lines, approximately 14 Å apart, spanning both sides 

of the β-sheets and perpendicular to the backbone β-strands. In addition, the acidic amino acids 

predominantly occupy the spaces between these aromatic lines, similarly arranged in two lines 

A 

B 

14 Å  

14 Å  

14 Å  

14 Å  
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spaced about 14 Å apart on both sides of the β-sheet. The distribution and orientation of the 

aromatic and acidic amino acids across the β-sheet is highly similar, but not identical between 

the two proteins (Figure 5.6). 

 

 

5.2.2. The N-terminal domain of LESV contains helices whose folding 

and position depend on the environment of the protein. 
 

To expand upon the Alphafold models for the ESV1 and LESV proteins described above, which 

are available in the Alphafold platform database. Independently of these two models, we 

recalculated a set of five models for the two proteins using Alphafold 2 by calculating the 

models for the N-terminally truncated constructs generated for expression of the two proteins 

used in the CD and SAXS experiments. We found that the predicted high-confidence regions 

with a pLDDT > 90 for the ESV1 protein between amino acids 142 to 395, and for the LESV 

protein between amino acids 318 to 573 remained consistent across the five generated models 

and consisted primarily of the tryptophan-rich, -stranded C-terminal region described above. 

This result indicates a high level of stability for this domain, which is expected to be a new 

carbohydrate binding domain. In these five models, we focused on the predicted structures for 

the less conserved domains of the ESV1 and LESV proteins. As previously reported, the regions 

near the C-terminal β-sheet of ESV1 (46 amino acid residues at the N terminus and the 

polyproline region at the C terminus), which are poorly conserved, are predicted to be 

disordered. In the C-terminal region of the β-sheet, located on one side of the β-sheet, an α-

helical region from residues 378 to 395 is predicted with a high confidence score in its structure 

and relative position to the β-sheet. This helix is also present in the LESV protein from residues 

555 to 578 with the same confidence level as in ESV1. Both regions contain four conserved 

amino acids. 
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Figure 5.7: AlphaFold2 prediction model for Arabidopsis LESV.  A) Structural elements 

with a confidence score of pLDDT > 90 are colored with dark grey color, the helices of the 5 

models are colored light grey, salmon, cyan, yellow and green. The common helix with ESV1 

is on the left, the long helix specific for LESV is on the right. The side chains of aromatic amino 

acids (Tyr, Trp, Phe) are shown in violet at the C-terminus of the β-sheet.  

 

 

The N-terminal region of LESV is predicted with low to extremely low confidence. 

Nevertheless, three helical regions located in a conserved island were found to be predicted 

with pLDDT > 70. Only one of them forms a long helix from residues 245 to 273 whose position 

relative to the β-sheet, is predicted with high score of confidence (Figure 5.7). This helix is 

located on the same side of the β-sheet as the C-terminal helix conserved in both proteins. It is 

predicted with the same confidence score in all Alphafold-generated models, but its position 

may differ from model to model, suggesting that it may adjust according to the environment of 

the protein. For the other helices, although they are predicted with pLDDT > 70, their positions 

are not equivalent between the five models calculated. This result may indicate that the N-
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terminal domain of LESV is disordered and susceptible to helix folding under certain 

conditions. 

 

 

5.3. Determination of the molecular envelop of purified ESV1 & 

LESV by SAXS 
 

In order to gain insight into the three-dimensional shapes of the proteins in solution we have 

used small angle X-ray scattering (SAXS). SAXS data were collected at the SWING beamline 

of the Synchrotron SOLEIL (Gif sur Yvette). Scattering data were recorded and several curves 

of scattered intensity (I(q)) as a function of the scattering vector (q) were obtained.  

 

 

5.3.1. SAXS data for ESV1 protein 
 

The ESV1 protein exhibited a smooth SAXS scattering profile, and analysis by Guinier 

approximation plots confirmed that it was not aggregated (Figure 5.8A). Examination of the 

protein particle size (Table 5.1) and interatomic distance distributions (Figure 5.8B) revealed 

that the ESV1 is composed of structured domains extended by a more dynamic elongated 

domain.  
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Figure 5.8: SAXS data and ab initio model for ESV1 protein A) Experimental data plotted as 

a function of the scattering vector q with the Guinier plot illustrated as an inset B) Illustrates 

the distance distribution function, and C) Average ab initio envelope predicted by 

DAMMIF/DAMAVER (from 10 ab initio protein models computed by DAMMIF, shown in 

light blue) superposed with the most typical shape filtered by DAMFILT (dark blue). The 

proteins’ structural parts modeled with a confidence score of pLDDT ≥ 90 (cartoon) are 

manually fitted into the molecular envelope. 
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Table 5.1: SAXS structural parameters for ESV1 protein 

Beamline SWING, SOLEIL At ESV1  

I(0) (cm-1) 0.017 +/- 0.00005 

Rg (Å) 33.40 +/-0.19 

qmin (Å
-1) 0.0032 

qRg max 1.01 

Coefficient of correlation, R2 0.991 

P(r) analysis  

I(0) (cm-1) 0.018 +/-0.000025 

Rg (Å) 34.7 +/-0.02 

q range min (Å
-1) 0.0032 to 0.25 

Porod volume (Å3) 103015 

Dmax 130 

 

The scattering curve obtained shows that ESV1 is probably formed by a rather flattened discoid 

domain extended by small dynamic regions (Figure 5.8B) in agreement with the model 

generated by Alphafold. 

  

Ten ab initio molecular envelopes were calculated for ESV1 protein with DAMMIF (Daniel 

Franke et Svergun 2009) fitting the experimental data with 2 =1.7 for the ESV1 protein and 

then averaged and filtered with DAMAVER/DAMFILT  (Volkov et Svergun 2003) . The result 

(Figure 5.8C) shows an oblate domain whose dimensions and shapes are consistent with the 

shape of the conserved -sheet of ESV1 AlphaFold model.  

 

 

5.3.2. Validation of AlphaFold ESV1 model and modelling of the N-

terminus  
 

To verify the compatibility of the ESV1 model with the experimental SAXS data, in addition 

to understanding and identifying the N-terminal domain of ESV1, we performed an ab initio 

modelling. We used the BUNCH program by integrating the high confidence structure of the 

C-terminal domain available in the Alphafold database with our SAXS data. BUNCH is a 

program designed to model the missing parts of a protein that are not involved in the predicted 

-sheet using SAXS data  (Petoukhov et Svergun 2005).The resulting model fits the SAXS data 
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with a high degree of confidence  2= 3.4, (Figure 5.9) and suggests that both the N-terminal 

and proline-rich regions are disordered and located on either side of the beta domain leaving 

the latter accessible for the binding of amylopectin molecules.   

 

 

 

 

Figure 5.9: SAXS model of ESV1 domains. A) The left panel shows the optimal positions and 

orientations of the conserved β-sheet models of ESV1 in blue color, and the probable 

conformations of the N and C terminal domains in green color. The fit of the experimental 

scattering data (black dots) and the theoretical scattering patterns of the models are represented 

on the right panel. B) Kratky plot of scattering data for the ESV1 protein. 

 

Kratky plot shows a typical bell-shape finishing to q2I(q) close to 0 typical of folded protein 

(Figure 5.9) suggesting only few unstructured regions in the protein. 

 



126 
 

5.3.3. SAXS data for LESV protein 
 

The LESV protein exhibited a smooth SAXS scattering profile, and analysis by Guinier 

approximation plots confirmed that it was not aggregated (Figure 5.10A). Examination of 

protein particle size (Table 5.2) and interatomic distance distribution (Figure 5.10B) revealed 

that LESV protein consists of structured domains extended by a more dynamic elongated 

domain.  

 

 

 

Figure 5.10: SAXS data and ab initio model for LESV protein A) Experimental data plotted 

as a function of the scattering vector q with the Guinier plot is illustrated as an inset B) illustrates 

the distance distribution function, and C) Average ab initio envelope predicted by 

DAMMIF/DAMAVER (from 10 ab initio LESV protein models computed by DAMMIF, 

shown in light blue) superposed with the most typical shape filtered by DAMFILT (dark blue). 

The proteins’ structural parts modeled with a confidence score of pLDDT ≥ 90 (cartoon) are 

manually fitted into the molecular envelope. 
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Table 5.2: SAXS structural parameters for LESV protein 

Beamline SWING, SOLEIL At LESV 

I(0) (cm-1) 23.31 +/-0.033 

Rg (Å) 36.79 +/-0.08 

qmin (Å
-1) 0.014 

qRg max 1.18 

Coefficient of correlation, R2 0.999 

P(r) analysis  

I(0) (cm-1) 23.82 +/-0.034 

Rg (Å) 39.71 +/-0.102 

q range min (Å
-1) 0.014 to 0.4 

Porod volume (Å3) 121099 

Dmax 160 

 

We have used the same approach used as for ESV1 to study the position of the N-terminal 

domain of LESV. Ten ab initio molecular envelopes were calculated for LESV protein with 

DAMMIF (Daniel Franke et Svergun 2009). Its molecular envelope fits the experimental data 

with 2 =2.3, and the average model was filtered with DAMAVER/DAMFILT (Volkov et 

Svergun 2003) as shown in Figure 5.10C which represents the most typical model. 

 

LESV has a large, oblate globular domain whose size and shape are compatible with the -sheet 

domain model, although it is larger than the main domain of ESV1. This domain is flanked by 

a small, rather dynamic extension whose size cannot correspond to the entire N-terminal domain 

of the protein, suggesting that it does not form a structurated domain apart of the C-terminus 

domain.  

 

 

5.3.4. LESV model and modelling of the N-terminus  
 

To better visualize and localize the N-terminal domain of LESV, we performed an ab initio 

modelling based on the structure of the high-resolution C-terminal domain model available in 

the Alphafold database with our SAXS data using BUNCH.  The resulting model, which closely 

aligns with the SAXS data with a high degree of confidence (2= 3.8) as shown in Figure 5.11, 

suggests that the ends of the C and N-terminal domains between 50 and 80 residues are likely 
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to be disordered and emerge from the overall structure. The rest of the domain, however, is 

organized around the -sheet in structures that could be compatible with the helices predicted 

by Alphafold. 

 

 

Figure 5.11: SAXS model of LESV domains. A) The left panel shows the optimal positions 

and orientations of the conserved β-sheet models of LESV in blue color, and the probable 

conformations of the N and C terminal domains in green color. The fit of the experimental 

scattering data (black dots) and the theoretical scattering patterns of the models (red line) are 

represented on the right panel. B) Kratky plot of scattering data for the LESV protein. 

 

The presence of this domain around, or at least close to, the -sheet is likely to affect glucan 

binding and could explain the differences in function between the two proteins described in (C. 

Liu et al. 2023). Kratky plot shows for the LESV protein a bell-shape profile that does not come 

back to q2I(q)=0 which is typical of a folded protein having some disordered regions (Figure 

5.11b).  
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5.3.5. Determination of the molecular envelope of the LESV protein with α- 

cyclodextrins by SAXS 

 

Effect of interaction with alpha cyclodextrin 

It’s known that LESV interacts with starch (Feike et al. 2016). As starch components 

(amylopectin and amylose) cannot be prepared as homogeneous solution they are not good 

candidates for both crystallization and SAXS experiments that require monodisperse solution.  

Cyclodextrin are macrocyclic rings of glucose (glc) subunits joined by α-1,4-glycosidic bonds 

that can mimic the helical organization of the amylopectin. For this study, we used -CD (6 glc 

subunits). SAXS data have been collected for LESV incubated with -CD in a molecular ratio 

1:2.  

After incubation with alpha cyclodextrin, the HPLC profile showed a single peak with an 

elution volume analogue to the protein alone.  

 

Ab initio modelling from SAXS data using DAMMIF program (Figure 5.12) (Daniel Franke et 

Svergun 2009) shows that the particles have a rather spherical shape with a short elongated part. 

SAXS structural parameters seem to indicate the presence of interdomain dynamic (Table 5.3).  
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Figure 5.12: SAXS data and ab initio model for LESV protein with α-cyclodextrin A) 

Experimental data plotted as a function of the scattering vector q with the Guinier plot is 

illustrated as an inset B) illustrates the distance distribution function, and C) Average ab initio 

envelope predicted by DAMMIF/DAMAVER (from 10 ab initio LESV protein models 

computed by DAMMIF, shown in light blue) superposed with the most typical shape filtered 

by DAMFILT (dark blue). The proteins’ structural parts modeled with a confidence score of 

pLDDT ≥ 90 (cartoon) are manually fitted into the molecular envelope. D) Kratky plot of 

scattering data for the LESV protein with α-cyclodextrin. 
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Table 5.3: SAXS structural parameters for LESV alone and in complex with α-cyclodextrin 

 LESV LESV AlphaCD 

I(0) (cm-1) 23.31 +/-0.033 0.017 +/- 0.00005 

Rg (Å) 36.79 +/-0.08 33.40 +/-0.19 

qmin (Å
-1) 0.014 0.0032 

qRg max 1.18 1.01 

Coefficient of correlation, R2 0.999 0.991 

P(r) analysis   

I(0) (cm-1) 23.82 +/-0.034 0.018 +/-0.000025 

Rg (Å) 39.71 +/-0.102 34.7 +/-0.02 

q range min (Å
-1) 0.014 to 0.4 0.0032 to 0.25 

Porod volume (Å3) 121099 103015 

Dmax 160 130 

 

Analysis of SAXS data analysis reveals that particles size and shape are different of the protein 

alone (Table 5.3) and that de interdomain dynamics effects are lower than the protein alone. 

Contrarily to what observed for LESV alone, the Kratky plot of the complex LESV/-

cyclodextrin shows a bell-shaped curve coming back to 0 for high values of q, typical to a folded 

protein. 

This result shows that LESV can bind -cyclodextrin and that this binding induces likely 

structural reorganisation of the N-terminal domain’s unfolded regions around the -sheet 

domain leading to a more globular and structurated protein that will be a better candidate for 

protein crystallisation. 

 

5.4. Functional study of ESV1 and LESV 

5.4.1. ESV1 and LESV interact differently with -1,4-linked glucose polymers 
 

To better understand the specificities of ESV1 and LESV and their interaction with starch 

glucans, we performed several experiments in solution.  The heterogeneity of amylose and 

amylopectin solutions as well as their high viscosity did not allow them to be used for classical 

structural biology approaches (SAXS or X-ray crystallography) or SPR.  
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As it is known that both proteins bind to starch granules, my hypothesis was to check if the 

affinity was specifically directed to amylose or amylopectin. Secondly, since amylose and 

amylopectin have low solubility in water I have checked the affinity of the proteins to some 

more soluble and homogeneous derivatives (-CD, β-limit dextrin) and that could be used for 

structural characterization. 

To further our understanding of the specific characteristics of ESV1 and LESV and their 

interactions with starch glucans, we performed several experiments in solution. We studied the 

interaction of different glucans with ESV1 and LESV proteins using an electrophoretic mobility 

shift assay (EMSA), by observing the influence of increasing concentrations of these glucans 

on the electrophoretic mobility of ESV1 and LESV under non-denaturing conditions. This 

influence is estimated by the migration shift of these proteins compared to a control protein that 

has no affinity for the glucans.  

First, ESV1 (1µg) and LESV (1µg) were analyzed on a native gel containing increasing 

concentrations of the glucans ranging from 0 to 0.5% amylose, and amylopectin in the 

separating gel (Figure 5.13), in the presence of a reference protein that has no affinity for the 

components of starch. 
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Figure 5.13: Analysis of ESV1 and LESV binding to amylopectin by EMSA gel with a 

concentration of 0%, and 0,1% of potential ligands. Separation of both proteins using native 

gels, separation gels were supplemented with 0,3%, 0.5% (not shown) of amylopectin. Here, 

1µg of ESV1 and LESV were loaded per lane. As a further control 1µg of the reference protein 

was separated on native gels. The gels were stained with bromophenol blue. For each gel, the 

green arrow indicates the migration of the reference protein. The blue and the pink arrows 

indicate the position of the shifted ESV1 and LESV proteins respectively. 
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First, with amylopectin the results show a significant shift that increases with increasing 

concentration of amylopectin ranging from 0 to 0.5% for both proteins ESV1 and LESV as we 

can see in Figure 5.13.  From 0.1% amylopectin, the migration of both proteins is significantly 

delayed compared to the control, with both bands aligning at the same level of the gel, just 

below the concentration gel. This observation suggests a strong specific affinity interaction 

between the two proteins and amylopectin. 

In contrast, in native gels containing amylose in the same concentration ranges, nor or very 

weak differences were found for LESV and ESV1 compared to the glucan-free gel. The few 

differences that are seen are not increased by amylose concentration (Figure 5.14).  This result 

suggests that LESV and ESV1 have no or very weak non-specific affinity for amylose under 

the conditions tested.  
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Figure 5.14: Analysis of ESV1 and LESV binding to amylose by EMSA gel with a 

concentration of 0%, 0,1% (not shown), 0,3% of potential ligands. Separation of both proteins 

using native gels, separation gels were supplemented with 0%, 0,1%, 0,3% of amylose. Here, 

1µg of ESV1 and LESV were loaded per lane. As a further control 1µg of the reference protein 

was separated on native gels. The gels were stained with bromophenol blue. For each gel, the 

green arrow indicates the migration of the reference protein. The blue and the pink arrows 

indicate the position of the shifted ESV1 and LESV proteins respectively. 
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In order to understand the reasons for the differences in affinity between the two components 

of starch amylose and amylopectin, we decided to test the affinity of ESV1 and LESV for 

polyglucans with different characteristics (Figure 5.15).  To do this, we repeated the same 

experiments with A600 (a mixture of -1,4-linked glucose linear chains with DPs between 5 

and 50 glucose residues), pullulan (glucan chains formed by maltotriose units linked by -1,6-

linkages), β-limit dextrin and finally glycogen (-1,4-linked glucose chains poly-branched by 

-1-6-linkages) in the separation gel. Analysis of the results shows that neither ESV1 nor LESV 

have any affinity for A600 (Supplementary Data S2) or pullulan (Supplementary Data S3). 

However, a significant shift in the migration was observed for ESV1 and LESV proteins when 

β-limit dextrin was included in the native gel (Figure 5.15). 

Both amylopectin and β-limit dextrin are branched chains composed of α-1,4-glycosidic 

linkages with the branch chains linked to the main chain by α-1,6-glycosidic linkages, whereas 

amylose, pullulan and A600 are linear polysaccharides composed of α-1,4-glycosidic linkages.  
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Figure 5.15: EMSA gels analyzing the interaction of ESV1 or LESV protein with β-limit 

dextrin at concentrations of 0%, 0,1%, 0,3%, 0,5%.  Here, 1µg of ESV1 and LESV were loaded 

per lane. As a further control 1µg of the reference protein was separated on native gels. The 

gels were stained with bromophenol blue. For each gel, the green arrow indicates the migration 

of the reference protein. The blue and the pink arrows indicate the position of the shifted ESV1 

and LESV proteins respectively. 
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On the other hand, in the gel containing 0.1% glycogen, a shift of the LESV protein band is 

clearly observed compared to the reference protein band (Figure 5.16).  This shift is accentuated 

more and more when the glycogen concentration is increased to 0.3% and 0.5% respectively 

compared to the glucan-free gel, indicating an affinity of LESV for this branched glucan. This 

observation suggests a strong specific affinity interaction between LESV protein and glycogen. 

 

Figure 5.16: Analysis of ESV1 and LESV interaction with glycogen with a concentration of 

0%, 0,1%, 0,3%, 0,5%. Separation of both proteins using native gels, separation gels were 

supplemented with 0% to 0.5% of glycogen. Here, 1µg of ESV1 and LESV were loaded per 

lane. As a further control 1µg of the reference protein was separated on native gels. The gels 
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were stained with bromophenol blue. For each gel, the green arrow indicates the migration of 

the reference protein. The blue and the pink arrows indicate the position of the shifted ESV1 

and LESV proteins respectively. 

 

In contrast, with ESV1 with the same concentration ranges, no differences were found for the 

electrophoretic properties of ESV1 with 0.1%, 0.3% or 0.5% glycogen compared to the glucan-

free gel (Figure 5.16), no delay in the migration. This result suggests that there is no interaction 

between ESV1 and glycogen meaning no affinity for this polyglucan. 

My results show that ESV1 and LESV from Arabidopsis thaliana show a strong affinity toward 

amylopectin and a moderate affinity -limit dextrin but not for linear chains such as amylose. 

This suggests that the affinity of LESV and ESV1 for starch is not due to the recognition of 

linear glucans but likely to the additional helices in the N-terminal domain of LESV, or to the 

particular 3D structure of amylopectin organized in double helices.   

 
 

5.4.2. Conformational changes upon amylopectin binding to LESV protein 

and the appearance of -helices  

 

In order to analyse structural content of the ESV1 and LESV protein structures and to identify 

putative structural modifications in proteins’ structure upon glucan binding, we have studied 

both proteins using circular dichroism spectroscopy which allows us to obtain information 

about secondary structure elements (Figure 5.17) (Kelly, Jess, et Price 2005). CD spectroscopy 

measures the difference in the absorption of right-handed polarized light versus left-handed 

polarized light which arise due to structural asymmetry.  It is an excellent biophysical tool for 

rapidly estimating the secondary content (% helix, sheet, turns, etc.) and the tertiary structural 

organization of the protein using the far UV (180-260 nm) and near UV (250-330 nm). In 

general, the CD signal at 215 nm indicates the sheet content and the CD signal at 208 nm and 

222 nm are used to estimate the helical content (Greenfield 2006). 

In addition, it is particularly useful for determining and monitoring conformational changes in 

the proteins structure that happen upon ligand binding or upon changes in the protein 

environment, in our case due to protein-ligand interactions in our case. 
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Figure 5.17:  Illustrative CD Spectra for the three UV spectra signature of protein secondary 

structures: α-helical protein (black line), β-sheet protein (blue line), and random coil protein 

(green line) (Wei, Thyparambil, et Latour 2014). 

 

It is known that the disordered regions in proteins may play an important functional role. As 

the folding of the N-terminal regions of the LESV protein has not been predicted by Alphafold 

but only few helices, we wanted to estimate the structure of this domain and check if LESV 

undergoes conformational changes upon binding of the amylopectin due to its interaction with 

amylopectin.  

We collected CD spectra using circular dichroism spectroscopy with a wavelength between 170 

and 270nm. The result is shown in Figure 5.18. in which the secondary element composition 

was estimated using Bestsel (Micsonai et al. 2022). As we can see in Figure 5.18 both proteins 

are structured, with differences in the composition of the secondary structure. For ESV1, the 

pattern of CD spectra is consistent with a folded protein with a strong positive band at λ=196nm 

and a single negative band at λ=220nm, characteristic of all β-proteins. For LESV, the spectrum 

reveals a global folding of β-strands and α-helices, in which it shows a strong maximum at 

λ=192nm and a minimum at λ=216nm, signifying the presence of beta structures. However, 
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unlike ESV1, the spectrum also shows two shoulders at λ=210 and λ=222nm, demonstrating 

the simultaneous presence of α-helices. These results align with models generated by Alphafold 

that predict the folding of both proteins into a conserved C-terminal β-sheet domain and the 

presence of a few α-helices in the N-terminal part of LESV. 

After analyzing ESV1 and LESV proteins by circular dichroism (CD) spectroscopy, we found 

that both proteins are predominantly β-sheets, in addition, LESV also contains α-helices (Figure 

5.18), as predicted in the AlphaFold models. 

 

 

 

Figure 5.18:  SRCD spectra for the proteins secondary structure content of LESV alone 

(violet color) and ESV1 alone (blue color). These spectra are averages of three separate 

measurements. 

 

To further investigate the nature of the interaction between ESV1 and LESV with glucans, in 

particular to uncover the conformational changes of the proteins during complex formation, we 

used synchrotron radiation circular dichroism (SR-CD) study. Circular dichroism (CD) is the 

preferred technique for examining protein structure because it allows visualization of the 

content of secondary structural elements. CD also facilitates the study of interactions between 

proteins and their ligands, especially when these interactions trigger structural alterations. 

SRCD enhances the capabilities of standard CD spectroscopy by providing a wide spectral 
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range, improved signal-to-noise ratio, and accelerated data acquisition, even in the presence of 

absorbing elements such as buffers and salts (Hussain et al., 2012; Hussain et al., 2018). 

Quantitative analysis of CD spectra also facilitates the prediction of the secondary structure 

content of a protein. Therefore, we compared the spectra obtained for proteins alone and in 

complex with amylose and amylopectin.  

To examine the interactions between the proteins (ESV1 and LESV) and polyglucans (amylose 

and amylopectin), 4 µl of solutions of each protein were combined with 1 µl of 1% amylose or 

1% amylopectin solutions and incubated for 2 hours before measurement. For each spectrum, 

the composition of the secondary structure elements was determined using BestSel (Micsonai 

et al. 2015). The values obtained were compared to those acquired for the proteins alone. 

 

 

Figure 5.19: Superposition of the SR-CD spectra of LESV alone (Pink) and when mixed with 

amylopectin (violet) or amylose (blue) solutions. The composition in secondary structural 

elements evaluated by BestSel are in inset. 
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The spectrum obtained for the LESV/amylose mixture largely reflects that of LESV alone, with 

peaks of slightly lower amplitude. This implies that the presence of amylose induces little or no 

conformational changes in the protein (Figure 5.19). 

In contrast, the spectrum obtained for the LESV/amylopectin mixture shows much larger peaks 

than those obtained for the protein alone or in the presence of amylose. The positive peak at 

λ=192 nm is 60% larger than for the protein alone, indicating more pronounced structuring of 

the protein. At λ=208 and λ=215 nm, the molar ellipticity values, indicating the presence of α 

and β structures, are 50% lower than those observed for the protein alone or in the presence of 

amylose. More intriguingly, the molar ellipticity at λ=222 nm, indicating the presence of α-

helices, is significantly lower (70%) than that observed for the protein alone or in the presence 

of amylose. This result demonstrates that amylopectin, unlike amylose, induces a significant 

conformational change in the LESV protein. This change suggests the formation of additional 

α-helices upon amylopectin binding. 

To identify and quantify the conformational changes that LESV undergoes in the presence of 

amylose and amylopectin, the composition of secondary structural elements was analyzed using 

BestSel (Micsonai et al. 2015). The results, shown in the inset of Figure 5.19, corroborate the 

analysis of the CD spectra. The composition of the β-strands and turns is equivalent whether 

LESV is alone or in the presence of amylose or amylopectin. This indicates that the beta domain 

structure is not altered by the presence of polyglucans. LESV in the presence of amylose 

appears to have a slightly lower number of α-helices and strands than the protein alone. 

Conversely, a higher number of α-helices is observed when the protein is in the presence of 

amylopectin. This result confirms that the LESV protein interacts with amylopectin and that 

this interaction induces the formation of α-helices, most likely localized in the N-terminal 

domain. 

The same analysis was performed for ESV1 in figure 5.20.  
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Figure 5.20: shows the superposition of the SR-CD spectra of ESV1 alone (pink) and when 

mixed with amylopectin (violet) or amylose (blue) solutions. The composition in secondary 

structural elements evaluated by BestSel are in inset. 

 

The spectrum obtained for the ESV1/amylose mixture largely reflects that of ESV1 alone, with 

peaks of slightly lower amplitude (Figure 5.20). 

The analysis reveals broadly similar spectra for ESV1 in the presence of either amylose or 

amylopectin, with what appears to be a slightly lower degree of structuring for the protein alone. 

BestSel analysis of secondary structural element composition, as shown in the inset of Figure 

5.20, indicates a similar composition for ESV1 alone or in the presence of amylose. However, 

there is a slight reduction or modification of some strands and α-helices when the protein is in 

the presence of amylopectin. This result suggests that ESV1 interacts with amylopectin without 

inducing significant conformational changes. 
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5.4.3. Glucan binding affect the Melting temperature (TM) of LESV but 

not ESV1 
 

For LESV protein 

Detection of ligand binding can be enhanced by SR-CD controlled thermal denaturation studies. 

This technique is more sensitive than simple spectral differences because it allows the discovery 

of interactions that do not induce structural changes in proteins. Using this approach, it is 

possible to determine the melting temperature (Tm) of the unfolding transition. The variation 

of the CD signal was measured as a function of temperature for isolated proteins and in the 

presence of amylose or amylopectin, under the same conditions as for the constant temperature 

spectra. 

Figure 5.21 shows the results obtained for LESV. Upon denaturation of the protein, two stable 

states of the protein were observed, whether isolated (Figure 5.21A) or in the presence of 

amylopectin (Figure 5.21B) or amylose (Figure 5.21C). This was indicated by an isosbestic 

point at λ=210 nm. As temperature increases, the intensity of the positive peak at λ=192 nm 

decreases and a hypsochromic effect (shift to lower wavelengths) is observed, reflecting 

significant alterations in the overall structure of the protein. The magnitude of the peak between 

λ=210 and λ=225 nm decreased sharply, indicating a reduction in α and β structures. 

Specifically, the decrease at λ=222 nm reflects a greater decrease in α-helix structures in the 

LESV amylopectin mixture. Simultaneously, a new negative band appeared at λ=203 nm, 

suggesting the formation of random coils and thus confirming denaturation of the protein. 

However, Figure 5.21D the spectrum in the presence of α-cyclodextrin shows a behavior which 

is almost identical to LESV alone, but even that this binding doesn’t lead to the formation of 

new helices (CD), it is sufficient to stabilize disordered regions around the beta domain that we 

have seen it with the SAXS experiment above. 
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Figure 5.21: Thermal denaturation of LESV followed by SR-CD. Each plot represents 

consecutive scans on the protein collected at a set of temperature between 20 to 90°. Scans 

are colored in a gradient from dark blue (first temperature) to dark red (last temperature) for a) 

LESV alone, b) LESV with amylopectin and c) LESV with amylose. d) shows the superposition 

of the SR-CD spectra of LESV alone (blue) and when mixed with amylopectin (grey) or α-

cyclodextrin (orange) solutions. The composition in secondary structural elements evaluated by 

BestSel are in inset. e) thermal denaturation of LESV followed at  =190nm. Curves 

corresponding of proteins alone, with amylopectin or amylose are colored grey, red and cyan 

respectively.   

 

To assess the impact of the presence of glucans on protein stability, we determined the Tm of 

the mixtures by tracking the evolution of molar ellipticity as a function of temperature at 

λ=195nm. The curves obtained were normalized and are presented in Figure 5.21E. The 

experiment demonstrates that LESV denaturation is decelerated in the presence of amylose and 

even more so in the presence of amylopectin, with Tms of about 55°, 60°, and 65°, respectively. 

This result indicates that the presence of amylose and amylopectin stabilizes LESV, suggesting 

an interaction of the protein with both starch components. However, combining this result with 
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EMSA result, the interaction with amylopectin is likely much specifics than the interaction with 

amylose 

 

For the ESV1 protein 

The experiment was repeated with ESV1, and the results are analyzed in Figure 5.22D. It was 

noted that two isostatic points were present for the protein alone, with a first isostatic point at 

λ=210nm as observed for LESV and a second at λ=197nm. The same profile was observed for 

the protein in the presence of amylopectin. This observation confirms that denaturation of the 

protein alone or in the presence of amylopectin occurs in two different states. Conversely, only 

one state is observed in the presence of amylose, where only the isosbestic point at λ=201nm is 

present, suggesting that the presence of amylose may stabilize ESV1 in the initial denaturation 

step. 

 

Figure 5.22: Thermal denaturation of ESV1 followed by SR-CD. Each plot represents 

consecutive scans on the protein collected at a set of temperature between 20 to 90°. Scans 

are colored in a gradient from dark blue (first temperature) to dark red (last temperature) for a) 

ESV1 alone, b) ESV1 with amylopectin and c) ESV1 with amylose. d) thermal denaturation of 



148 
 

ESV1 followed at  =195nm. Curves corresponding of proteins alone, with amylopectin or 

amylose are colored grey, red and cyan respectively. 

 

In all assays, with increasing temperature, the peak observed at λ=193 nm decreases in intensity 

and undergoes a hypsochromic effect before stabilizing around λ=180nm. After the first 

denaturation step, this peak continues to decrease in intensity without undergoing a 

hypsochromic shift, signifying a change in the overall structure of the protein. The intensity of 

the negative peak observed at λ=220 nm decreases and also undergoes a hypsochromic shift 

(which stabilizes around λ=212nm) until the first denaturation state is reached at 43, 43, and 46 

degrees for ESV1, ESV1/amylopectin, and ESV1/amylose, respectively. At higher 

temperatures, a different behavior is observed for the ESV1/amylose mixture. The magnitude 

of the negative peak stops decreasing, while a negative peak around λ=202 nm emerges, a peak 

that is not observed for ESV1 alone or in complex with amylopectin. For ESV1 alone and in 

complex with amylopectin, a second state is reached at about 75 degrees. Between the first and 

second states, the positive peak at λ=180nm continues to decrease in intensity without 

undergoing a hypsochromic change. Similarly, the peak at λ=212nm continues to decrease in 

magnitude without shifting. 

Regarding the evolution of molar ellipticity as a function of temperature at λ=190nm, the 

obtained curve has been normalized and is presented in Figure 5.22D. The denaturation curves 

show the same pattern and can be superimposed, with an inferred Tm of about 50°C for ESV1. 

Therefore, unlike LESV, the presence of amylose or amylopectin does not impact the 

thermostability of ESV1, despite a demonstrated interaction with amylopectin. 

 

5.4.4. ESV1 and LESV are found distributed across the entire surface of the 

starch granules. 

 

To validate the results obtained in solution, we examined the binding of ESV1 and LESV to 

starch granules using UV fluorescence microscopy. This method, which allows the 

visualization of proteins by the fluorescence of their aromatic residues on starch granules, was 

used and described in detail in (Tawil et al. 2011). 

Starch granules have a high concentration of GBSS, the enzyme that catalyzes the synthesis of 

amylose. For the experiment, we chose corn starch granules that had the GBSS gene deleted. 
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This allowed us to distinguish the fluorescence of the granule from that of the protein under 

investigation. The measurement was performed simultaneously in visible light and with 

excitation at λ=310 nm, which stimulates the tryptophans to be excited. 

For 3D visualization, Z-scans (along the optical axis) were acquired with a step size of 300 nm 

over a Z range of 40 µm under the control of the µManager. However, a Z-scan refers to a 

method of acquiring multiple optical sections along the Z-axis (depth) of a sample. It involves 

systematically moving the focal plane of the microscope through the sample at different depths 

while capturing images. This technique allows us to obtain a series of images at different focal 

planes and reconstruct a three-dimensional representation of the sample. 

We prepared a mixture in which 65µl of WAXY starch grains (300mg/ml) were incubated with 

2µl of ESV1 (4mg/ml) or 2µl of LESV (10mg/ml) for 2 hours before measurement. Then a 

second mixture was prepared from the first by mixing 2.5µl of the first mixture with 2.5µl of 

the buffer, and then examined under the microscope. 

 

 

Figure 5.23: Starch granules seen under fluorescence microscopy showing the starch 

granules alone (to the left), starch granules with ESV1 or LESV (in the middle), and the 

superposition of both images to the right. 
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We secured the emission spectrum by using a filter to select a wavelength range between 329 

and 351 nm. We performed two control experiments: the first with starch granules alone to 

confirm the absence of fluorescence, and the second with starch granules in the presence of 

BSA. As we can see in Figure 5.23,  

As we can see in Figure 5.23, there is fluorescence around the starch granule in the image on 

the right compared to the control image on the left. This fluorescence indicates the presence of 

the ESV1 or LESV protein bound to the entire surface of starch granules demonstrating that 

both proteins are able to recognize and bind to the crystalline form of amylopectin. This 

indicates that both proteins are present on the surface of the starch granules, as we can see in 

the third image on the right. 

 

 

5.4.5. The tryptophan-rich C-terminal domain of ESV1 and LESV is capable of 

binding two double helices of amylopectin on one side of the β-sheet 

 

To deepen our understanding of the interaction between the novel sugar-binding domain (SBD) 

discovered on ESV1 and LESV, we simulated the complex with the conserved C-terminal 

domain of the proteins and a pair of amylopectin double helices using GOLD (Jones et al. 1997). 

First, we used the LESV model with the β-sheet and the well-positioned α-helix as described in 

section 5 and Figure 5.7. 

In both protein models, we observed a polarity on either side of the C-terminal β-sheet, one side 

of which was occupied by a long helix (in LESV) or a long loop (in ESV1). These elements 

partially mask the aromatic or acidic amino acid residues that could interact with amylopectin 

(Supplementary data S4). In this study, we focused on the interaction of amylopectin only with 

the accessible side of the β-sheet. We did not consider the N-terminal domain, which has not 

yet been predicted. 

We first performed a docking calculation involving a protein molecule and an amylopectin 

double helix centered on an aromatic stripe of LESV on the accessible side of the β-sheet. We 

obtained a satisfying result where a double helix of amylopectin binds to the β-sheet and aligns 

well with the aromatic stripe. We repeated this process with the protein binding a single chain 

of amylopectin, targeting the second aromatic stripe. We again obtained a good result, as shown 

in Figure 5.24. Here, two amylopectin double helices bind along the aromatic stripes and align 
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parallel to each other. Any attempts to add a third chain of amylopectin did not lead to any 

result. 

 

 

Figure 5.24: The molecular model shows the complex formed between the C-terminal 

domain of LESV and the double helices of amylopectin. The protein chain is cartoon-like and 

colored in blue. Aromatic residues are highlighted in magenta and their side chains are shown 

as sticks. The double helices of amylopectin are also shown as sticks, but color-coded according 

to atom type. 

 

In this model, the amylopectin double helices are parallel and separated by approximately 10 Å 

(between the axes of the double helices). The arrangement of the double helices relative to each 

other in the calculated model is consistent with the configuration of amylopectin molecules 

reported for type A starch, which forms the starch granules in plant leaves (A. Imberty et al. 

1988). This finding confirms that the C-terminal domain conserved in ESV1 and LESV is 

ideally suited for interaction with the semi crystalline form of amylopectin found in starch 

granules. 

The amylopectin molecules interact with the protein domain via several typical protein-sugar 

interactions, as expected from the analysis of the primary sequence of the β-domain and the 

distribution of conserved amino acids in the AlphaFold model. The glucose rings interact via 
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hydrophobic stacking with the aromatic rings of the beta domain along the double helices. The 

conserved acidic residues in LESV and ESV1 also play an important role in the interaction by 

forming hydrogen bonds with the hydroxyl groups of the glucose residues. 

 

5.5. X-Ray crystallography trials of ESV1 and LESV proteins 
 

The goal of this project is to solve at the atomic level the molecular structure of LESV and 

ESV1 from Arabidopsis thaliana by an integrative structural biology approach, combining 

mainly X-ray crystallography (for stable domains and/or complete proteins), SAXS (to analyze 

disordered regions and dynamic domain organization) and CD (to estimate the secondary 

structure composition of the protein). 

Since ESV1 and LESV having no known homologs, we decided to start our study by studying 

their structure by SAXS with the aim to identify their different domains and their organization 

in order to obtain more information on the structure of proteins in solution. 

In order to analyse the structural organization and complete the AlphaFold predictions of the 

structures of the ESV1 and LESV proteins, we have used small angle X-ray scattering (SAXS), 

and circular dichroism. 

 

Proteins crystallization  

After confirming the quality of our protein samples, I have started crystallization trials with 

LESV, ESV1. To do that I used commercial kits (Table 5.4) and the Nano dispenser Mosquito 

robot using a protein concentration between 10 till 25 mg/ml for the LESV protein and a 

concentration between 4 & 8 mg/ml for the ESV1 protein. 

Different crystallization commercial kits were used to perform vapour phase diffusion 

experiments in a sitting drop. It consists in establishing an equilibrium between the drop 

containing the protein/precipitant mixture and the well containing only the precipitant in a 

closed chamber. These kits composed of different solutions containing precipitating agents in 

different pH with different additives in order to influence the solubility of proteins. So, different 

parameters were varied to promote crystal formation, namely protein concentration, salt 

concentration, presence of cofactors and presence of substrate analogues (Table 5.4). 
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We didn't use amylose and amylopectin in our crystallographic assay because of the 

heterogeneity and high viscosity of the two components of starch. On the other hand, we used 

α-cyclodextrin and β-limit dextrin for our crystallographic assay based on our SAXS and EMSA 

results, which show that the binding of α-CD induces a structural change in the structure of 

LESV, leading to a stabilization of its structure, and that it could be a good candidate for co-

crystallization with LESV. 

 

Tests are performed using 11 different commercial kits (BCS Screen, CRYO, JCSG Plus, 

MIDAS, MemGold, PACT Premier, PGA Screen, Proplex, 3D structure, Memplus, 

MemGoldMeso) with and without ligands by mixing the protein solution with a precipitation 

solution from the kit at a concentration of 5.13 mM for the α-cyclodextrin with 200 µM LESV 

protein or with 200 µM ESV1 protein for example at an incubation temperature of 20°C as 

shown in Table 5.4: 
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Table 5.4: represents the different commercial kits used in crystallizations with varying 

concentrations of both proteins LESV and ESV1 

Commercial Kits Incubation T°C Proteins Ligand Supplier 

Cryo 1& 2 20°C LESV 

ESV1 

α-Cyclodextrin Molecular 

dimensions 

PGA Screen 20°C LESV 

ESV1 

α-Cyclodextrin Molecular 

dimensions 

PGA Screen 20°C LESV 

ESV1 

β-limit dextrin Molecular 

dimensions 

Cryo 1&2 20°C LESV 

ESV1 

β-limit dextrin Molecular 

dimensions 

Cryo 1&2 20°C LESV 

ESV1 

α-Cyclodextrin Molecular 

dimensions 

Cryo 1&2 20°C LESV 

ESV1 

- Molecular 

dimensions 

PGA Screen 20°C LESV 

ESV1 

- Molecular 

dimensions 

BCS 20°C LESV 

ESV1 

β-limit dextrin Molecular 

dimensions 

BCS 20°C LESV 

ESV1 

α-Cyclodextrin Molecular 

dimensions 

 

All the kit used are from molecular dimensions on this website  

https://www.moleculardimensions.com/products/all-crystallization-screens.  

 

 

Despite the diversity of constructions used and the numerous conditions tested, very few 

conditions led to the formation of crystals. 

All these conditions contain PEG and salts in the composition in a pH range 6,5-8,5. I decided 

to started experiments around these conditions in order to reproduce the crystals obtained by 

extending the concentration of precipitating agents, & by testing the effect of the pH. These 

crystals obtained were difficult to reproduce them again except for the condition of C1 (kit Cryo 

https://www.moleculardimensions.com/products/all-crystallization-screens
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1&2) and F7 (kit cryo 1&2). I used α-cyclodextrin and β-limit dextrin as ligands for ESV1 and 

LESV.  

The crystals have been mounted in cryo-loop and frozen in liquid nitrogen for data collection 

on beamline Proxima 2 at synchrotron Soleil (Gif-sur-Yvette). I tested them at the synchrotron 

Soleil but all of them are salt. 
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6. Discussions 
 

The aim of my project was to study the structure/function of ESV1 and LESV Arabidopsis 

thaliana in starch metabolism by solving their atomic structure and analyze their interaction 

with starch glucans. 

By Alphafold, we obtained two molecular models for LESV and ESV1 that show that both 

proteins share a common -sheet at the C-terminal tryptophane rich regions of the proteins and 

unpredicted fold for the N-terminal domains (Figure 5.24). This β-sheet is an original structure 

adapted for the fixation of long chains of glucans as we suspected by looking to the primary 

structure specifically by looking to the tryptophan rich region where the tryptophan residues 

are arranged along two lines parallel to each other, where we can manually fit a double-helix 

structure of amylopectin chain which is in agreement with my previous results on LESV and 

ESV1 interaction with amylopectin and β-limit dextrin. Both proteins are composed of a 

structured domain extended by a more dynamic elongated domain. And this structured domain 

has been confirmed by the SAXS of At ESV1.   

Our findings indicate that the tryptophan-rich regions of both ESV1 and LESV proteins may 

serve as an uncharacterized carbohydrate interaction surface with the ability to bind structurated 

polyglucans. 

The presence of the -sheet structure obtained by alphafold has been confirmed by the circular 

dichroism (CD) and SAXS on ESV1 (composed mainly by the predicted -sheet). In the same 

way LESV protein is folded predominately into β-sheets. The N-terminal region of LESV is 

not predicted by alphafold (except for a few helices), but we have shown using SAXS 

experiment that this region is not completely disordered although dynamic and organized 

around or close to the -sheet.  

The binding of LESV with amylopectin using circular dichroism induces a conformational 

change which show larger peak, in which has a positive peak at λ=192 nm approximately which 

suggest the formation of additional helices upon the binding of amylopectin and could these 

double helices align others helices propagating a phase transition resulting in crystalline lamella 

which highlight the importance of the presence of the amylopectin.  

I showed that the interaction of the protein with starch performed via a specific interaction with 

amylopectin and β-limit dextrin but not for linear chains such as amylose, which is different 



158 
 

from what is published (Singh et al. 2022). Singh and his collaborators have demonstrated that 

LESV binds more strongly to amylose more than amylopectin. The difference may be due to 

different approaches: we worked on soluble molecules while they worked on starch granules. 

My study suggests that the affinity of LESV and ESV1 for starch is not due to the recognition 

of linear glucans but likely to the particular structure of amylopectin in double helices. 

 

ESV1 and LESV bind specifically to amylopectin  

In this study, we investigated the specific interaction of ESV1 and LESV with the different 

components of starch. The complexity and heterogeneity of the amylopectin and amylose 

macromolecules, which often form dense glucans in solution, limited the methods we could 

use. We initially chose an EMSA approach, which allowed us to study the behavior of both 

proteins with respect to each polyglucan. 

Previous studies on the affinity of ESV1 and LESV for starch components (Malinova et al. 

2018; Singh et al. 2022) focused on the interaction of ESV1 and LESV with insoluble starch 

glucans and/or different starch granules from mutant plants with altered starch composition. 

These studies suggest that ESV1 and LESV interact with starch granules, each with a specific 

affinity for amylopectin and amylose, respectively, but that this affinity does not depend on the 

protein/glucan ratio. However, these results are not fully consistent with the recent 

characterization of LESV and ESV1 and our current results (C. Liu et al. 2023). 

To resolve this discrepancy, we performed a more detailed analysis of the interaction between 

ESV1 and LESV, taking into account various parameters. By examining the migration profiles 

of both proteins in the presence of different glucans, we were able to show that both proteins 

have a high affinity for amylopectin, an affinity that increases with the concentration of this 

glucan. We also found no differences in the behavior of the two proteins towards amylose. In 

particular, we did not observe any migration delay associated with amylose or other long linear 

polyglucans using this method. 

Structural analysis of ESV1 and LESV in the presence of amylose and amylopectin by SR-CD 

revealed that only amylopectin induced significant conformational changes in LESV upon 

interaction, causing disordered regions of the protein's N-terminal domain to structure into α-

helices. We did not observe any conformational changes in ESV1, which may be due to its 

reduced N-terminal domain and largely composed of a highly structured C-terminal conserved 
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domain that is unlikely to undergo conformational changes. However, we found that the 

presence of amylose moderately increased the TM of LESV, although less than that of 

amylopectin. All these observations suggest that while amylose can interact with LESV and 

ESV1, but this interaction, unlike that with amylopectin, is not highly specific as it doesn’t 

induce any migration shift in EMSA but likely related to the substantial presence of aromatic 

amino acids in the structure of both proteins. 

As the experiments we carried out were with amylopectin and amylose molecules in their 

solubilized form (obtained by chemical treatment), we wanted to verify that ESV1 and LESV 

were able to interact with amylopectin in its crystallized form. The results we obtained in 

fluorescence microscopy with maize waxy starch granules, which contain no amylose, clearly 

showed that ESV1 and LESV interact directly with amylopectin starch granules. In fact, the 

two proteins, identified by their fluorescence, accumulate on the entire surface of the starch 

granules.  

 

LESV is able to bind to amylopectin during its biosynthesis 

The two proteins, ESV1 and LESV, exhibit different behaviors toward glycogen, with only 

LESV demonstrating the ability to interact with glycogen. This finding is interesting for several 

reasons. 

First, the difference in affinity of ESV1 for amylopectin and amylose does not appear to be 

related to the presence of branch points, but rather to the three-dimensional structure of the 

double helices. Second, a comparison was made between the structure of glycogen and 

amylopectin during their biosynthesis, before isoamylases remove the excess branch points (S. 

Ball et al. 1996). LESV would act either directly upstream or simultaneously with isoamylases 

during the biosynthesis of amylopectin chains. LESV could support the phase transition of 

double helices, although their number of branching points is not optimized. 

The fact that LESV has an affinity for glycogen, which has a structural similarity to amylopectin 

chains prior to the action of isoamylases, is consistent with the hypothesized function of LESV. 

This is also consistent with the proposed role of ESV1, which would act downstream of LESV 

to stabilize newly formed starch granules and has an affinity only for the amylopectin chains in 

the crystalline phase of starch granules. 
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Both LESV and ESV1 share a common domain whose structure has been characterized as being 

particularly suitable for binding amylopectin double helices. The fact that ESV1, which consists 

mainly of this domain, doesn't interact with glycogen suggests that the interaction with the 

forming amylopectin is facilitated by the N-terminal domain of LESV. This gives LESV 

additional specificity, allowing it to bind to different glucans than ESV1. 

 

C-terminal domain is designed to bind specifically (at least) two double helices of amylopectin 

The models obtained for ESV1 and LESV via Alphafold provided a very reliable structure for 

the C-terminal tryptophan-rich domain, which is conserved between the two molecules. The 

other parts of the molecule were predicted without much reliability. The C-terminal domain 

folded into an original structure, forming a rather large oval (about 40 Å wide and 70Å long) 

antiparallel twisted β-sheet. On this -sheet, the aromatic and acidic residues, organized in 

repeated sequences identified during the analysis of the protein sequences, form parallel lines 

equidistant from each other and parallel to the axis of the -sheet. The side chains of these 

amino acids point alternately to both sides of the β-sheet, suggesting a bipolarity of the ß-sheet 

with respect to the attachment of amylopectin chains. However, one of the faces of the -sheet 

is occupied by a conserved-C-terminal helix on the side of the -sheet and a long -helix or a 

long loop in LESV and ESV1 respectively. Based on our current data, even though we have 

observed protein conformational changes in the presence of amylopectin, we do not know if 

these parts can move to release the aromatic and acidic residue lines for amylopectin molecule 

binding. If that were the case, and if ESV1 and LESV could bind amylopectin on both sides of 

their -sheet, we would expect to find assemblies with sandwich-like alignments of proteins 

and amylopectin. However, we have never observed such structures during the interaction 

experiments. Therefore, we computed models where only the "free" side interacted with double 

helices of amylopectin. We have been able to demonstrate that LESV and ESV1 can bind 

amylopectin in both its soluble form and its organized form within starch grains. Furthermore, 

we have shown that this interaction occurs through the common domain shared by LESV and 

ESV1, which is organized in a β-sheet structure using conserved aromatic and acidic residues. 

Moreover, we have shown that the unique and unprecedented structure of this domain enables 

it to bind two parallel double helices of amylopectin in the arrangement found in the crystalline 

phases of starch grains, thereby enabling its function in the organization and maintenance of 

starch grains in plants. 
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The N-terminal domain allows regulation of LESV specificity towards starch components. 

While the structure of the N-terminal domain of LESV remains undefined, we've been able to 

determine that it consists primarily of disordered regions and α-helices located near the C-

terminal domain. We've also found that interaction with amylopectin triggers the conversion of 

these disordered regions into α-helices. In ESV1, this domain is significantly reduced, but is 

still predicted to be unstructured, similar to the polyproline tail at the C-terminus. The presence 

of these regions likely thwarted our attempts to obtain crystals. Since amylopectin is not 

monodisperse in solution, it isn't suitable for stabilizing the proteins, which led us to search for 

analogues that could facilitate their crystallization. 

While studying the structure of the C-terminal domains has provided insight into how both 

proteins interact with amylopectin, a complete structural analysis, especially for LESV, would 

allow us to define the role of the N-terminal domain. Although we've established that this 

domain likely contributes to the distinct specificity between the two proteins, a complete 

understanding remains elusive. 

Given the presence of multiple helices in the N-terminal domain of LESV and its role in 

amylopectin biosynthesis, it's conceivable that LESV may also interact with other proteins. This 

concept is consistent with what's been documented for starch synthases (SSs) and branching 

enzymes (BEs) involved in starch biosynthesis (Ahmed, Tetlow et al. 2015, Crofts, Abe et al. 

2015). 
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7. Conclusion and Perspectives 
 

My research focused on studying the effects of the previously uncharacterized ESV1 and LESV 

proteins. The goal was to gain a better understanding of the structures and functions of these 

proteins in relation to starch biosynthesis. I found many interesting results.  

First using a combination of structural and functional approaches, we could describe for the 

first time a new glucan binding domain devoted to the binding of amylopectin and further to 

starch granule. 

Then we showed that beside this domain, conserved in both ESV1 et LESV, the N-terminal 

domain of LESV undergoes structural modification upon binding of amylopectin and 

particularly that some unfolded regions become structurated in -helices. On the other hand, 

this N-terminal domain allows LESV protein to bind amylopectin during its biosynthesis, which 

is not the case for ESV1, which can only interact with amylopectin in its final form. So, ESV1 

may intervene downstream the action of LESV to stabilize starch granules.  

These results, combined with the functional results obtained by our collaborators allow us to 

describe the function of ESV1 and LESV, in which we can complete the mechanisms we 

proposed in our first publication (Figure 6). The function of LESV can start during the 

biosynthesis of amylopectin, probably concomitantly with the action of DBE, since their action 

has a cumulative effect in the formation of insoluble glucans. After the action of DBE, linked 

LESV can help the double helix organization in the formation of crystals nuclei. Then this 

organization nucleates and this organization spreads throughout the amylopectin molecules 

leading to the formation of crystalline lamellae probably helped by ESV1 molecules. Then 

ESV1 molecules bind to the newly formed crystalline lamellae, stabilizing them and preventing 

early degradation before night. 
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Figure 6: ESV1 and LESV proposed mechanism  

 

LESV may be a potential organizer of starch granule matrix, while ESV1 may act as a protective 

shield of amylopectin structure against degrading enzymes. These results are very important in 

the sense that they change the paradigm that until now described grain formation as an 

autonomous mechanism.  

These results showed that the LESV and ESV1 are very important proteins in which their 

binding to amylopectin lead to the formation of additional helices and then could these double 

helices align others helices propagating a phase transition resulting in crystalline lamella which 

highlight the important function of both proteins LESV and ESV1 in the biosynthesis and in 

the maintenance of the starch granules. 

 

Perspectives: 

Further structural characterization of ESV1 and LESV by X-ray crystallography or Cryo 

Electron Microscopy would provide atomic-level insights into the protein-starch interactions 

and help to understand the binding mechanism, or by CryoEM. 

 

The function of LESV and ESV1 has been studied in transient starch, it would be important to 

do the same analysis for reserve starch. As the metabolism of these two forms of starch are 

known to be different. 
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As ESV1 and LESV are conserved among the plants it would be interesting to check if their 

function is strictly conserved or slightly different in other species. 

 

The exact mechanism of action is not yet described, further investigations are needed to 

understand the molecular process particularly putative interaction between ESV1 and LESV 

and other proteins and or enzymes involved in starch metabolism. 

After having highlighted the function of ESV1 and LESV further exploration would be helpful. 

the potential application of ESV1 and LESV in biotechnological processes involving starch 

manipulation or engineering. 
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PLANT SC I ENCES

LIKE EARLY STARVATION 1 and EARLY STARVATION 1
promote and stabilize amylopectin phase transition in
starch biosynthesis
Chun Liu1, Barbara Pfister1, Rayan Osman2, Maximilian Ritter3, Arvid Heutinck1, Mayank Sharma1,
Simona Eicke1, Michaela Fischer-Stettler1, David Seung1†, Coralie Bompard2, Melanie R. Abt1,
Samuel C. Zeeman1*

Starch, the most abundant carbohydrate reserve in plants, primarily consists of the branched glucan amylopec-
tin, which forms semi-crystalline granules. Phase transition from a soluble to an insoluble form depends on am-
ylopectin architecture, requiring a compatible distribution of glucan chain lengths and a branch-point
distribution. Here, we show that two starch-bound proteins, LIKE EARLY STARVATION 1 (LESV) and EARLY STAR-
VATION 1 (ESV1), which have unusual carbohydrate-binding surfaces, promote the phase transition of amylo-
pectin-like glucans, both in a heterologous yeast system expressing the starch biosynthetic machinery and in
Arabidopsis plants. We propose a model wherein LESV serves as a nucleating role, with its carbohydrate-binding
surfaces helping align glucan double helices to promote their phase transition into semi-crystalline lamellae,
which are then stabilized by ESV1. Because both proteins are widely conserved, we suggest that protein-facil-
itated glucan crystallization may be a general and previously unrecognized feature of starch biosynthesis.
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INTRODUCTION
Starch is themost abundant and widespread nonstructural carbohy-
drate in higher plants. In seeds, roots, and other perennating tissues,
starch serves as a long-term carbohydrate reserve, fuelling germina-
tion or seasonal regrowth. This “storage starch” is a major constit-
uent of our staple crops (e.g., cereals, potato, cassava, legumes,
among others), accounting for half of human calorific intake, and
is used extensively as an industrial commodity in the food, nonfood,
and energy sectors (1). Starch is also synthesized in plant leaves
during the day as a primary product of photosynthesis and is remo-
bilized at night to sustain metabolism. This so-called “transitory
starch” is very important for plant growth, as demonstrated by
the reduced vigor of plants unable to make or degrade it effectively
(2).

Starch is composed of two glucose polymers—amylopectin and
amylose—and forms insoluble, semi-crystalline granules. The latter
characteristic is conferred by the major component, amylopectin, a
branchedmacromolecule consisting of linear chains of α-1,4–linked
glucose units with α-1,6 branch points. The branched architecture is
thought to give the molecule an overall tree-like appearance, featur-
ing interconnected clusters of linear chain segments (3). Within this
molecule, secondary and tertiary structures form, as pairs of adja-
cent chains entwine into double helices that align and pack into
dense, crystalline lamellae. These crystalline lamellae alternate
with amorphous lamellae harboring the branch points and the
chains connecting the crystalline layers within the starch granule.
Together, this regular arrangement of crystalline (~6 nm) and

amorphous (~3 nm) layers is believed to underlie the 9- to 10-nm
repeat structure that is commonly observed for plant starches (3, 4).

Three major enzyme classes, working in an interdependent and
concerted fashion, are involved in amylopectin biosynthesis: First,
soluble starch synthases (SSs) elongate existing glucose chains by
transferring the glucosyl moiety from the substrate adenosine di-
phosphate (ADP)–glucose (ADP-Glc), thereby forming an addi-
tional α-1,4 bond. Second, branching enzymes (BEs) create α-1,6
branches by transferring small glucan segments from an existing
linear chain to the C6 position of another glucose unit elsewhere
in the glucan molecule (5). Third, debranching enzymes of the iso-
amylase (ISA1) class hydrolyse some of the introduced branches (6).
This presumably serves to remove surplus or misplaced branches
that interfere with the formation of higher-order amylopectin struc-
tures and thereby facilitates amylopectin crystallization (7–9). This
role of ISA1 is evident from the phenotypes of mutant plants lacking
it; for example, in Arabidopsis (where ISA1 associates with a related,
nonenzymatic ISA2 subunit to form a single heteromultimeric iso-
amylase), the loss of ISA1 activity causes a reduction in leaf starch
together with the accumulation of substantial amounts of an aber-
rant soluble glucan called phytoglycogen (named according to its
similarity to glycogen) in its place (9–11). Compared to amylopec-
tin, phytoglycogen is enriched in short chains and has more branch
points, which are located closer together, presumably because
branches that remain would normally be removed by ISA1. Its sub-
optimal branching pattern is proposed to hinder the transition into
a semi-crystalline state, and, as a consequence, phytoglycogen is
soluble. Note although that besides phytoglycogen, Arabidopsis
isa1 mutants generate a variety of different glucans, including
normal-looking starch granules, albeit with an altered amylopectin
structure, in certain cell types (9, 12).

Starch biosynthesis is highly conserved between plant species.
Recently, the pathway from Arabidopsis was systematically recon-
structed in the yeast Saccharomyces cerevisiae using a synthetic
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biology approach (13). After purging the yeast of its glycogen met-
abolic genes, combinations of the plant amylopectin biosynthetic
enzymes were expressed, together with a bacterial enzyme providing
the ADP-Glc substrate. Depending on the enzyme complement, the
resulting strains produced different branched glucan structures.
This allowed not only biosynthetic factors to be characterized in iso-
lation and at greater depth but also actors and features promoting or
limiting glucan phase transition to be identified. For example,
strains expressing all SS and BE isoforms produced branched but
soluble glucans, while strains expressing the same enzymes but in
addition ISA1 and ISA2 also accumulated substantial amounts of
starch-like insoluble glucans, reinforcing the key role of ISA1 in pro-
moting the formation of semi-crystalline granules. While the insol-
uble glucans produced by this strain had many starch-like
properties, some structural differences to plant amylopectin re-
mained and not all glucans made the phase transition. One expla-
nation for this is that the higher-order structuring of amylopectin
may require more than just the known set of the starch biosyn-
thetic enzymes.

In this study, we investigated whether two widely conserved,
nonenzymatic plant proteins, LIKE EARLY STARVATION 1
(LESV) and EARLY STARVATION 1 (ESV1), could be involved
in promoting the phase transition of amylopectin. Both proteins
are found associated with starch granules from different species
(14, 15). In addition, Arabidopsis esv1 mutants were identified in
a genetic screen for plants that exhaust their starch reserves too
fast at night and so display signs of early nighttime carbon starva-
tion (14). Starch produced by esv1 appears to have a normal glucan
structure but seems more susceptible to degradation, such that it is
turned over too fast not only at night but also even during the day,
during net starch accumulation. In contrast, ESV1 overexpression
causes excess starch to accumulate. The second protein, LESV,
shares strong sequence homology to ESV1 in its C-terminal
region, which is very rich in aromatic and acidic amino acid resi-
dues. The lesv mutant does not have altered nighttime starch deg-
radation, but LESV overexpression causes the formation of many
small starch granules and alters their turnover. Thus, the two pro-
teins appear to be functionally related, albeit with distinct roles.

Here, we analyze the recently available AlphaFold predictions of
the ESV1 and LESV protein structures and validate these predic-
tions using small angle x-ray scattering (SAXS) and circular dichro-
ism (CD) spectroscopy.We show that parts of the two proteins form
a previously undescribed carbohydrate interaction surface capable
of glucan binding. Using both a synthetic biology approach in yeast
and in vivo experiments in Arabidopsis, we provide direct evidence
that LESV promotes the phase transition of branched, amylopectin-
like glucans. We propose a model whereby the carbohydrate inter-
action surface of LESV serves as a template upon which to align am-
ylopectin double helices and that this nucleates the crystallization of
lamellae, while ESV1 serves to stabilize this structure, once formed.

RESULTS
The tryptophan-rich regions of ESV1 and LESV are strongly
conserved
ESV1 and LESV were previously described to lack functional
protein domains. However, the C-terminal ends of both proteins
share a large region rich in aromatic amino acids, especially trypto-
phan (Trp), and the acidic amino acids aspartate and glutamate

(14). To deepen our understanding of the proteins’ key characteris-
tics, we retrieved orthologous sequences and assessed their conser-
vation—an approach we deemed promising considering the recent
demonstration of functional conservation for distantly related ESV1
homologs (16). Separate alignments of orthologous ESV1 and LESV
proteins suggest that, in both cases, the entire Trp-rich regions iden-
tified earlier (14) are more stringently conserved than the remaining
sequences, although additional regions of local conservation are re-
vealed for LESV-like proteins (Fig. 1A). Within the strongly con-
served C-terminal regions, the numerous Trp residues themselves
are the most prominent sequence feature (fig. S1, A and B).

The Trp-rich regions fold into unusual putative
carbohydrate-binding surfaces
We next modeled the proteins’ tertiary structures, making use of the
recently available AlphaFold platform (17, 18). The Trp-rich regions
of both ESV1 and LESV are predicted with high confidence to adopt
peculiar conformations, folding into extended, twisted planar
sheets, about 70 Å in length and consisting of 16 antiparallel β
strands (Fig. 1B). The sequences N-terminal (including the putative
transit peptides) and C-terminal to these β sheets are modeled with
lower confidence scores; for ESV1, most of these parts are likely dis-
ordered and are poorly conserved (Fig. 1, A and B), including the
proline-rich region previously noted (14). For LESV, several α
helices are confidently [predicted local distance difference test
(pLDDT) >70] predicted both N- and C-terminally of the β sheet.
Because these are presumably flexibly connected to the β sheet via
linker sequences, their position may vary depending on the pro-
tein’s state. While the N- and C-terminal parts of LESV are
overall less conserved than the Trp-rich region, islands of conserva-
tion overlap well with some of the predicted α helices. Furthermore,
three other conserved regions, one featuring a Trp pair, lie within
the putatively unstructured protein parts (Fig. 1A and fig. S1B).

Given the high density of aromatic and acidic amino acids in the
β sheets of ESV1 and LESV, we analyzed their spatial distribution.
The aromatic residues aligned into two main strips spaced roughly
14 Å apart and running across both sides of the β sheet, perpendic-
ular to the backbone β strands (Fig. 1, B and C). The acidic residues
are chiefly located in the interstices between these aromatic strips,
similarly organized in two strips also spaced 14 Å apart on both
faces of the β sheet. Overlaying the ESV1 and LESV structures in-
dicated that the distribution and orientation of aromatic and acidic
residues are predicted to be extremely similar but not identical (fig.
S2A). Some aromatic residues, specific to one or the other protein,
are located either on the β strands at the level of the aromatic strips
or on the loops connecting them.

To support the AlphaFold models experimentally, recombinant
ESV1 and LESV proteins (minus transit peptides) were purified (fig.
S2B) and analyzed for their secondary structure content by CD
spectroscopy. Not only both proteins predominantly consist of β
sheets, but LESV also had a certain fraction of α helices (fig. S2C),
again consistent with the AlphaFold models. We next implemented
SAXS to gather information on the three-dimensional (3D) shape of
the proteins in solution. Both ESV1 and LESV showed smooth
SAXS profiles, and analysis of the Guinier approximation plots con-
firmed that the proteins were nonaggregated (fig. S3, A and B, i to
ii). Analyses of the protein particle sizes (table S1) and interatomic
distance distributions showed that both ESV1 and LESV are com-
posed of structured domains extended by elongated, more dynamic
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Fig. 1. Structures and conservation of ESV1 and LESV proteins. (A) Conservation of homologous ESV1 and LESV protein sequences. Gap frequencies are based on≥25
orthologous ESV1 and LESV sequences from (14) (for alignments, see data S1, A and B). Indicated in colored boxes above the Arabidopsis sequences are the chloroplast
transit peptide (cTP), Trp-rich region, and Pro-rich region (ESV1 only) of the respective proteins. Colored boxes below represent the AlphaFold secondary structure pre-
dictions [see (B)]. Note that the alignment position does not correspond to the Arabidopsis protein residue numbering because of gaps. (B) AlphaFold predictions of ESV1
and LESV. Cartoon representations of the full-length proteins; the side chains of aromatic (Trp, Tyr, and Phe) and acidic residues (Asp and Glu) are shown in pink and
yellow, respectively, and the protein backbone is colored according to confidence of themodel (pLDDT value; see color key). (C) Isolated β sheet plane regions of ESV1 and
LESV, reoriented to reveal the view along the length of the planes.
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domains. We calculated 10 ab initio molecular envelopes for both
proteins using DAMMIF (19), fitting the experimental data with χ2
of 1.7 (ESV1) and χ2 of 2.3 (LESV), and averaged and filtered them
using DAMAVER/DAMFILT (20). The results (fig. S3, A and B, iii)
suggest that both proteins contain oblate domains, whose dimen-
sions and shapes are consistent with the shape of the conserved β
sheets of the AlphaFold models.

It was previously proposed that the Trp-rich domain may be re-
sponsible for the association of ESV1 and LESVwith starch granules
(14). The Trp-rich regions alone were sufficient to mediate starch
granule localization when transiently expressed in Nicotiana ben-
thamiana (fig. S4). Together, these data strongly suggest that the
Trp-rich regions of ESV1 and LESV constitute atypical carbohy-
drate-binding surfaces.

ESV1 and LESV promote insoluble glucan accumulation in
engineered yeast
To investigate the roles of ESV1 and LESV on starch biosynthesis in
a simplified biological context, the proteins were expressed in S. cer-
evisiae cells previously engineered to synthesize starch-like glucans.
Two yeast stains—designated lines 28 and 29—were used. Line 28
contains the Arabidopsis enzymes SS1 to SS4, BE2 and BE3, and ac-
cumulates large amounts of soluble glucan, while line 29 addition-
ally contains the heteromultimeric isoamylase composed of ISA1
and ISA2, and a substantial fraction of its glucans are insoluble
and semi-crystalline (13). Sequences encoding ESV1 and LESV
(minus transit peptides), placed under the control of the CWP2 pro-
moter, were integrated by homologous recombination into the
yeast’s nuclear genome individually or both together. Expression
of the two proteins in the different strains was confirmed by immu-
noblotting (Fig. 2A).

We assessed the quantities of glucans accumulated by the strains,
measuring the soluble and insoluble pools separately (the latter
defined as sedimentable by centrifugation—see Materials and
Methods). Expression of ESV1 in line 28 background (designated
line 559) resulted in the accumulation of small amounts of insoluble
glucans in addition to the soluble glucans typical of the parental line
(Fig. 2B). This effect was even more pronounced when expressing
LESV (line 562) or both proteins simultaneously (line 563). Similar
effects were obtained when ESV1 and LESV were expressed in line
29, which already produces insoluble glucans. In this case, the ad-
ditional expression of ESV1, LESV, or both (lines 569, 572, and 573,
respectively) substantially increased the amounts of insoluble
glucans to the extent that they exceeded the soluble glucans.
Again, LESV expression or the simultaneous expression of both
proteins had the greatest effect. In both backgrounds, the increase
in insoluble glucans brought about by ESV1/LESV expression was
associated with a commensurate decrease in soluble glucans, sug-
gesting that the two proteins may influence the partitioning of
glucans between the soluble and insoluble fractions rather than al-
tering the extent of their accumulation per se.

ESV1 and LESV influence insoluble glucanmorphology in S.
cerevisiae
Light microscopy (LM) was used to visualize the patterns of glucan
accumulation in iodine-stained cells of the different yeast strains. As
previously reported (13), cells of line 28 stained uniformly brown, as
did ESV1-expressing line 559 (Fig. 2C). However, LESV-expressing
lines (562 and 563) stained uneven, possibly reflecting the presence

of both soluble and insoluble glucans. LM of line 29 revealed dis-
crete, irregularly shaped particles—presumably the insoluble
glucans. Intriguingly, in the ESV1-expressing line 569, the particles
appeared larger and more regular in shape. This effect was even
clearer in the LESV-expressing line 572 and most prominent in
line 573, expressing both proteins. Together with the glucan frac-
tionation and quantification, these data indicate that ESV1 and
LESV promote the formation of insoluble glucans in our engineered
yeast, acting irrespective of the presence of ISA.

We performed transmission electronmicroscopy (TEM) of fixed
and embedded cells (Fig. 3A) and scanning electron microscopy
(SEM) of the purified insoluble glucans (Fig. 3B). As previously re-
ported (13), TEMs of line 28 revealed large numbers of small,
uniform glycogen-like particles in the cytoplasm. Consistent with
this, no larger particles resembling insoluble glucans could be pu-
rified for SEM. Upon expression of ESV1, LESV, or both proteins
(lines 559, 562, and 563, respectively), TEM revealed irregularly
shaped deposits of particulate matter (Fig. 3A, arrowheads) along-
side glycogen-like material similar to that in the parental line. Using
SEM, the insoluble material from these three lines appeared as
small, aggregated particles (Fig. 3B). The insoluble glucans in line
29 were visible by TEM as large, irregular particles alongside glyco-
gen-like material in the cytoplasm and, by SEM, as granular struc-
tures with rough surfaces (Fig. 3, A and B) (13). The expression of
ESV1, LESV, or both proteins (lines 569, 572, and 573, respectively)
in line 29 substantially altered the morphology of the particles;
many now appeared as aggregates of discrete, larger particles with
smooth surfaces. This was evident from both TEMs (where less gly-
cogen-like material was seen) and from SEMs of the extracted
glucans and consistent with our LM observations (Fig. 2C). The in-
fluence on particle morphology, in terms of size and surface unifor-
mity, was more pronounced upon expression of LESV compared
with ESV1 but most obvious when both proteins were expressed
together.

Comparing the glucans’ primary structure by their chain length
distribution (CLD) profiles revealed that the primary glucan struc-
tures were similar to that of the parental lines (see fig. S5A and Sup-
plementary Text). This is consistent with the absence of any known
enzymatic function for ESV1 and LESV and suggests that their in-
fluence on glucan partitioning is not exerted by changing the
glucan’s chain lengths or branch point frequency. Rather, it suggests
that glucans transition more readily into an insoluble state. In yeast
line 29, short malto-oligosaccharides (MOSs) accumulate besides
soluble and insoluble, starch-like glucans owing to isoamylase
action, which liberates chains from the branched glucans made by
the SSs and BEs (9, 21). Expression of ESV1 and/or LESV in line 29
substantially reduced the accumulation of MOS (again, this effect
was strongest upon expression of LESV compared with ESV1; fig.
S6), indicating that, in the presence of these proteins, a greater pro-
portion of the glucan transitions into an insoluble form, with a
lower degree of debranching by ISA.

Aberrant starch formation occurs in the lesv mutant
Next, we investigated the roles of ESV1 and LESV in planta. esv1
mutants were initially identified via their tendency to degrade
starch too quickly, resulting in early nighttime starvation.
However, lesv mutants had normal starch levels and turnover,
with a mutant phenotype only evident upon LESV overexpression
(14), which partly contrasts with the observed impact of LESV on
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glucan partitioning in yeast. While glucan levels in the lesv-1 Ara-
bidopsis T-DNA insertion line (hereafter referred to as lesv) ap-
peared normal (Fig. 4A), and most lesv chloroplasts contained
normal-looking starch granules, about 5% of the chloroplasts exam-
ined contained aberrant starch. Instead of normal lenticular gran-
ules, these plastids contained small granules with irregular surfaces
surrounded by very small particles or just the small particles
(Fig. 4B). These aberrant starch granules were not seen in the
wild type nor in the esv1-2 (hereafter referred to as esv1) T-
DNA line.

We challenged the lesv mutant by subjecting it to a single pro-
longed night (16 hours in total) so as to completely destarch it, en-
forcing the re-creation of starch granules from scratch in the
subsequent light period (22). After a subsequent 8-hour day,
wild-type plants had produced near-normal levels of starch.
However, lesv had a notable phenotype: It accumulated far less
glucans in total, a substantial fraction of which was soluble
(Fig. 4C). Visualization of these glucans by TEM showed that
most lesv chloroplast sections contained a mix of aberrant granules
and small, presumably soluble, particles (58%) or exclusively small
particles (37%). Normal starch was observed in only 5% of

Fig. 2. Expression of ESV1 and LESV in different yeast genetic backgrounds. (A) Immunoblots of total protein extracts from yeast strains expressing ESV1 (45 kDa),
LESV (72 kDa), or both proteins in the 28 and 29 genetic backgrounds (expression sets indicated above the strain number) (13). ESV1 and LESV were detected using
protein-specific antibodies in each case (white arrowheads). (B) Quantification of insoluble and soluble glucans of the yeast strains shown in (A), grown in liquid culture for
5.75 hours under inducing conditions. Values are means ± SE (n = 4); independent replicate cultures arose from different precultures. WW, wet weight. Statistical com-
parisons were performed using two-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test; see data S2 (A and B). Note that only comparisons for
insoluble glucans to the respective parental strain are indicated in the graph. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001. ns, not significant. (C) Light micrographs (LMs) of
iodine-stained yeast cells grown as in (B). For strain specifications, refer to (A) and (B). Scale bar, 10 μm.
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chloroplast sections (Fig. 4D). The CLD profile of the starch was like
wild-type starch, but that of the soluble glucans was enriched in very
short chains (length < 6 glucose units; see fig. S5B and Supplemen-
tary Text). These short chains are indicative of amylolytic attack (9),
and, indeed, the daytime level of maltose (the product of β-amylas-
es) was greatly increased in lesv following the destarching treatment
but not under normal conditions (Fig. 4, E and F). These data
suggest that LESV strongly facilitates the process of de novo forma-
tion of insoluble starch granules. However, in regular day-night
cycles, this deficiency is compensated for by other factors.

Overexpression of ESV1 or LESV promotes starch
accumulation in Arabidopsis isoamylase mutants
To further reveal the impact of ESV1 and LESV on glucan crystal-
linity, we modulated their expression in the isa1isa2 double mutant
background. This isoamylase-deficient mutant predominantly
makes soluble phytoglycogen in mesophyll cell chloroplasts but
still produces some starch in epidermal and bundle sheath cells
(9). We reasoned that this mutant background may represent an in-
termediate setting between our previously used yeast system and
wild-type plants. Previously characterized Arabidopsis lines

overexpressing yellow fluorescent protein (YFP)–tagged versions
of ESV1 or LESV (ESV1-OX#3-2 and LESV-OX#4-6, hereafter re-
ferred to as ESV1-OX and LESV-OX, respectively) (14) were
crossed to isa1isa2, and plants homozygous for the mutant and
overexpression loci were identified. Immunoblotting confirmed
the overexpression of ESV1-YFP and LESV-YFP in isa1isa2ESV1-
OX and isa1isa2LESV-OX, respectively (Fig. 5A). For unknown
reasons, ESV1-YFP was less abundant in isa1isa2ESV1-OX than
in the ESV1-OX parental line. We reconfirmed granule association
of these YFP-tagged protein versions by confocal microscopy (fig.
S7) (14).

Next, these lines were characterized with respect to starch and
phytoglycogen content at the end of the day (EOD). Consistent
with previous reports, ESV1-OX had elevated starch contents and
rosettes stained darker blue-black with I2/KI solution, indicative
of its high amylose content (Fig. 5, B and C) (14). LESV-OX
plants had similar starch contents as the wild type but stained less
intensely, also consistent with its previously reported low amylose
level. TEM confirmed that ESV1-OX had larger granules than the
wild type in all cell types examined, while LESV-OX accumulated
numerous small starch granules that were variable in appearance

Fig. 3. Appearance of soluble and insoluble glucans produced by yeast strains expressing ESV1 and LESV. (A) TEMs of the indicated yeast strains (for strain spec-
ifications, refer to Fig. 2). White arrowheads indicate presumably insoluble glucan structures. (B) SEMs of insoluble particles purified from the indicated yeast strains. Scale
bars, 2 μm (A) and (B).
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(Fig. 6) (14). The isa1isa2 double mutant, with predominantly
soluble phytoglycogen, stained orange-brown, and TEM analysis
supported its previously reported cell-type–specific phenotype
(Fig. 6 and fig. S8A) (9).

Both isa1isa2ESV1-OX and isa1isa2LESV-OX lines stained a
darker color than isa1isa2 at EOD, but their phenotypes differed
(Fig. 5B); isa1isa2ESV1-OX not only had similar amounts of phyto-
glycogen as isa1isa2 but also had starch levels comparable to the
wild type. However, while isa1isa2LESV-OX also had wild-type
levels of starch, it had very little phytoglycogen. Thus, in both

lines, the starch fraction predominated over the phytoglycogen
(Fig. 5C). TEMs of leaf tissue yielded results consistent with these
quantitative analyses; isa1isa2ESV1-OX had both phytoglycogen
and large starch granules in its mesophyll cells (Fig. 6) but only
starch granules in epidermal and bundle sheath cells (fig. S8A). In
contrast, isa1isa2LESV-OX contained many small starch granules in
the plastids of all cell types examined but very little phytoglycogen
(Fig. 6 and fig. S8A). These phenotypes were consistent over the leaf
sections, as determined by LM (fig. S8B).

Fig. 4. The lesv single mutant has a conditional mutant phenotype. (A) Glucan quantification of plants grown in 12-hour light/12-hour dark cycles, harvested as
indicated. FW, fresh weight. Values are means ± SE (n = 6). Statistical comparisons were performed using two-way ANOVAwith Dunnett’s multiple comparisons test; see
data S3 (A and B). Only comparisons to the wild type for soluble glucans are shown. WT, wild type. (B) TEMs of selected lesv chloroplast sections, obtained from plants
grown and sampled as in (A). Most lesv plastids appear wild-type like (i), but a few contain unusual glucans (ii). Scale bar, 2 μm. Pie charts show quantitative data of plastid
section classifications; black, sections containing regular starch granules; red, sections containing starch and apparent phytoglycogen; blue, sections containing phyto-
glycogen-like inclusions only. (C) Glucan quantification of plants grown as in (A), subjected to a single prolonged night (16 hours), and harvested as indicated. Values are
means ± SE (n = 4). Statistical comparisons were performed as in (A); see data S4 (A and B). Only comparisons to the wild type for soluble glucans are shown. ***P ≤ 0.001.
(D) TEMs of lesv plants grown and harvested as in (C). Most chloroplast sections contain either a mixture of starch and phytoglycogen (i) or phytoglycogen-like inclusions
only (ii). Scale bar, 2 μm. Pie charts indicate respective quantifications, as in (B). (E and F) Quantification of maltose in the plants in (A) (E) and (C) (F). Note that maltose is
not included in the soluble glucans as measured in (A) and (C). Values are means ± SE (n = 4). Statistical comparisons were performed using one-way ANOVA with
Dunnett’s multiple comparisons test; see data S5 (A and B).
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Fig. 5. Glucan accumulation and turnover in plants overexpressing ESV1 and LESV in the isa1isa2 background. (A) Endogenous ESV1 and LESV and overexpressed
ESV1-YFP and LESV-YFP, as assessed by immunoblotting of total leaf protein extracts. Actin (in red) served as a loading control (omitted in the anti-ESV1 immunoblot for
clarity). (B) Arabidopsis rosettes harvested at the EOD and 2 h-EON stained with Lugol’s solution. Scale bar, 1 cm. (C) Glucan quantification of plants harvested at the EOD
and 2h-EON. Values aremeans ± SE (n = 4 biological replicates). Statistical comparisons were performed using two-way ANOVAswith Dunnett’s multiple comparisons test.
Comparisons of total summed glucans are indicated in blue, those of soluble glucans (phytoglycogen) in gray, and those of insoluble glucans (starch) in black. *P ≤ 0.05,
**P ≤ 0.01, and ***P ≤ 0.001. For clarity, only selected comparisons are shown. See data S6 (A and B).
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Similar I2/KI staining and quantitative analyses were carried out
2 hours before the end of the night (2h-EON), when esv1 mutant
plants have already prematurely degraded their starch (14). As ex-
pected, wild-type plants still contained some starch and rosettes
stained lightly (Fig. 5, B and C). ESV1-OX rosettes stained much
stronger and had excess starch, consistent with a reduced rate of
starch mobilization, while LESV-OX did not. In isa1isa2, both
starch and phytoglycogen had been consumed by this time. isa1i-
sa2ESV1-OX had degraded its phytoglycogen but retained much
of its starch. In contrast, isa1isa2LESV-OX had degraded its starch
and what little phytoglycogen it had. These data suggest that ESV1
seems to limit the degradation of starch, while having little impact
on the amount pf phytoglycogen that accumulates. LESV appears to
promote the formation starch instead of phytoglycogen, without
limiting degradation.

Because both overexpression lines were made using YFP-tagged
proteins, we used confocal microscopy to examine the proteins’ dis-
tribution. ESV1-OX and LESV-OX lines yielded YFP fluorescent

patterns consistent with starch granule localization (fig. S7) (14).
In both isa1isa2ESV1-OX and isa1isa2LESV-OX, the fluorescence
was primarily in the form of smaller, grouped punctae with a
more diffuse background in areas between the chlorophyll auto-
fluorescence, where glucans accumulate.

Glucan turnover and crystallinity are affected by loss of
ESV1 or LESV in isa1isa2
Next, we investigated the consequence of losing ESV1 or LESV
function on the isa1isa2 phenotype by generating the isa1isa2esv1
and isa1isa2lesv triple mutants. At the EOD, the esv1 and lesv
mutants stained similarly to the wild type with I2/KI. However,
esv1 contained less starch than the other two lines (Fig. 7, A and
B) (14). As before, isa1isa2 accumulated predominantly phytoglyc-
ogen and less starch. Both the isa1isa2esv1 and isa1isa2lesv triple
mutants accumulated less glucan compared with their respective
parental lines, with the reduction being particularly pronounced
in isa1isa2esv1. However, the ratio of phytoglycogen:starch differed
between the lines; in isa1isa2lesv, it was higher than in isa1isa2,
while in isa1isa2esv1, it was lower (Fig. 7B). At 2h-EON, the wild
type and lesv mutant still stained with I2/KI and contained a little
starch, but esv1 did not stain and contained almost none. The ro-
settes of isa1isa2, isa1isa2esv1, and isa1isa2lesv were also devoid of
glucans at this time (Fig. 7, A and B), indicating that these lines had
prematurely used their glucan reserves.

To see how the cell-type–specific starch and phytoglycogen phe-
notype of isa1isa2 was affected in the triple mutants, we investigated
leaf mesophyll, epidermal, and bundle sheath cell plastids by TEM
(Fig. 8 and fig. S9). As expected, mesophyll chloroplasts of isa1isa2
contained phytoglycogen with few starch-like particles, while epi-
dermal and bundle sheath cell plastids contained only starch gran-
ules. In isa1isa2esv1, the mesophyll cells contained less glucan, but a
mix of starch and phytoglycogen was still evident; however, in epi-
dermal cells, neither starch nor phytoglycogen was observed, con-
sistent with the overall very low glucan content of this line (Fig. 7B).
A contrasting result was obtained with isa1isa2lesv: The plastids in
the mesophyll, epidermal, and bundle sheath cells all contained
only phytoglycogen (Fig. 8 and fig. S9).

The accumulation of phytoglycogen, as opposed to starch, in
isa1isa2 is ultimately due to the aberrant structure of the glucan pro-
duced, yet overexpression or mutation of ESV1 or LESV shifted the
starch:phytoglycogen ratio in a similar overall way as in engineered
yeast cells (Figs. 2 to 6). We again tested whether this was due to a
modified structure of the glucan by obtaining the CLDs for the
glucans from each of the genetic backgrounds. As seen for the
yeast, the absence or overabundance of ESV1 or LESV had only
minor impacts on the glucan’s primary structure despite causing
major changes in their turnover and/or partitioning between the
soluble and insoluble phases (see fig. S5B and Supplementary Text).

Last, we used small-angle x-ray scattering (SAXS) to investigate
whether the presence of ESV1 or LESV influenced the lamellar
structure of insoluble glucans. The starch-like glucans synthesized
in yeast were shown previously to be enriched in long chains and to
have a relatively weak lamellar repeat of over 13 nm compared to
Arabidopsis amylopectin with its ca. 10-nm repeat (13). These ob-
servations were replicated here, with insoluble glucans from yeast
line 29 giving a SAXS pattern consistent with a 13.1-nm repeat.
The expression of ESV1, LESV, or both proteins in line 29 resulted
in an altered SAXS pattern indicating a shorter repeat of 10.6 to 10.8

Fig. 6. Appearance of glucans forming in mesophyll chloroplasts of plants
overexpressing ESV1 or LESV in the isa1isa2 background. Leaf tissue was har-
vested at the EOD, and the chloroplasts and starch granules therein visualized
using TEM.White and red arrowheads indicate starch granules and phytoglycogen,
respectively. Scale bar, 2 μm.

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Liu et al., Sci. Adv. 9, eadg7448 (2023) 26 May 2023 9 of 18

D
ow

nloaded from
 https://w

w
w

.science.org on June 27, 2023



nm (Fig. 9A and table S2). Similarly, the insoluble glucans produced
in line 28 expressing ESV1, LESV, or both proteins had short repeats
(9.7 to 10.6 nm). Similar SAXS analysis applied to the starches ex-
tracted from plants showed that the loss or overexpression of either
ESV1 or LESV did not change the lamellar repeat substantially,
whether in the wild type or isa1isa2 background: In all cases, the
SAXS patterns were consistent with lamellar repeats in the region
of 10 nm (Fig. 9B).

DISCUSSION
The insight obtained from this work, using structural modeling and
a set of complementary experimental approaches, provides a strong
case for protein-mediated phase transition of amylopectin during
starch biosynthesis. This is a paradigm-changing idea, since it has
previously been assumed that phase transition is a biophysical
process, occurring spontaneously when the amylopectin biosyn-
thetic enzymes (SSs, branching, and debranching enzymes) gener-
ate a crystallization-competent structure. We suggest that, while
these spontaneous crystallization can occur, it is promoted by the
action of LESV. Furthermore, once a crystalline state is attained,
we suggest that this state is stabilized by ESV1.

ESV1 and LESV have unique starch binding domains
The ESV1 and LESV proteins were originally identified as starch-
binding proteins (14). This property was proposed to be due to
the unusual Trp-rich C-terminal domain that both proteins have,
which we confirmed experimentally (fig. S4). Surface-exposed Trp
residues, as well as the other aromatic amino acids (phenylalanine
and tyrosine), are well known to form interaction sites for glucans,
which bind via nonpolar CH-π staking interactions (23). The high-
confidence structural models for the C-terminal domains of both
ESV1 and LESV (Fig. 1), supported by our biophysical analysis of
the recombinant proteins (fig. S3), are suggestive of a unique and
remarkable protein-glucan interaction surface. The predictions
for these domains are almost identical for both Arabidopsis proteins
(fig. S2) and for several orthologs tested , consistent with the high
degree of conservation between species (Fig. 1).

The regular spacing of the side chains of ca. 30 of the 40 aromatic
amino acids results in two strips adorning both sides of the extend-
ed antiparallel β sheet. Thus, extensive interactions with several
glucan chains could occur. The β sheet domain has a length of ap-
proximately 7 nm, and the spacing of the aromatic amino acid strips
is around 1.4 nm (Fig. 1, B and C). These dimensions are highly
conspicuous, being similar to the predicted lengths and packing dis-
tances, respectively, of the double helices within the crystalline la-
mellae (3). We therefore propose that the strips of aromatic amino

Fig. 7. Glucan content of isa1isa2, esv1, lesv, and higher-order mutants thereof. (A) Entire rosettes were harvested at the EOD and 2h-EON and stained with Lugol’s
solution. Scale bar, 1 cm. (B) Glucan quantification in plants, harvested at the EOD and 2h-EON. Values are means ± SE (n = 4 biological replicates). Statistical comparisons
were performed using two-way ANOVAwith Dunnett’s multiple comparisons test. Comparisons of total summed glucan contents are indicated in blue, soluble glucans
(phytoglycogen) in gray, and insoluble glucans (starch) in black. For clarity, only selected comparisons are shown. *P ≤ 0.05 and ***P ≤ 0.001. See data S7 (A and B).
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acids may coordinate the binding of neighboring double helices
within an amylopectin molecule (Fig. 10). The frequent surface-
exposed acidic residues (aspartates and glutamates) located
between the aromatic residues could also participate in glucan
binding by hydrogen bonding with the hydroxyl groups of the glu-
cosyl residues (24).

Despite the similarity of their C termini, ESV1 and LESV differ
substantially at their N termini, the structural predictions for which
are less confident. No ordered structure is predicted by AlphaFold
for the N terminus of ESV1, and it is notable that this part of the
protein is poorly conserved between species. In contrast, parts of the
N terminus of LESV are predicted to fold into α helices, consistent
with our CD spectroscopy of the recombinant protein (Fig. 1 and

fig. S2). Furthermore, there is overlap between this prediction and
areas of high sequence conservation between species. That said, Al-
phaFold failed to predict ordered structure for a substantial part of
the N terminus, and the predicted aligned errors for most of the N-
terminal residues are high. Therefore, it seems likely that the exact
organization of the helices, relative to each other and to the C-ter-
minal domain, may differ to that shown in Fig. 1B. Two areas of
conservation within the N terminus also feature prominent aromat-
ic amino acids (fig. S1B), suggesting that it might also participate in
glucan binding. Further studies will be needed to determine the
structure of the N terminus of LESV, assess its binding capabilities,
and see how these interrelate.

Fig. 8. Glucans in mesophyll and epidermal cell plastids of isa1isa2, esv1, lesv, and higher-order mutants. Leaf tissue was harvested at the EOD, and plastids and
starch granules observed using TEM. Arrowheads indicate starch granules (white), phytoglycogen (red), and plastid sections lacking glucans entirely (yellow). Scale bars,
2 μm.
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Fig. 9. SAXS of purified yeast and plant glucans. (A) Stacked SAXS plots obtained from glucans purified from yeast strains expressing ESV1 and LESV. The local intensity
maxima of individual samples were manually selected and are highlighted by colored dots. Vertical lines indicate the respective maxima’s q values. The respective cal-
culated repeat distances (d ) are indicated below the strains’ genetic descriptions. As expected, no maximum could be detected, and thus, no d was calculated, for yeast
strain 28, due to the absence of insoluble glucans. NA, not applicable. (B) Stacked SAXS plots obtained from insoluble glucans purified from different plant genotypes.
Displayed data are as in (A). In both (A) and (B), only one replicate measurement is shown; refer to table S2 for a summary of replicate analyses. a.u., arbitrary unit.
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What is also clear, both from previous studies and from data pre-
sented here, is that the functions of the two proteins differ. The phe-
notypic effects of mutations abolishing expression of each gene, or
overexpressing of each, are distinct (14). Furthermore, while aspects
of the esv1 mutant phenotype could be complemented by expres-
sion of the Marchantia polymorpha and Oryza sativa ESV1 ortho-
logs, they could not by ectopic overexpression of LESV (16).

A role for LESV promoting amylopectin phase transition
Collectively, our data suggest that LESV fulfills a previously unrec-
ognized role in starch biosynthesis by promoting the phase transi-
tion of glucans. The evidence comes from several directions. First,
in yeast cells engineered to make starch-like glucans, LESV is able to
increase the fraction that transitions into an insoluble state, over
that which crystalizes spontaneously. The resultant granules were
larger and more uniform in appearance. The ability of LESV to
promote phase transition was even seen in yeast cells where the
complement of starch biosynthetic enzymes was incomplete, i.e.,
in line 28 where isoamylase is missing and where the resultant
polymer otherwise remained exclusively in the soluble phase
(Figs. 2 and 3). Second, this influence of LESV was also seen in iso-
amylase-deficient plants, where its overexpression substantially de-
creased the amount of soluble phytoglycogen and increased the

amount of starch (Figs. 5 and 6). Consistent with this, the residual
starch made in the isa1isa2 double mutant was largely absent in the
isa1isa2lesv triple mutant, suggesting that the endogenous LESV
already promotes starch formation despite the suboptimal amylo-
pectin branching pattern (Fig. 7). Third, starch formed after an ex-
tended night is highly abnormal in the lesv single mutant, with a
substantial proportion remaining soluble as phytoglycogen
despite the full complement of starch biosynthetic enzymes
(Fig. 4). This result contrasts with the relatively mild phenotype
of the lesv mutant that was reported previously (14) and was re-
vealed only after destarching the plants.

Clearly, starch granules can form in the absence of LESV, but our
results suggest that LESV promotes this by seeding glucan phase
transition. We propose that the Trp-rich domain serves as a tem-
plate to align double helices that form spontaneously between
neighboring chains of amylopectin (Fig. 10A). We envisage that
each strip of aromatic amino acids on each side of the β sheet
domain could bind one double helix, and, once properly aligned
on LESV, these double helices could then align others, propagating
a wave of phase transition, resulting in a crystalline lamella. Given
that LESV is found encapsulated inside starch granules—something
also true for LESV orthologs from different species (14, 15)—we
assume that at least a fraction of it then remains associated with
the crystalline lamellae. The seeding function may also require
other parts of the LESV protein, including the conserved α-helical
domains, or the regions with additional conserved aromatic resi-
dues but for which no structure is predicted.

This model could explain many of our observations. On one
hand, when the glucan branching pattern is suboptimal (e.g., in
the absence of the trimming isoamylase), the chance that double
helices spontaneously self-align to seed a crystalline structure will
be reduced, but the presence of a LESV template could allow it to
occur. On the other hand, when the branching pattern is optimal,
crystallization may occur spontaneously and self-propagate even in
the absence of a LESV template. This is important, because it could
explain the near-normal starch phenotype of the lesv mutant when
growing under standard diel conditions (Fig. 4, A and B). During a
normal night, most but not all starch is degraded (2). Any residual
starch could itself serve as the template for the crystallization of
freshly synthesized amylopectin the following day. Only when
completely destarched, therefore, does the absence of both LESV
and residual starch result in highly aberrant glucan formation
(Fig. 4, C and D). It is also notable that, upon LESV overexpression,
the number of starch granules is greatly increased. This could also
be interpreted as accelerated crystallization, such that freshly syn-
thesized soluble glucans assemble into more numerous distinct
granules, rather than being added to the growing surface of existing
granules.

Our SAXS analysis of the insoluble glucans adds a further angle
of support for our proposed function for LESV (Fig. 9). The full
suite of starch synthesizing enzymes in the yeast line 29 creates a
crystallization-competent glucan, which spontaneously adopts a
tertiary structure with a 13.1-nm repeat. However, the presence of
LESV not only increased the amount that crystallizes but also short-
ened the lamellar repeat close to the 10-nm values seen for Arabi-
dopsis starch. The 9- to 10-nm repeat in plant starch are formed by a
crystalline (~6 nm) and amorphous (~3 nm) layer (3, 4). The 7-nm
length of the Trp-rich β sheet of LESV could thus guide the forma-
tion of double helices in this range, such that the next amorphous

Fig. 10. Model of the proposed ESV1 and LESV functions. (A) LESV interacts
with glucans that have adopted a helical secondary structure via its Trp-rich
domain and possibly aided by its N-terminal domain (not shown) and thereby fa-
cilitates their arrangement into compact, ordered tertiary structures. Once seeded,
regular glucan arrangements can self-propagate and spread. (B) Regions of
ordered glucan helices, seeded by LESV, form adjacent blocks of crystalline lamel-
lae. ESV1 binds to and stabilizes exposed helices at the margins of these regions,
restricting access to hydrolytic activities. In both (A) and (B), ESV1 and LESV pro-
teins are represented as simplified versions of their predicted AlphaFold structures
(only Trp-rich region is shown; aromatic residues are highlighted by color; pLDDT
values are disregarded). See Fig. 1B as comparison.
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layer can be initiated on top of it. It would be interesting to see if
engineering LESV to alter the length of its β sheet could influence
the lamellar repeat length upon overexpression in yeast or in plants.

A role for ESV1 in stabilizing semi-crystalline amylopectin
We propose a slightly different role for ESV1, which is to stabilize
the amylopectin within the starch granule once it has formed, rather
than to promote its crystallization in the first place. The evidence for
this again comes from several directions. First, in yeast cells, ESV1
has a much smaller effect on promoting glucan phase transition
compared with LESV (Fig. 2). Thus, while the Trp-rich domain
of ESV1 seemingly can trigger phase transition, it is either less effi-
cient than the equivalent domain of LESV or other parts of the
LESV protein that ESV1 lacks also assist in the phase transition
process (as discussed above). Second, when overexpressed in isoa-
mylase-deficient plants, ESV1 increased the amount of starch but
did not do so by decreasing the amount of soluble phytoglycogen
(Fig. 5). Rather, the increase in starch is probably due to a block in
its degradation at night; while the phytoglycogen is degraded, excess
starch remains at dawn, leading to a higher overall glucan content.
This excess starch accumulation is also seen when ESV1 is overex-
pressed in the wild type (14). Third, in the esv1 mutant, starch is
degraded too fast during the night and even concurrently with its
accumulation during the day (14). However, no evidence for aber-
rantly formed granules or for soluble glucan accumulation compa-
rable to the destarched lesv mutant was seen (Figs. 4, 7, and 8).

Given their semi-crystalline nature, starch granules are consid-
ered inherently resistant to enzymatic degradation. This view has
been reinforced by the discovery that transient glucan phosphory-
lation is critical for normal degradation, with the reasoning that it
disrupts the semi-crystalline structure (1, 25–29). However, it is un-
likely that the starch granule surface is uniform, and there may be
areas where the structure is susceptible to degradation, regardless of
phosphorylation. For example, at locations where one crystalline
lamella ends and the next begins with a change in orientation, the
double helices may be less stable. We envision that ESV1 could play
a role at such sites, recognizing and stabilizing these weak points.
Thus, in the absence of ESV1, these sites would be exposed, explain-
ing the uncontrolled degradation in the esv1 mutant. Conversely,
ESV1 overexpression could render the granule more stable and
even interfere with the process of phosphorylation, as proposed
from in vitro work with recombinant ESV1 (30). Given this pro-
posed role, we speculate that ESV1 may be primarily associated
with the granule surface rather than becoming encapsulated like
LESV. This is consistent with fewer ESV1 peptides being present
inside starch granules compared to LESV (14). However, further ex-
perimental work will be required to test this hypothesis.

We suggest that soluble glucans, i.e., phytoglycogen, are less ef-
fectively protected by ESV1 than starch; all the phytoglycogen in
isa1isa2 is degraded at night, even when ESV1 is overexpressed
(Fig. 5C). That said, phytoglycogen levels were very low in the isa1i-
sa2esv1 triple mutant (Fig. 7B), suggesting that in isa1isa2, ESV1
limits phytoglycogen turnover to some extent.

In conclusion, our work points toward a previously unrecog-
nized biochemical process at play during starch biosynthesis. The
amylopectin biosynthetic enzymes, working together on a
common substrate, generate a glucan product with a propensity
to crystallize. We propose that crystallization is facilitated by
LESV and subsequently stabilized by ESV1. Clearly, this model

needs further rigorous testing. The individual roles of each
protein need to be defined, as do their potential combined effects
when both are present and interacting with nascent glucans
during starch biosynthesis or the mature granules themselves. The
advantage of protein-mediated phase transition also needs to be es-
tablished; it may help plants to make starch robustly in a wide
variety of tissues and under different conditions. Variable factors
such as temperature and plastid stroma solute content, i.e., during
water stress, could differentially influence the starch biosynthetic
enzymes, leading to alterations in amylopectin structure. Such an
effect was reported for the starch in barley seeds developing at dif-
ferent temperatures (31). Furthermore, these variable factors may
act as control parameters influencing the likelihood of spontaneous
crystallization of the glucan. Thus, the presence of proteins that
provide a template to nucleate crystallization and stabilize it could
ensure efficient starch granule production and carbon storage even
in suboptimal conditions. Last, the widespread conservation of both
ESV1 and LESV genes and the presence of the proteins in starches
obtained from multiple sources (14) suggest that these results from
Arabidopsis will be more broadly applicable in plants, including
many of the world’s most important staple crops.

MATERIALS AND METHODS
Experimental design
The goal of this study was to better understand the molecular roles
of the Arabidopsis thaliana ESV1 and LESV proteins in starch me-
tabolism. This was approached from three angles: first, by studying
the proteins’ sequences and 3D structures using bioinformatic
methods and validating in vitro techniques using recombinantly ex-
pressed purified proteins; second, by studying the influence of ESV1
and LESV expression on glucan production and properties in an en-
gineered yeast system; and, last, by investigating the effects of ESV1
and LESV overexpression or absence in planta using the isa1isa2
double mutant as a sensitive genetic background.

Bioinformatic analyses
For conservation analyses, orthologous streptophyte ESV1 and
LESV sequences were extracted on the basis of the phylogenetic
tree depicted previously (14) and aligned using Clustal Omega
version 1.2.4. Alignments were annotated, and the conservation
was depicted using CLC Genomics Workbench 12 (QIAGEN). Sec-
ondary structure predictions shown above the conservation plots
are annotated on the basis of the respective Arabidopsis AlphaFold
structures, irrespective of the respective regions’ pLDDT values.

WebLogos were constructed using WebLogo 3 (32) using com-
positional adjustment assuming a typical amino acid usage pattern.
Predicted protein structures were obtained from AlphaFold
[F4I9G2 (ESV1) and Q5EAH9 (LESV)] (17) and visualized using
PyMOL (33).

Cloning, expression, and purification of recombinant
proteins
The coding sequence (CDS) of LESV (minus the 56 N-terminal res-
idues predicted to encode the transit peptide), codon optimized for
Escherichia coli, was cloned into the vector pET28a+ (Novagen), in-
frame with an N-terminal 6XHis tag followed by a thrombin cleav-
age site, giving rise to the construct pET28a-LESV. Similarly, the
codon-optimized CDS of ESV1 was inserted into pET24a+ in-
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frame with a C-terminal 6XHis tag, giving rise to pET24a-ESV1.
Because commonly used algorithms do not reliably predict a
transit peptide for ESV1, we omitted 95 N-terminal residues, cor-
responding to a region that is poorly conserved in alignments of or-
thologous sequences.

pET28a-LESV was transformed into E. coli strain Rosetta (DE3)
pLysS (Novagen). Precultures were grown overnight in LB medium
supplemented with antibiotics at 37°C with agitation. For the main
culture, ZY liquid broth supplemented with antibiotics was inocu-
lated and incubated with agitation for 3 hours at 37°C, and bacterial
cultures were then incubated overnight at 20°C. Cells were collected;
resuspended in 50 mM tris buffer (pH 8), 300 mM NaCl, 10 mM
imidazole, bovine pancreas deoxyribonuclease I (10 μg/ml), 20
mM MgSO4, and complete protease inhibitor cocktail EDTA-free
tablets (one tablet per liter of culture; Roche) at 4°C; and then dis-
rupted using an Avestin Emulsiflex disruptor. The bacterial extract
containing soluble proteins was collected by centrifugation
(10,000g) for 1 hour at 4°C. The extract was subjected to a first
step of purification by immobilized metal affinity chromatography
(IMAC) using His-Trap FP 5-ml column (Cytiva) equilibrated with
50 mM tris buffer (pH 8), 300 mM NaCl, and 10 mM imidazole.
Recombinant protein was eluted using one step of 250 mM imidaz-
ole in equilibration buffer. This was followed by a second purifica-
tion step by size exclusion chromatography using a HiLoad 16/60
Superdex 200 column (Cytiva) pre-equilibrated with 50 mM tris
(pH 8), 150 mM NaCl, 10% (v/v) glycerol, and 2 mM dithiothreitol
(DTT).

pET24a-ESV1 was transformed into the bacterial strain BL21
codon+. Precultures were grown overnight in LB medium supple-
mented with antibiotics at 25°C with agitation. For the main
culture, LB liquid broth supplemented with antibiotics was inocu-
lated and incubated with agitation at 37°C to an optical density of
0.5 to 0.6 (A600), whereupon protein expression was induced by ad-
dition of isopropyl-β-D-thiogalactopyranoside (final concentration
of 1 mM) for 3 hours at 37°C. Cultures were then incubated over-
night at 20°C. Harvesting of bacteria and protein extract preparation
were as described above. The extract was subjected to a first step of
purification by IMAC using His-Trap FP 5-ml column (Cytiva)
equilibrated in 50 mM tris (pH 7.5), 300 mMNaCl, and 40 mM im-
idazole. Bound protein was then eluted in one step in 50 mM tris
(pH 7.5), 300 mM NaCl, and 250 mM imidazole. The protein sol-
ution was dialyzed against 50 mM tris (pH 7.5), 100 mMNaCl, 10%
(v/v) glycerol, and 2 mM DTT.

Synchrotron radiation CD
CD spectroscopy data were measured by synchrotron radiation CD
at the DISCO beamline of the SOLEIL Synchrotron (Gif-sur-Yvette,
France). Five microlitres of ESV1 at 6.3 mg/ml and 2 μl of LESV at
13.4 mg/ml were deposited between two CaF2 coverslips with a
guaranteed pathlength of 20 and 10 μm, respectively (34). The
beam size of 4 mm by 4 mm and the photon-flux per nanometer
step of 2 × 1010 photons s−1 in the spectral band from 270 to 170
nm prevented radiation-induced damage (35). Spectra were collect-
ed consecutively over time and are the mean of 3 accumulations.
The buffer baseline was recorded sequentially and subtracted
from the spectra before taking into account the concentration in
residues. Data were processed using CDToolX (36).

SAXS of recombinant proteins
For SAXSs, recombinant protein samples were concentrated using
Vivaspin centrifugal concentrators with a 10-kDa cutoff (Sartorius).
Protein concentrations were determined using a NanoDrop Spec-
trophotometer (ND1000; Thermo Fisher Scientific). The
maximum concentrations obtained for ESV1 and LESV for SAXS
experiment are 4 and 21 mg ml−1 respectively.

Recombinant protein solutions were subject to centrifugation
(10 min, 4°C, 10,000g) before x-ray analysis to eliminate potential
aggregates. SAXS experiments were conducted on the SWING
beamline at Synchrotron SOLEIL (λ = 1.033 Å). All solutions
were mixed in a fixed-temperature (15°C) quartz capillary. The
monodispersed samples of proteins were injected into a size exclu-
sion column (SEC-3, 150 Å; Agilent) using an Agilent HPLC system
and eluted directly into the SAXS flowthrough capillary cell at a flow
rate of 0.2 ml min−1 (37). Protein samples (50 μl each) were then
injected for SAXS measurements. During the first minutes of the
elution, 150 frames were collected and averaged to account for
buffer scattering, which was subtracted from selected frames corre-
sponding to the main elution peak. Data reduction to absolute
units, frame averaging, and subtraction were done using
FOXTROT (37). All subsequent data processing, analysis, andmod-
eling steps were carried out with programs of the ATSAS suite (38).
The radius of gyration (Rg) was derived by the Guinier approxima-
tion using PRIMUS (20). The program GNOM (39) was used to
compute the pair-distance distribution functions [P(r)] and
feature the maximum dimension of the macromolecule (Dmax).

Cloning of yeast constructs and generation and growth
of strains
Plasmids and primers used for cloning are provided in data S8. Con-
structs for heterologous expression in S. cerevisiae (yeast) were
cloned using the protocols and toolkit for modular cloning in
yeast (40). The CDSs of ESV1 and LESV, less their putative chloro-
plast transit peptides, were cloned into pYTK001 (40) as detailed in
data S8. The CDSs were introduced between the strong yeast CWP2
promoter (pBP124) and CYC1 terminator (pBP224) and assembled
into yeast integration vectors designed for single transcription units
(pBP386 and pBP387 in case of ESV1 and LESV, respectively), re-
sulting in the final expression vectors pBP389 and pBP392 for the
expression of ESV1 and LESV, respectively, from the yeast locus
XII-5 of the previously described yeast expression platform (13,
41). For dual expression of ESV1 and LESV, both transcription
units were assembled into the vector pBP249 (remaining positions
were filled using primers mimicking the connector overhangs,
added directly to the Bsm BI–mediated golden gate reaction; see
data S8), which also targets the XII-5 locus, resulting in the final
expression vector pBP393. Plasmids containing the CDS in
pYTK001 were verified by sequencing. The correctness of the inte-
gration and final expression vectors was confirmed by diagnostic
restriction digests using Pst I and Sac II.

S. cerevisiae strains derive from haploid CEN.PK113-11C.
Strains expressing ESV1 and/or LESV were generated by transform-
ing Not I–linearized expression vectors pBP389, pBP392, and
pBP393 into yeast strains 28 or 29 (13), essentially using the trans-
formation protocol described previously (42). Integration at the ex-
pected locus was confirmed by polymerase chain reaction (PCR)
and amplicon sequencing as described previously (13). Genotypes
of yeasts are given in table S3.
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Media were prepared as described in (43), and yeasts were grown
in shake flasks as described in (13). In brief, yeast cells from over-
night cultures in YPD medium [1% (w/v) Bacto yeast extract (BD),
1% (w/v) Bacto peptone (BD), and supplemented with 2% (w/v)
glucose] were inoculated in main cultures containing YPGal
medium and harvested after 5.75 hours with shaking at 30°C.
YPGal [which contains 2% (w/v) galactose] represents the inducing
condition for all transgenes, except ESV1 and LESV, which are
driven by the CWP2 promoter and thus constitutively expressed.
Replicate main cultures arose from independent precultures.

Plant materials and growth conditions
The mutants esv1-2 and lesv-1 (14), referred to as esv1 and lesv, re-
spectively, were crossed to isa1-1isa2-1 (9), here referred to as
isa1isa2, to generate the two triple mutants isa1isa2esv1 and isa1i-
sa2lesv. isa1isa2 was also crossed to ESV1-OX #3-2 and LESV-OX
#4-6 (14), referred to as ESV1-OX and LESV-OX, respectively, to
generate isa1isa2ESV1-OX and isa1isa2LESV-OX. Plants homozy-
gous for the respective mutations were identified by PCR-based
genotyping (see table S4 for oligonucleotide primers). For the
LESV-OX #4-6 line, homozygous plants were identified by PCR-
based genotyping, while for ESV1-OX #3-2, homozygous plants
were identified by screening for BASTA resistance on plates.
Wild-type (Col-0 ecotype) and mutant plants were grown as previ-
ously described (21). All mutant lines used in this study are in the
Col-0 ecotype background.

Protein extraction from yeast and plants and
immunoblotting
Total protein extracts from yeast were prepared as previously de-
scribed (13). Protein concentration was determined with a Brad-
ford-based protein assay (Bio-Rad) using bovine serum albumin
as standard. A total of 20 μg protein was loaded per lane for
SDS–polyacrylamide gel electrophoresis (SDS-PAGE).

For total protein extracts from plants, leaves from 4-week-old ro-
settes were harvested and snap frozen in liquid nitrogen. Glass ho-
mogenizers were used to homogenize the plant material in
extraction medium [1 ml/100 mg of fresh weight; 40 mM tris-HCl
(pH 6.8), 5 mM MgCl2, 2% (w/v) SDS, and complete protease in-
hibitor (Roche)]. Insoluble debris was pelleted by centrifugation (5
min, 4°C, 20,000g) before loading equal sample volumes for
SDS-PAGE.

For immunoblotting, proteins were transferred onto low-fluo-
rescence polyvinylidene difluoride membranes following SDS-
PAGE and probed with antibodies specifically recognizing ESV1,
LESV, or green fluorescent protein (GFP). Antisera against Arabi-
dopsis ESV1 and LESV (14) were used at concentrations of 1:200 for
affinity purified anti-ESV1 and 1:3000 for anti-LESV crude serum.
YFP-tagged proteins and plant actin (used as a loading control)
were detected using commercial antibodies (anti-GFP: Torrey
Pines Biolabs, TP401, at a concentration of 1:5000; anti-actin:
Sigma-Aldrich, clone 10-B3, at a concentration of 1:10,000).

Glucan extraction, quantification, and CLD analysis
For yeast, extraction protocols used were as described previously
(13). Soluble and insoluble glucans were quantified using enzymatic
assays after digestion to glucose, as described (44). For Arabidopsis,
starch and phytoglycogen were extracted and quantified as de-
scribed previously (21). CLDs of soluble and insoluble glucans

extracted from yeast were obtained using protocols described previ-
ously (13). Similarly, CLDs of Arabidopsis starch and phytoglycogen
were obtained using protocols described earlier (21).

Iodine staining
Yeast cells from liquid cultures were stained with Lugol’s solution
and imaged as described in (13). To stain Arabidopsis, rosettes were
harvested at specified time points, decolorized in hot 80% (v/v)
ethanol, rinsed in water, stained in Lugol’s solution for 3 min,
and rinsed in water again before imaging.

Scanning electron microscopy
For SEM imaging of insoluble glucans from yeast, glucans were pu-
rified using Percoll cushions as described earlier (13), coated with
platinum, and imaged using an FEI Magellan 400.

TEM and LM of embedded materials
For imaging yeast cells by TEM, protocols used were as described
previously (13), with minor adjustments to the chemical fixation
and gelling of cells before osmium staining. For the chemical fixa-
tion, cells grown in liquid culture in complex mediumwere prefixed
with glutaraldehyde [50 mM sodium cacodylate (pH 6.8), 1 mM
MgCl2, 1 mM CaCl2, and 2% (v/v) glutaraldehyde] for 1 hour at
20°C, pelleted by centrifugation (5 min, 20°C, 1500 g), and resus-
pended in the same fixative solution. After fixation using a
BioWave (TedPella), the cells were kept at 4°C overnight. Cells
were then pelleted and washed four times with water and once
with 100 mM sodium cacodylate buffer (pH 6.8). Before post-stain-
ing with osmium, yeast cells were resuspended in water and mixed
with one volume of 6% (w/v) low melting point agarose solution.
After solidification, yeast cells were further processed, starting
with osmium post-fixation as described earlier (13). Ultrathin (70
nm) sections were cut using a diamond knife, placed on formvar/
carbon-coated copper grids, and stained with 2% (w/v) uranyl
acetate and Reynold’s lead citrate. Images were acquired using a
JEM-1400 Plus JEOL electron microscope.

To image Arabidopsis chloroplasts by TEM, young leaves of 4-
week-old plants were harvested at EOD and cut into small pieces.
These were fixed in 100 mM sodium cacodylate (pH 7.4), 2.5%
(v/v) glutaraldehyde, and 2% (w/v) formaldehyde, followed by
post-staining in 1% (w/v) osmium tetroxide, dehydration, and em-
bedding into Spurr resin as described in (22) and sectioned and
imaged as for yeast cells above.

Spurr blocks containing leaf tissue were also used for overview
imaging by LM. Semi-thin (500 nm) sections were cut using a
diamond knife, stained using toluidine blue O, and imaged using
an AxioImager Z2 microscope (Zeiss).

Cloning of ESV1 and LESV constructs for expression
in tobacco
Sequences encoding full-length and truncated (Trp-rich regions
only) ESV1 and LESV protein versions were amplified using con-
structs from (14) as templates. The resulting PCR products were
first cloned into the pDONR221 vector and subsequently recom-
bined into pB7WGY2 (for the truncated versions; in-frame with
N-terminal sequence encoding the Arabidopsis Rubisco small
subunit chloroplast transit peptide followed by sequence encoding
YFP) or pB7YWG2 (for the full-length versions; in-frame with a C-
terminal sequence encoding YFP) via gateway recombination
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cloning technology (Invitrogen), as described previously (45). The
resulting constructs were transformed into Agrobacterium tumefa-
ciens, infiltrated into tobacco (N. benthamiana), and the fluores-
cence was imaged as described previously (14).

Confocal microscopy
Fluorescence from ESV1-OX, LESV-OX, isa1isa2ESV1-OX, and
isa1isa2LESV-OX plants was imaged at end of the day as described
previously (46) using a Zeiss LSM780 confocal imaging system,
using either 514-nm (YFP) and 458-nm (CFP) argon or 633-nm
(chlorophyll) helium-neon lasers. Image acquisition was done se-
quentially using filters ranging from 526 to 624 nm (YFP), 463 to
509 nm (CFP), and 647 to 721 nm (chlorophyll). At least two inde-
pendent biological replicates were imaged per genotype, and
imaging was repeated two or three times using different
plant batches.

SAXS of yeast and plant glucans
Yeast glucans for SAXS measurements were purified as described
for SEM. For plant glucan purification, whole rosettes of individual
plants were harvested and the material crushed with a pestle in ex-
traction buffer [50 mM tris-HCl (pH 8), 2 mM EDTA, and 0.5% (v/
v) Triton X-100] The slurry was sequentially filtered through wet
nylon meshes with 150-, 30-, and 6-μm pore sizes. Glucans were
then pelleted by centrifugation (10min, 20°C, 6000 g). The resulting
pellet was first washed with 0.5% (w/v) SDS until the supernatant
was clear and then with water.

Approximately 20 μl of dense glucan suspension was injected
into glass mark tubes (Hilgenberg) with an outer diameter of 0.7
mm and a wall thickness of 0.01 mm and sealed using a two-com-
ponent epoxy resin. Glucans were allowed to settle before the cap-
illaries were inserted into a laboratory SAXS system (Xenocs Xeuss
3.0). The scattering signal was recorded for the starch-enriched
regions under vacuum using Cu Kα x-ray radiation (λ Cu Kα =
1.5419 Å) and a 2D detector (DECTRIS EIGER2 1M) positioned
at a sample detector distance of 1300 mm. The recorded 2D scatter-
ing signal was azimuthally integrated to obtain the 1D scattering
signal (scattering intensity as a function of the scattering vector).
The background scattering from the capillary and water was
scaled and then subtracted from the recorded signals to obtain
the scattering signal solely from the starch. All data handling was
performed using Xenocs XSACT software.

Accession numbers
The Arabidopsis genome initiative gene codes for the Arabidopsis
genes used in this study are the following: ESV1, At1g42430;
LESV, At3g55760; ISA1, At2g39930; and ISA2, At1g03310.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S9
Tables S1 to S4
Legends for data S1 to S8

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S8

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
1. D. Santelia, S. C. Zeeman, Progress in Arabidopsis starch research and potential biotech-

nological applications. Curr. Opin. Biotechnol. 22, 271–280 (2011).
2. M. Stitt, S. C. Zeeman, Starch turnover: Pathways, regulation and role in growth. Curr. Opin.

Plant Biol. 15, 282–292 (2012).
3. S. Pérez, E. Bertoft, The molecular structures of starch components and their contribution

to the architecture of starch granules: A comprehensive review. Starch 62, 389–420 (2010).
4. P. J. Jenkins, R. E. Cameron, A. M. Donald, A universal feature in the structure of starch

granules from different botanical sources. Starch 45, 417–420 (1993).
5. T. Sawada, Y. Nakamura, T. Ohdan, A. Saitoh, P. B. Francisco Jr., E. Suzuki, N. Fujita,

T. Shimonaga, S. Fujiwara, M. Tsuzuki, Diversity of reaction characteristics of glucan
branching enzymes and the fine structure of α-glucan from various sources. Arch. Biochem.
Biophys. 562, 9–21 (2014).

6. B. Pfister, S. C. Zeeman, Formation of starch in plant cells. Cell. Mol. Life Sci. 73,
2781–2807 (2016).

7. S. Ball, H.-P. Guan, M. James, A. Myers, P. Keeling, G. Mouille, A. Buléon, P. Colonna, J. Preiss,
From glycogen to amylopectin: A model for the biogenesis of the plant starch granule. Cell
86, 349–352 (1996).

8. A. M. Myers, M. K. Morell, M. G. James, S. G. Ball, Recent progress toward understanding
biosynthesis of the amylopectin crystal. Plant Physiol. 122, 989–998 (2000).

9. T. Delatte, M. Trevisan, M. L. Parker, S. C. Zeeman, Arabidopsis mutants Atisa1 and Atisa2
have identical phenotypes and lack the same multimeric isoamylase, which influences the
branch point distribution of amylopectin during starch synthesis. Plant J. 41,
815–830 (2005).

10. S. C. Zeeman, T. Umemoto, W.-L. Lue, P. Au-Yeung, C. Martin, A. M. Smith, J. Chen, Amutant
of Arabidopsis lacking a chloroplastic isoamylase accumulates both starch and phyto-
glycogen. Plant Cell 10, 1699–1711 (1998).

11. F. Wattebled, Y. Dong, S. Dumez, D. Delvallé, V. Planchot, P. Berbezy, D. Vyas, P. Colonna,
M. Chatterjee, S. Ball, Mutants of Arabidopsis lacking a chloroplastic isoamylase accu-
mulate phytoglycogen and an abnormal form of amylopectin. Plant Physiol. 138,
184–195 (2005).

12. S. Streb, T. Delatte, M. Umhang, S. Eicke, M. Schorderet, D. Reinhardt, S. C. Zeeman, Starch
granule biosynthesis in Arabidopsis is abolished by removal of all debranching enzymes
but restored by the subsequent removal of an endoamylase. Plant Cell 20,
3448–3466 (2008).

13. B. Pfister, A. Sánchez-Ferrer, A. Diaz, K. Lu, C. Otto, M. Holler, F. R. Shaik, F. Meier,
R. Mezzenga, S. C. Zeeman, Recreating the synthesis of starch granules in yeast. eLife 5,
e15552 (2016).

14. D. Feike, D. Seung, A. Graf, S. Bischof, T. Ellick, M. Coiro, S. Soyk, S. Eicke, T. Mettler-Altmann,
K. J. Lu, The starch granule-associated protein EARLY STARVATION1 is required for the
control of starch degradation in Arabidopsis thaliana leaves. Plant Cell 28,
1472–1489 (2016).

15. S. Helle, F. Bray, J. Verbeke, S. Devassine, A. Courseaux, M. Facon, C. Tokarski, C. Rolando,
N. Szydlowski, Proteome analysis of potato starch reveals the presence of new starch
metabolic proteins as well as multiple protease inhibitors. Front. Plant Sci. 9, 746 (2018).

16. K. Song, D.-W. Lee, J. Kim, J. Kim, H. Guim, K. Kim, J.-S. Jeon, G. Choi, EARLY STARVATION 1 is
a functionally conserved protein promoting gravitropic responses in plants by forming
starch granules. Front. Plant Sci. 12, 628948 (2021).

17. J. Jumper, R. Evans, A. Pritzel, T. Green, M. Figurnov, O. Ronneberger, K. Tunyasuvunakool,
R. Bates, A. Žídek, A. Potapenko, Highly accurate protein structure prediction with Al-
phaFold. Nature 596, 583–589 (2021).

18. M. Varadi, S. Anyango, M. Deshpande, S. Nair, C. Natassia, G. Yordanova, D. Yuan, O. Stroe,
G. Wood, A. Laydon, AlphaFold Protein Structure Database: Massively expanding the
structural coverage of protein-sequence space with high-accuracy models. Nucleic Acids
Res. 50, D439–D444 (2022).

19. D. Franke, D. I. Svergun, DAMMIF, a program for rapid ab-initio shape determination in
small-angle scattering. J. Appl. Cryst. 42, 342–346 (2009).

20. P. V. Konarev, V. V. Volkov, A. V. Sokolova, M. H. J. Koch, D. I. Svergun, PRIMUS: AWindows
PC-based system for small-angle scattering data analysis. J. Appl. Cryst. 36, 1277-
1282 (2003).

21. B. Pfister, K. J. Lu, S. Eicke, R. Feil, J. E. Lunn, S. Streb, S. C. Zeeman, Genetic evidence that
chain length and branch point distributions are linked determinants of starch granule
formation in Arabidopsis. Plant Physiol. 165, 1457–1474 (2014).

22. L. Bürgy, S. Eicke, C. Kopp, C. Jenny, K. J. Lu, S. Escrig, A. Meibom, S. C. Zeeman, Coalescence
and directed anisotropic growth of starch granule initials in subdomains of Arabidopsis
thaliana chloroplasts. Nat. Commun. 12, 6944 (2021).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Liu et al., Sci. Adv. 9, eadg7448 (2023) 26 May 2023 17 of 18

D
ow

nloaded from
 https://w

w
w

.science.org on June 27, 2023

https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.adg7448


23. K. Ramirez-Gualito, R. Alonso-Rios, B. Quiroz-Garcia, A. Rojas-Aguilar, D. Diaz, J. Jimenez-
Barbero, G. Cuevas, Enthalpic nature of the CH/π interaction involved in the recognition of
carbohydrates by aromatic compounds, confirmed by a novel interplay of NMR, calorim-
etry, and theoretical calculations. J. Am. Chem. Soc. 131, 18129–18138 (2009).

24. S. Zhang, K. Y. Chen, X. Zou, Carbohydrate-protein interactions: Advances and challenges.
Commun. Inf. Syst. 21, 147–163 (2021).

25. R. Lorberth, G. Ritte, L. Willmitzer, J. Kossmann, Inhibition of a starch-granule–bound
protein leads to modified starch and repression of cold sweetening. Nat. Biotechnol. 16,
473–477 (1998).

26. T.-S. Yu, H. Kofler, R. E. Hausler, D. Hille, U.-I. Flugge, S. C. Zeeman, A. M. Smith, J. Kossmann,
J. Lloyd, G. Ritte, The Arabidopsis sex1 mutant is defective in the R1 protein, a general
regulator of starch degradation in plants, and not in the chloroplast hexose transporter.
Plant Cell 13, 1907–1918 (2001).

27. G. Ritte, J. R. Lloyd, N. Eckermann, A. Rottmann, J. Kossmann, M. Steup, The starch-related
R1 protein is an α-glucan, water dikinase. Proc. Natl. Acad. Sci. U.S.A. 99, 7166–7171 (2002).

28. O. Kötting, D. Santelia, C. Edner, S. Eicke, T. Marthaler, M. S. Gentry, S. Comparot-Moss,
J. Chen, A. M. Smith, M. Steup, STARCH-EXCESS4 is a laforin-like phosphoglucan phos-
phatase required for starch degradation in Arabidopsis thaliana. Plant Cell 21,
334–346 (2009).

29. O. Kötting, K. Pusch, A. Tiessen, P. Geigenberger, M. Steup, G. Ritte, Identification of a novel
enzyme required for starch metabolism in Arabidopsis leaves. The phosphoglucan, water
dikinase. Plant Physiol. 137, 242–252 (2005).

30. I. Malinova, H. Mahto, F. Brandt, S. AL-Rawi, H. Qasim, H. Brust, M. Hejazi, J. Fettke, EARLY
STARVATION 1 specifically affects the phosphorylation action of starch-related dikinases.
Plant J. 95, 126–137 (2018).

31. J. A. Cuesta-Seijo, A. J. De Porcellinis, A. H. Valente, A. Striebeck, C. Voss, L. Marri, A. Hansson,
A. M. Jansson, M. H. Dinesen, J. U. Fangel, Amylopectin chain length dynamics and activity
signatures of key carbon metabolic enzymes highlight early maturation as culprit for yield
reduction of barley endosperm starch after heat stress. Plant Cell Physiol. 60,
2692–2706 (2019).

32. G. E. Crooks, G. Hon, J.-M. Chandonia, S. E. Brenner, WebLogo: A sequence logo generator.
Genome Res. 14, 1188–1190 (2004).

33. L. Schrödinger, W. DeLano, The PyMOL molecular graphics system, version 2.0 (Schrö-
dinger LLC, 2017).

34. M. Réfrégiers, F. Wien, H.-P. Ta, L. Premvardhan, S. Bac, F. Jamme, V. Rouam, B. Lagarde,
F. Polack, J.-L. Giorgetta, DISCO synchrotron-radiation circular-dichroism endstation at
SOLEIL. J. Synchrotron Radiat. 19, 831–835 (2012).

35. A. J. Miles, R. W. Janes, A. Brown, D. Clarke, J. Sutherland, Y. Tao, B. A. Wallace, S. Hoffmann,
Light flux density threshold at which protein denaturation is induced by synchrotron ra-
diation circular dichroism beamlines. J. Synchrotron Radiat. 15, 420–422 (2008).

36. A. J. Miles, B. A. Wallace, CDtoolX, a downloadable software package for processing and
analyses of circular dichroism spectroscopic data. Protein Sci. 27, 1717–1722 (2018).

37. G. David, J. Perez, Combined sampler robot and high-performance liquid chromatography:
A fully automated system for biological small-angle x-ray scattering experiments at the
Synchrotron SOLEIL SWING beamline. J. Appl. Cryst. 42, 892–900 (2009).

38. D. Franke, M. V. Petoukhov, P. V. Konarev, A. Panjkovich, A. Tuukkanen, H. D. T. Mertens,
A. G. Kikhney, N. R. Hajizadeh, J. M. Franklin, C. M. Jeffries, D. I. Svergun, ATSAS 2.8: A
comprehensive data analysis suite for small-angle scattering from macromolecular solu-
tions. J. Appl. Cryst. 50, 1212–1225 (2017).

39. D. I. Svergun, Determination of the regularization parameter in indirect-transform
methods using perceptual criteria. J. Appl. Cryst. 25, 495–503 (1992).

40. M. E. Lee, W. C. DeLoache, B. Cervantes, J. E. Dueber, A highly characterized yeast toolkit for
modular, multipart assembly. ACS Synth. Biol. 4, 975–986 (2015).

41. M. D. Mikkelsen, L. D. Buron, B. Salomonsen, C. E. Olsen, B. G. Hansen, U. H. Mortensen,
B. A. Halkier, Microbial production of indolylglucosinolate through engineering of a multi-
gene pathway in a versatile yeast expression platform. Metab. Eng. 14, 104–111 (2012).

42. R. D. Gietz, R. H. Schiestl, High-efficiency yeast transformation using the LiAc/SS carrier
DNA/PEG method. Nat. Protoc. 2, 31–34 (2007).

43. B. Pfister, J. M. Shields, T. Kockmann, J. Grossmann, M. R. Abt, M. Stadler, S. C. Zeeman,
Tuning heterologous glucan biosynthesis in yeast to understand and exploit plant starch
diversity. BMC Biol. 20, 207 (2022).

44. C. Hostettler, K. Kölling, D. Santelia, S. Streb, O. Kötting, S. C. Zeeman, Analysis of starch
metabolism in chloroplasts, in Chloroplast Research in Arabidopsis (Springer, 2011),
pp. 387–410.

45. K.-J. Lu, B. Pfister, C. Jenny, S. Eicke, S. C. Zeeman, Distinct functions of STARCH SYNTHASE 4
domains in starch granule formation. Plant Physiol. 176, 566–581 (2018).

46. M. R. Abt, B. Pfister, M. Sharma, S. Eicke, L. Burgy, I. Neale, D. Seung, S. C. Zeeman, STARCH
SYNTHASE5, a noncanonical starch synthase-like protein, promotes starch granule initia-
tion in Arabidopsis. Plant Cell 32, 2543–2565 (2020).

Acknowledgments: We thank A. Ruckle for help with plant cultivation, ScopeM for providing
access to microscopy facilities, and T. Weber from the ETH x-ray service platform for technical
support with the SAXS equipment, and I. Burgert for access. We further acknowledge DISCO
beamline and the regular access to the SAXS beamline SWING at synchrotron SOLEIL (St. Aubin,
France) through BAGMX-20181002 and MX-20201190 and are thankful for the expert technical
support provided by the beamline staff. Funding: This work was supported by the Swiss
National Science Foundation (grant 31003A_182570 to S.C.Z.), a Chinese Scholarship Council
PhD fellowship (NSCIS no. 201706310142 to C.L.), and ETH Zurich (core funding to S.C.Z.).
Author contributions: S.C.Z. and C.L. conceived and designed the experiment with input from
B.P., C.B., and M.R.A. C.L., M.R.A., R.O., M.R., D.S., A.H., M.S., M.F.-S., and S.E. performed the
experiments. C.L., R.O., M.R., C.B., and M.R.A. analyzed the data. S.C.Z., C.L. and M.R.A. wrote the
manuscript. S.C.Z., B.P., C.L., C.B., and M.R.A. revised the manuscript. Competing interests: The
authors declare that they have no competing interests. Data and materials availability: All
data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. SAXS data have also been deposited in the Small Angle Scattering
Biological Data Bank (SASBDB) with the following entry codes: ESV1, SASDRR5; LESV, SASDRS5.

Submitted 18 January 2023
Accepted 19 April 2023
Published 26 May 2023
10.1126/sciadv.adg7448

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Liu et al., Sci. Adv. 9, eadg7448 (2023) 26 May 2023 18 of 18

D
ow

nloaded from
 https://w

w
w

.science.org on June 27, 2023



Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.
Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

LIKE EARLY STARVATION 1 and EARLY STARVATION 1 promote and stabilize
amylopectin phase transition in starch biosynthesis
Chun Liu, Barbara Pfister, Rayan Osman, Maximilian Ritter, Arvid Heutinck, Mayank Sharma, Simona Eicke, Michaela
Fischer-Stettler, David Seung, Coralie Bompard, Melanie R. Abt, and Samuel C. Zeeman

Sci. Adv., 9 (21), eadg7448. 
DOI: 10.1126/sciadv.adg7448

View the article online
https://www.science.org/doi/10.1126/sciadv.adg7448
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org on June 27, 2023

https://www.science.org/content/page/terms-service


Supplementary Materials for
LIKE EARLY STARVATION 1 and EARLY STARVATION 1 promote and 

stabilize amylopectin phase transition in starch biosynthesis

Chun Liu et al.

Corresponding author: Samuel C. Zeeman, szeeman@ethz.ch

Sci. Adv. 9, eadg7448 (2023)
DOI: 10.1126/sciadv.adg7448

The PDF file includes:

Supplementary Text
Figs. S1 to S9
Tables S1 to S4
Legends for data S1 to S8

Other Supplementary Material for this manuscript includes the following:

Data S1 to S8



 

 

 

Supplementary Text 

Given the marked increase in insoluble glucans and the altered appearance of the particles 

upon expression of ESV1 and/or LESV, either in yeast cells or in the isa1isa2 mutant 

background, we investigated whether there were changes to the glucans’ primary structure, as 

revealed by their chain length distribution (CLD) profiles. Insoluble and soluble glucans from 

each line were debranched enzymatically and the resultant linear chains analyzed by 

HPAEC-PAD (Figure S5). 

 

CLD analysis of glucans in the yeast lines: 

The yeast line 28 synthesized soluble glucan that, compared to Arabidopsis amylopectin, was 

rich in short (DP4-7) and medium length (DP16-30) chains, and had fewer short (DP10-15) 

and long (DP>36) chains. Its structure was more similar – though not identical – to soluble 

phytoglycogen from the Arabidopsis isa1isa2 double mutant. The CLDs of the insoluble 

glucans resulting from expression of ESV1, LESV, or both proteins in line 28, i.e. lines 559, 

562 and 563, were remarkably similar to that of line 28, except for decreased numbers of 

very short chains (particularly DP5-7) and slightly increased numbers of longer chains. The 

soluble glucans, which still dominated in all four lines, were essentially identical. 

The CLD of the glucans from line 29 differed from those of line 28, having fewer short 

chains (DP6-18) and more chains over DP25 (Figure S5A; (13)), presumably as a result of 

selective debranching by ISA. Line 29 has both soluble and insoluble glucans with the former 

having slightly fewer short chains (DP5-9) than the latter (Figure S5A; (13)). Upon ESV1 

expression (line 569), the CLD of the insoluble glucan was unchanged. Upon LESV 

expression (line 572), or expression of both proteins together (line 573), there was a further 

slight decrease in the number of the short chains (particularly DP3-8) and slight increases in 

the number of longer chains in the insoluble glucans compared with line 29. There were also 

slight changes in the CLDs of the soluble glucans in these lines. 

Overall, these data show that presence of ESV1 and/or LESV resulted in either no or minor 

changes in the structure of the glucans, with the CLDs most closely resembling that of the 

parental line in each case. We interpret these data to mean that the proteins do not directly 

alter the glucan structure. The small changes could be explained if ESV1 and/or LESV 

promote the transition of the glucan into the insoluble phase. On the one hand this might 

enrich for certain glucan structures, while on the other hand it might reduce the susceptibly of 

the now insoluble glucan to further enzymatic modification. It is also possible that the 

binding of ESV1 and/or LESV to a still soluble glucan could mask it and prevent other 

enzymes from using it as substrate. 

CLD analysis of starch and soluble glucans accumulating in the Arabidopsis lesv mutant 

after de-starching with an extended night: 

After an extended night, the lesv mutant accumulates a mixture of starch and soluble glucan 

the following day (Figure 4C). The starch CLD profile from this lesv mutant starch was 

essentially indistinguishable from that of the wild type (Supplemental Figure 5B). However, 

the soluble glucan had a different structure, with increased numbers of chains of DP3-8 and a 

decrease in most chains of DP11 and longer. These changes are reminiscent of the soluble 

phytoglycogen of isa1isa2 (9). The marked increase in chains, especially those shorter that 

DP6, are a strong indicator of amylolytic degradation, since the shortest chain transferred by 

branching enzymes during amylopectin biosynthesis is DP6 (5). This is supported by the very 

high levels of the β-amylase degradation product, maltose, in the lesv mutant under these 

conditions (Figure 4E). 

 

CLD analysis of glucans in the Arabidopsis lines modulated for ESV1, LESV and the 

ISA1/ISA2 debranching enzyme: 



 

 

 

Starch extracted at the end of a normal day from the wild type, and from the esv1 and lesv 

mutants had CLD profiles that were indistinguishable from each other (Figure S5C), 

consistent with earlier findings (14). In isa1isa2 starch, however, there was a slight increase 

in chains of DP5-8 and a decrease in chains of DP12-16. These changes were more 

pronounced in the soluble phytoglycogen of isa1isa2, also as previously described (9).  

The overexpression of ESV1 and LESV, in isa1isa2ESV1-OX and isa1isa2LESV-OX 

respectively, hardly altered the CLD profile of starch from isa1isa2 - only chains of DP5-8 

were slightly decreased in abundance. The phytoglycogen CLDs from isa1isa2ESV1-OX and 

isa1isa2LESV-OX were identical to that of isa1isa2 (Figure S5C). The loss of ESV1 in the 

isa1isa2esv1 triple mutant caused a minor increase in short chains (DP5-9) in the starch CLD, 

relative to isa1isa2. The loss of LESV in the isa1isa2lesv triple further enriched these short 

chains in the starch and resulted in fewer chains of DP12-16. This CLD was conspicuously 

similar to that of the phytoglycogen, and, since isa1isa2lesv accumulated very little starch 

(Figure 6A and B), may represent some phytoglycogen contamination of the insoluble 

material. The CLDs of the phytoglycogen, were more similar between the three genotypes 

(Figure S5C). 

As with the yeast glucans, the CLDs of starch and phytoglycogen in these plants is unaltered 

or altered only to a minor degree depending on whether ESV1 and LESV are present. 

  



 

 

 

 



 

 

 

Fig. S1. Conservation hotspots in ESV1-like and LESV-like sequences. Displayed are 

WebLogos of the multiple sequence alignments of orthologous ESV1 (A) and LESV (B) 

sequences (used to create main Figure 1A). Aromatic amino acids are colored red, acidic ones 

blue. Underlaid in transparent boxes are the AlphaFold secondary structure predictions for the 

respective Arabidopsis protein, mapped to the alignment (coloring as in Figure 1A).  

  



 

 

 

 

 

Fig. S2. The ESV1 and LESV beta-sheet planes. (A) Shown is a closeup of the overlaid 

ESV1 and LESV beta-sheet planes (as displayed in main Figure 1C). (B) Coomassie blue 

stained 10% SDS-PAGE. For both LESV and ESV1, 2 µg of the purified protein samples 

used for SAXS and CD experiments were loaded. (C) Far UV SRCD spectra of recombinant 

ESV1 and LESV proteins. Spectra represent the mean of three independent acquisitions. Only 

data with a HT (High Tension) of the photomultiplier tube > 400 V are represented.  

  



 

 

 

 
Fig. S3. SAXS data and ab initio models for recombinant LESV (A) and ESV1 (B) 

proteins. i) Experimental data plotted as a function of the scattering vector q (the Guinier 

plot is represented as an inset), ii) Distance distribution function and iii) Average ab initio 

envelope predicted by DAMMIF/DAMAVER (from 10 ab initio protein models computed by 

DAMMIF, in light cyan) superposed with the most typical shape filtered by DAMFILT (navy 

blue). The proteins’ structural parts modeled with a confidence score (pLDDT)  90 (cartoon) 

are manually fitted into the molecular envelope. a.u., arbitrary unit.  

  



 

 

 

 
Fig. S4. Sub-plastidial localization of full-length and truncated ESV1- and LESV 

variants. Full-length and N-terminally truncated, YFP-tagged variants of ESV1 (A) and 

LESV (B) were transiently expressed in Nicotiana benthamiana leaves and their localizations 

determined by confocal microscopy. The respective protein variants’ domain structures (i-ii 

for both ESV1 and LESV) are schematically depicted on the left of the confocal images 

(scale indicated in A is valid for B, too; a.a., amino acid residues). The Arabidopsis Rubisco 

small subunit cTP was used for the N-terminal YFP fusions. Presence of the Trp-rich regions 

alone is sufficient to mediate starch granule binding in either case. Scale bar, 5 μm.  



 

 

 

 



 

 

 

 
Fig. S5. Fine structure of yeast and plant glucans. Chain length distributions (CLDs) of 

(A) debranched insoluble and soluble glucans purified from the indicated yeast strains, (B) 

esv1 and lesv glucans compared to wild-type Arabidopsis starch (de-starched for 16 h and 

then harvested after 8 h light), and (C) glucans from plant lines harvested after a regular day, 

compared to wild type (Col-0) Arabidopsis starch and isa1isa2 phytoglycogen. Values are 

means ± SE (n=4 independent replicate cultures or biological replicate plants, respectively); 

relative percentages of values were obtained by dividing peak areas for each chain length by 

the sum of all analyzed peaks. See Supplementary Text for a discussion of the results. 

  



 

 

 

 
Fig. S6. MOS content of yeast strains grown for 5.75 h in liquid culture under inducing 

conditions. MOS were measured in the supernatant remaining after methanol precipitation of 

soluble polyglucans. MOS were enzymatically digested to glucose, which was then 

quantified using a spectrophotometric assay. Values are means ± SE (n=4 independent 

replicate cultures). See Supplementary Data S2A.  



 

 

 

 
Fig. S7. ESV1 and LESV localization in planta. Fluorescent signal in Arabidopsis leaves of 

lines overexpressing YFP-tagged ESV1 or LESV, imaged at the EOD using confocal 

microscopy. Scale bar, 5 μm.  

  



 

 

 

 
Fig. S8. TEM and overview LM images of ESV1-YFP and LESV-YFP overexpression 

plants. (A) TEM images of epidermal and bundle sheath cells. Black arrowheads indicate 

starch granules. Scale bar, 2 μm. (B) LM overviews, showing starch granules in the 

chloroplasts of leaf sections prepared from isa1isa2, isa1isa2 ESV1-OX and isa1isa2 LESV-

OX. Individual images were stitched using Fiji to create overviews. Scale bar, 10 μm.  

  



 

 

 

 
Fig. S9. TEM images of plastids of the bundle sheath. Arrowheads indicate starch granules 

(white), phytoglycogen (red), and empty plastid sections (yellow). Scale bar, 1 μm.  

  



 

 

 

Table S1. SAXS Structural parameters. 

Beamline SWING, SOLEIL LESV ESV1 

I(0) [cm-1] 23.31 +/-0.033 0.031 +/- 5.4e-05 

Rg [Å] 36.79 +/-0.08 32.03 +/-0.14 

qmin [Å-1] 0.014 0.010 

qRg max 1.18 1.10 

Coefficient of correlation, R2 0.999 0.999 

P(r) analysis   

I(0) [cm-1] 23.82 +/-0.034 0.031 +/-5.8e-05 

Rg [Å] 39.71 +/-0.102 32.26 +/-0.03 

q range min [Å-1] 0.014 to 0.4 0.010 to 0.25 

Porod volume [Å3] 121099 83295 

Dmax 160 115 

  



 

 

 

Table S2. SAXS measurements on purified yeast and plant glucans. Summary of all 

SAXS measurements for yeast strains and plant genotypes, with the location of the maxima 

in reciprocal space qmax and respective repeat distance d. Replicates in bold are the replicates 

shown in Figure 9. 

Yeast strain # n Replicate qmax [nm-1] d [nm] 

562 2 
1 0.65 9.7 

2 0.64 9.8 

29 2 
1 0.48 13.1 

2 0.48 13.1 

572 2 
1 0.59 10.6 

2 0.57 11.0 

559 3 

1 0.58 10.8 

2 0.6 10.5 

3 0.59 10.6 

573 1 1 0.58 10.8 

563 2 
1 0.62 10.1 

2 0.62 10.1 

569 1 1 0.58 10.8 

     

Plant genotype  Replicate qmax [nm-1] d [nm] 

isa1isa2 3 

1 0.64 9.8 

2 0.64 9.8 

3 0.63 10.0 

LESV-OX 3 

1 0.64 9.8 

2 0.63 10.0 

3 0.63 10 

WT 1 1 0.61 10.3 

esv1 2 
1 0.59 10.6 

2 0.58 10.8 

lesv 1 1 0.61 10.3 

isa1isa2 ESV1-OX 2 
1 0.61 10.3 

2 0.61 10.3 

ESV1-OX 1 1 0.62 10.1 

isa1isa2 LESV-OX 2 
1 0.61 10.3 

2 0.62 10.1 

 

  



 

 

 

Table S3. Description of yeast strains used in this study.  
 

Strain Genotype Source 

28 MATa MAL2-8C SUC2 his3Δ gdb1Δ gph1Δ glg1Δ glg2Δ glc3::BE3 XII-2::BE2 gsy1::GlgC-TM X-

2::SS1 XI-2::SS2 gsy2::SS3 XII-1::SS4  

(13) 

559 MATa MAL2-8C SUC2 his3Δ gdb1Δ gph1Δ glg1Δ glg2Δ glc3::BE3 XII-2::BE2 gsy1::GlgC-TM X-

2::SS1 XI-2::SS2 gsy2::SS3 XII-1::SS4 XII-5::ESV1 HygR 

This study 

562 MATa MAL2-8C SUC2 his3Δ gdb1Δ gph1Δ glg1Δ glg2Δ glc3::BE3 XII-2::BE2 gsy1::GlgC-TM X-

2::SS1 XI-2::SS2 gsy2::SS3 XII-1::SS4 XII-5::LESV HygR 

This study 

563 MATa MAL2-8C SUC2 his3Δ gdb1Δ gph1Δ glg1Δ glg2Δ glc3::BE3 XII-2::BE2 gsy1::GlgC-TM X-

2::SS1 XI-2::SS2 gsy2::SS3 XII-1::SS4 XII-5::ESV1-LESV HygR 

This study 

29 MATa MAL2-8C SUC2 his3Δ gdb1Δ gph1Δ glg1Δ glg2Δ glc3::BE3 XII-2::BE2 gsy1::GlgC-TM X-

2::SS1 X-4::SS2 gsy2::SS3 XII-1::SS4 XI-2::ISA1-ISA2  

(13) 

569 MATa MAL2-8C SUC2 his3Δ gdb1Δ gph1Δ glg1Δ glg2Δ glc3::BE3 XII-2::BE2 gsy1::GlgC-TM X-
2::SS1 X-4::SS2 gsy2::SS3 XII-1::SS4 XI-2::ISA1-ISA2 XII-5::ESV1 HygR 

This study 

572 MATa MAL2-8C SUC2 his3Δ gdb1Δ gph1Δ glg1Δ glg2Δ glc3::BE3 XII-2::BE2 gsy1::GlgC-TM X-

2::SS1 X-4::SS2 gsy2::SS3 XII-1::SS4 XI-2::ISA1-ISA2 XII-5::LESV1 HygR 

This study 

573 MATa MAL2-8C SUC2 his3Δ gdb1Δ gph1Δ glg1Δ glg2Δ glc3::BE3 XII-2::BE2 gsy1::GlgC-TM X-
2::SS1 X-4::SS2 gsy2::SS3 XII-1::SS4 XI-2::ISA1-ISA2 XII-5::ESV1-LESV HygR 

This study 

 

  



 

 

 

Table S4. Oligonucleotide primer sequences used for ESV1 and LESV cloning for 

expression in N. benthamiana, and mutant Arabidopsis alleles and primer sequences 

used for their genotyping.  
Construct to clone Primers used to select mutant alleles (shown 5’to 

3’) 

 Reference 

ESV1-full length CDS  
(expression of ESV1-YFP) 

Fw: 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTC

ACCATGAGCGAAATGGCGG 

Rv: 
GGGGACCACTTTGTACAAGAAAGCTGGGTCTT

GTGGTTGGTCAGGG 

 This study 

Truncated ESV1 CDS 

(expression of YFP-ESV1_Trp-rich-region) 

Fw: 

GGGGACAAGTTTGTACAAAAAAGCAGGCTTC
ACCGAAGATGGTAGTAGTTGGTTTAGAG 

Rv: 
GGGGACCACTTTGTACAAGAAAGCTGGGTCTC

ATTGGATCGAAAGCAACT 

 

 This study 

LESV-full length CDS  
(expression of LESV-YFP) 

 

Fw: 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTC

ACCATGGCTTTGCGTTTAGGTGTTTCTATAGGG 

Rv: 
GGGGACCACTTTGTACAAGAAAGCTGGGTCGG

ACATATCAGAAGGCTTCTTAACGGCT 

 This study 

Truncated LESV CDS  
(expression of YFP-LESV_Trp-rich-region) 

 

Fw: 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTC

ACCGAAGATGGATTGAAGTGGTGGAAGCAAA

CG 
Rv: 

GGGGACCACTTTGTACAAGAAAGCTGGGTCCT

AGGACATATCAGAAGGCT 

 This study 

Gene/AGI 

code 

Mutation 

type, 

position 

Mutant allele Primers used to select mutant alleles (shown 5’to 

3’) 

Ecotype Reference 

ESV1 
AT1G42430 

T-DNA 
Insertion 

in intron 

1 

esv1-2,  
GABI_031C11 

Fw: CTCCAAGGCTTACTGGTCCTC 
Rv: ATATTGACCATCATACTCATTGC 

T-DNA: CTACAAATTGCCTTTTCTTATCGAC 

Col-0 (14) 

LESV 

AT3G55760 

T-DNA 

Insertion 

in intron 
1 

lesv-1,  

SALK_006713 

Fw: CTTTGAGAAGACAGTGGGTGG 

Rev: ATAAGTGGTGCAGCATTGACC 

T-DNA: TGGTTCACGTAGTGGGCCATCG 

Col-0 (14) 

LESV-OX Single 

copy 
Insertion 

in  

#4-6 Fw: ACGATCGAATGGTGAGCACTCAATTC 

Rv: GCTATGTCCAATCCCATCAATCACAGC 
T-DNA: CGCAATTATACATTTAATACGCG 

Col-0 (14) 

ISA1 

AT2G39930 

T-DNA 

Insertion 

in exon 

13 

isa1-1,  

SALK_042704 

Fw: GGGACAGCCTATGTGATCTGCC  

Rv: TGGGAAACCATGAGGGAAACA  

T-DNA: GCGTGGACCGCTTGCTGCAACT 

Col-0 (21) 

ISA2 

AT1G03310 

X-ray 

Single 

base pair 
deletion 

in exon 1 

isa2-1 Fw: GGTGACGTATTTACCGATGGA Rev: 

TGACACTTTGAGCAGCAACC  

The isa2-1 amplicon is cut by NlaIV 

Col-0 (21) 

 



 

 

 

 

Data S1A. (separate file) 

Alignment of ESV1 protein sequences used to create Figure 1A and S1A.  

Data S1B. (separate file) 

Alignment of LESV protein sequences used to create Figure 1A and S1B.  

Data S2. (separate file) 

Yeast glucan quantification. Raw data and statistical analysis shown in Figure 2B and S6. 

Data S3. (separate file) 

Glucan quantification of plants grown under regular 12-h light/12-h dark cycles. Raw data 

and statistical analysis shown in Figure 4A. 

Data S4. (separate file) 

Glucan quantification of plants initially grown under regular 12-h light/12-h dark cycles and 

then subjected to a single prolonged night (16 h dark). Raw data and statistical analysis 

shown in Figure 4C. 

Data S5. (separate file) 

Maltose quantification of plants initially grown under different diel cycle regimes. Raw data 

and statistical analysis shown in Figure 4E and F. 

Data S6. (separate file) 

Glucan quantification of ESV1-OX and LESV-OX plants. Raw data and statistical analysis 

shown in Figure 5C. 

Data S7. (separate file) 

Glucan quantification of triple mutant plants. Raw data and statistical analysis shown in 

Figure 7B. 

Data S8. (separate file) 

Plasmids and primers used for heterologous gene expression in yeast.  

 

 

 

 

 

 



231 
 

Annex 
 

 

 

Figure S1:  Sequence alignment produced by ClustalO of ESV1 and LESV protein 

sequences from different organisms, specifically, the tryptophan-rich regions of these proteins 

from Arabidopsis, poplar (Populus trichocarpa), and rice (Oryza sativa). The tryptophan-rich 

region is shown in blue, while the proline-rich region of ESV1 is shown in yellow. Tryptophan 

residues are shown in red, other aromatic amino acids are shown in orange. Below the protein 

sequences is a key denoting conserved sequence (*), conservative mutations (:), semi-

conservative mutations (.), and non-conservative mutations ( ) (Feike et al. 2016). 
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Figure S2: Analysis of ESV1 and LESV binding to A600 by EMSA gel with a concentration 

of 0%, 0,1%, 0.2% and 0.3% of potential ligands. Separation of both proteins using native gels, 

separation gels were supplemented with 0,1%, 0.2%, 0.3% of A600. Here, 1µg of ESV1 and 

LESV were loaded per lane. As a further control 1µg of the reference protein was separated on 

native gels. The gels were stained with bromophenol blue. For each gel, the green arrow 

indicates the migration of the reference protein. The blue and the pink arrows indicate the 

migration of ESV1 and LESV proteins respectively. 
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Figure S3: Analysis of ESV1 and LESV binding to pullulan by EMSA gel with a 

concentration of 0%, 0,1%, 0.2% and 0.3% of potential ligands. Separation of both proteins 

using native gels, separation gels were supplemented with 0,1%, 0.2%, 0.3% of A600. Here, 

1µg of ESV1 and LESV were loaded per lane. As a further control 1µg of the reference protein 

was separated on native gels. The gels were stained with bromophenol blue. For each gel, the 

green arrow indicates the migration of the reference protein. The blue and the pink arrows 

indicate the migration of ESV1 and LESV proteins respectively. 
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Figure S4: Structural conserved motifs on the Face A of LESV (top) and ESV1 (bottom). 

The structures are represented as cartoon, the common -sheet is colored magenta, the common 

C-terminal helix is colored cyan and the lon helix of LESV and the long loop of ESV1 are 

colored yellow. The right panel represents the left panel after a rotation of 90° along y. 
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