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Abstract 

Starch is the major carbohydrate reserve in plants. Sugars are assimilated into storage 

granules during photosynthesis and released for continual growth at night from the 

chloroplast. Breakdown of leaf starch is initiated through reversible glucan phosphorylation 

by novel dikinases and phosphatases at the granule surface. This phosphorylation disrupts the 

semi-crystalline structure of starch, and removal of these phosphates provides access for β-

amylases to release maltose. The phosphoglucan phosphatases are members of the dual-

specificity protein phosphatase (DSP) family, which includes starch excess 4 (SEX4) and 

like-SEX4 1 (LSF1). SEX4 is required for proper glucan dephosphorylation; however, 

whether LSF1 participates in starch degradation is unknown. Moreover, how the activity of 

these phosphatases regulate reversible glucan phosphorylation is unclear. 

SEX4 and LSF1 both contain phosphatase and carbohydrate-binding domains, but 

LSF1 also possesses a protein-protein interaction PDZ domain. I show that LSF1 is 

chloroplastic and necessary for proper starch breakdown, as lsf1 mutants accumulate starch at 

the end of night. LSF1 lacks phosphatase activity and contains an irregular catalytic motif 

from known DSPs. The PDZ domain of LSF1 alone forms dimers and can disrupt protein 

complexes with β-amylases that include LSF1. In the end, these results indicate LSF1 acts as 

an inactive, scaffold protein that associates with starch degradative enzymes at the granule 

surface of starch.  

SEX4 activity is sensitive to oxidation, suggesting this phosphatase might undergo 

reversible oxidation like other mammalian DSPs. I show that SEX4 phosphatase activity can 

be modulated between reduced (active) and oxidized (inactive) states, and the endogenous 

SEX4 can exist in these forms. Oxidation of SEX4 promotes the formation of a disulfide 

linkage between the catalytic cysteine 198 (Cys198) and Cys130 within the phosphatase 

domain, and mutation of the latter residue renders SEX4 redox-impaired. Not only does this 

disulfide bridge protect Cys198 from irreversible oxidation, these data provide the first 

biochemical evidence for the redox-dependent structural switch that regulates SEX4 activity. 

Altogether, these results expand our understanding of the protein biology of leaf 

starch degradation and provide new insights into manipulating the phosphorylation state of 

starch in planta for industrial applications.  
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Chapter 1. Introduction 

1.1 Starch 

1.1.1 Starch Structure and Properties 

Starch is the major carbohydrate reserve in plants. Starch is synthesized during 

daytime photosynthesis when assimilated sugars are assembled into storage granules in 

specific organelles (e.g., seed and tuber amyloplasts, leaf chloroplasts)1 (Fig. 1.1A).  

Granules are comprised of two glucose polymers: amylose and amylopectin (Fig. 1.1B). 

Amylose is a linear polysaccharide of glucosyl residues linked by α-1,4-glucosidic bonds. 

Amylopectin consists of α-1,4-linkages connected by α-1,6-glucosidic bonds every 20-25 

residues (i.e., branch points), forming a tree-like structure. The regions of the unbranched 

amylopectin pack together into double helices to form crystalline layers (i.e., lamellae), while 

the branched amylopectin – with interspersed amylose2 – forms the less-ordered, amorphous 

lamellae3. Together, these alternating crystalline and amorphous lamellae produce an 

insoluble, semi-crystalline matrix in the starch granule4 (Fig. 1.1A). 

Granule number (per plastid) and morphology varies among plant species. Leaf 

chloroplasts average five granules at the end of the day, whereas tuber amyloplasts have 2-3 

large granules1. For chloroplasts, the number of granules positively correlate with the interior 

volume5, suggesting granule biosynthesis requires a given amount of stromal area to initiate. 

Granule size ranges from 0.5-100 µm in diameter, and are spherical, bimodal or irregular in 

shape6,7. Tuber starches (e.g., potato, yam, cassava) have the biggest granules and are 

several-fold larger than cereals; however, rice starch does form compound granules 

comprised of uniform, tiny granules (<10 µm) aggregated together8. In the model plant 

Arabidopsis (Arabidopsis thaliana), granules from leaf starch are discoid-shaped and 

relatively small (1-2 µm)9,10. Such variations in granule size and shape may reflect granule 

age, but the biological relevance for differences between species is not well understood. 

Composition of starch (e.g., wheat grain, maize kernels, potato tubers, etc.) is 

typically 20-30% amylose and 70-80% amylopectin. For rice, the amylose content ranges 

from 0-40% among commercial cultivars11,12 and may have arisen from centuries of selective 

breeding for specific environments and/or human diets. Amylose-free starches also exist in 

nature for maize13 and potato14, further indicating that only amylopectin is required for 
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granule synthesis. The ratio of amylose and amylopectin can also differ between storage 

organelles. For instance, leaf starch has little or no amylose when compared to starch from 

seeds or tubers15.  

Each granule also has an internal fine structure of distinct crystal types (polymorphs) 

based on the degree of amylopectin branching4. A-type polymorphs are found in starch from 

cereal seeds and B-type in leaves and tubers. Starches with both A- and B-type crystals are 

 
Figure 1.1. Starch granule structure and composition. 
A. Structural architecture of starch granules. Photoassimilates are compacted into various 
storage granules in heterotrophic (e.g., amyloplasts in tubers) and autotrophic (e.g., 
chloroplasts in leaves) organs. Each granule contains concentric growth rings of alternating 
crystalline and amorphous lamella that represent structured (low branching frequency) and 
less-structured (high branching frequency) amylopectin, respectively.  Scanning electron 
microscopy of starch granules from potato tubers and A. thaliana leaves are from Sujka and 
Jamroz16   and Comparot-Moss et al.17, respectively. B. Amylopectin and amylose. 
Chemical structures of linear α-1,4-glucosidic-linked amylose and branched α-1,6-
glucosidic- and α-1,4-glucosidic-linked amylopectin. Carbons of the glucosyl residue are 
numbered to indicate the C3- and C6-position phosphorylated in amylopectin. 
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designated C-type, such as those from legumes and rhizomes18. B-type crystals are more 

hydrated and less dense than A-type due to interspersed water channels within the granule19. 

Crystallinity of the granule (i.e., structural arrangement) is also affected by the frequency of 

covalently bound phosphate20. Starch phosphorylation occurs at the C6- and C3-position of 

glucose in amylopectin21 (Fig. 1.1B) with 70-80% of the total phosphorylation at the C6-

position22,23. Tuber starch is highly phosphorylated (~1 in 350 glucose residues)21, whereas 

leaf starch has less phosphate (~1 in 2000)24 and grain starch has no detectable phosphate25. 

Granules with more phosphate – such as granules from potato – have less crystallinity and 

higher hydration status, suggesting phosphate monoesters restrict crystal packing to allow for 

more water to be incorporated into the crystal20.  

Altogether, plant starches vary in granule morphology, composition and fine structure 

depending on the botanical source. These differences in physiochemical properties of starch 

emphasize how carbohydrate storage has become specialized among plants. These variations 

in starches also provide an array of textures and appearances for consumer foods and are a 

versatile raw material for industrial products. 

 

1.1.2 Starch in Food and Industrial Applications 

Starch is the primary carbohydrate component of staple foods in the human diet7. 

These crops include maize [840 million metric tonnes (MMT) produced in 2010], rice (696 

MMT), wheat (654 MMT), potatoes (324 MMT), and cassava (230 MMT); totalling over 

2.74 billion tonnes worldwide and valued at 380 billion Int$ dollars26. In Canada, the primary 

sources of starch are wheat (23.1 MMT), maize (11.7 MMT), and potato (4.42 MMT), and 

are worth 4.3 billion Int$ dollars internationally. Starches derived from these cultivated crops 

are consumed raw (e.g., potatoes), milled (e.g., cereal grains), or further processed into food 

and non-food ingredients (e.g., syrups, sauces, thickeners, adhesives). According to the 

International Starch Institute27, global starch production exceeded 67 MMT in 2008 and is 

projected to reach 77 MMT (+2-3% annual growth) in 2012. This estimate has likely been 

surpassed given the increasing demand for food supply worldwide and the desire for 

biodegradable products and practices. 

Numerous industries incorporate starch (at certain processed states) into their 

products. Raw starch is relatively inert and has few applications outside of human 
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consumption, except as a biodegradable desiccant (e.g., milled corn starch)28. Most native 

starches must be solubilized (i.e., gelatinized) in heated water to become activated for 

industrial processing. Gelatinization swells the starch granule and disrupts the crystalline 

structure, leaching amylose from the granule to form amylopectin-enriched aggregates29. 

This resulting two-phase liquid – known as starch paste – is often used as thickeners and 

binders in industrial products. Unfortunately, starch paste is prone to retrogradation – the 

(partial) recrystallization of amylopectin after gelatinization that results in an unwanted gel-

like viscosity30. Therefore, starches are further processed by chemical, physical, and/or 

enzymatic modifications to reduce retrogradation; creating starches with increased stability 

(e.g., shelf-life, freeze-thaw) and structural consistency31,32. These modified starches can also 

provide desirable functional and value added properties for industry, such as heat and pH 

tolerance, shear-resistance, specific viscosities and novel textures.  

Chemical modifications of starch include esterification (e.g., phosphorylation), 

etherification, oxidation, and cross-linking; which all target the free hydroxyl groups31. For 

example, phosphorylation impedes recrystallization and contributes to the swelling capacity 

of starches, resulting in improved freeze-thaw stability of frozen foods29,33. Cross-linking 

reinforces hydrogen bonding and restricts granule swelling, providing heat-stable and viscous 

starches for soups and bakery goods34. Enzymatic modification typically involves incubating 

starches with amylases to release sugars from the granular surface (i.e., amylolysis) and is 

routinely used in syrup production. Amylolysis of starch also delays staling of bread by 

releasing malto-oligosaccharides that interfere with crystal formation during 

retrogradation35,36.  

Overall, modified starches have a wide-range of industrial applications including 

processed foods, bakery and confectionary ingredients, textile and paper-making additives, 

detergent surfactants, and adhesives31. These starches are also being used in new enterprises 

for biodegradable plastics37, fat-substitutes in meat products38, and bioethanol production39,40. 

The latter industry has received considerable interest in the last decade as an alternative fuel 

source41 – escalating from 1 billion litres to 74 billion litres produced between 1975 and 

200942. In addition, several economic policies and government incentives (in the Americas) 

have encouraged farmers to convert their farmland from agricultural crops to bioethanol 
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feed-stocks, suggesting bioethanol production will continue to increase in the foreseeable 

future41. 

1.1.3 Engineering Novel Starches in Plants 

Modified starches are highly desirable commodities, but production is energy-

intensive, time-consuming and often requires the use of hazardous chemicals. These 

drawbacks have directed research over the last several decades towards altering the starch 

granule in planta to reduce the need for post-harvest processing43,44. Alterations are often 

achieved using plant genetic approaches including mutational breeding (e.g., loci mapping) 

and biotechnological methods (e.g., heterologous expression, insertional mutagenesis and 

gene silencing). The latter approach can be preferable when the desired crop is polyploid 

(e.g., wheat), or the target gene requires upregulation and/or tissue-specific expression. 

One of these in planta modifications involves altering the amylose/amylopectin ratio 

of the starch granule. Amylose-free (waxy) starch (<2% amylose) has a unique wax-like 

consistency that is highly-desirable for the food industry since these starches require no 

removal of amylose during gelatinization and have improved freeze-thaw stability29. The 

waxy locus encodes granule-bound starch synthase (GBSS)45, the sole determinant for 

amylose biosynthesis46 (see Section 1.3). Discovery of this locus has enabled development of 

novel waxy cultivars via marker-assisted breeding for barley47, durum wheat48 and bread 

wheat49. Waxy tuber starches were also produced by inhibition of GBSS in potato50, cassava 
51 and sweet potato52, and should have potential applications in frozen-food and papermaking 

manufacturing. Researchers have further exploited waxy potatoes by simultaneously 

silencing two other starch synthases (shown to reduce chain length in amylopectin53) to yield 

an amylose-free, short-chain amylopectin starch with exceptional freeze-thaw stability54. 

Remarkably, these transgenic potatoes had no reduction in total starch content, indicating that 

in vivo starch modification in plants is feasible without sacrificing desirable agronomic traits. 

Amylose-enriched starches (>40% amylose) are also of interest for industry. These 

starches have higher gelatinization temperatures and gel strength, and greater film-forming 

ability over native starches44,55. Commercial varieties of maize (e.g., amylose-extender 

mutants) that are grown can range between 50-90% amylose56. The amylose-enriched starch 

from these plants is not from the upregulation of GBSS per se, but rather from the inhibition 

of other enzymes that contribute to the amylopectin structure (e.g., branching frequency and 
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glucan chain length). Mutational strategies have aimed to remove the branched structure of 

amylopectin by silencing branching enzymes (see Section 1.3); yet, individual null alleles 

had negligible affects on amylose content in potato57,58. Only when both isoforms of 

branching enzyme were inactivated did tuber starches exceed 60% amylose59. An alternative 

approach to increasing amylose in starch is through a global repressor of amylopectin 

synthesis. Natural varieties like the barley amo1 mutant have amylose content of nearly 

45%60, and this amo1 locus acts as a negative regulator of genes involved in starch 

synthesis61. If such a locus exists in other cereals, targeting the amo1 locus for crop 

development may prove more viable than attempting to simultaneously silence multiple 

genes. 

Another desirable modification of starch is increasing the phosphate content in plants. 

Starch-bound phosphate increases the swelling power, viscosity and transparency of the 

starch paste, rendering starch less prone to retrogradation62. Moreover, phosphate contributes 

to starch stickiness – an important factor for surface coatings in paper manufacturing33. These 

desirable physiochemical properties of phosphorylated starch have warranted the 

development of grain starch with increased phosphate, which otherwise has no detectable 

phosphate25. These novel starches can be produced by the overexpression of α-glucan, water 

dikinase (GWD) – the primary starch-phosphorylating enzyme in starch degradation (see 

Section 1.4.2). Such plants make starch with unsurpassed swelling capacity63, and are 

awaiting future commercialization. 

Other in planta modifications of starch include granule size, amylopectin structure 

(i.e., chain length distribution), and also those that affect whole plant physiology such as total 

starch content and rates of starch synthesis or degradation43. More details are still needed for 

how these alterations to the glucan structure affect the physiochemical properties of starch – 

especially since starch structure differs greatly among crops63. Another challenge is selecting 

from the ever-increasing collection of enzymes involved in starch metabolism to obtain the 

desired starch modification. Indeed, understanding the specific activity for each of these 

enzymes and how their functions are regulated and affect the starch structure is crucial for 

the future use of bioengineered starches. 
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1.2 Starch Metabolism 

Starch metabolism is important for optimal growth throughout the day-night 

transition and developmental stages of plants. Plants that cannot properly synthesize or 

degrade starch often have physiological defects (e.g., lower biomass, delayed flowering, 

and/or aberrant chlorophyll biogenesis) that reduce growth64. Typically 30-40% of 

assimilated carbon from photosynthesis is stored as starch in Arabidopsis leaves for 

subsequent remobilization at night63. Starch accumulates in both heterotrophic amyloplasts 

and autotrophic chloroplasts for long- and short-term storage, respectively1. Amyloplasts 

support growth of reproductive organs (e.g., tubers, seeds) and provide cyro-protection 

during dormancy65. Leaf chloroplasts store transient starch that is remobilized into sugars 

(i.e., maltose and glucose) for metabolism and growth at night1,66.  Some starch is retained as 

the leaf ages, such that mature leaves have more starch than young, newly emerged leaves67. 

Partitioning of assimilated starch among organelles within the plant also varies between 

species. For example, almost all starch accumulates in the leaves of Arabidopsis, whereas 

cereals (e.g., wheat, rice, etc.) allocate more starch to the seed endosperm than in the leaves. 

The synthesis and degradation of leaf starch occurs at linear rates throughout the 

diurnal cycle, reaching a maximum at dusk (Fig. 1.2A). Several factors influence these rates, 

including circadian rhythms68,69, temperature70, and daylight1. Plants grown under long-day 

conditions (16 h) assimilate carbon into leaf starch at a slower rate than those grown in short-

days (8 h)71-73. Conversely, the short-day plants breakdown starch at a slower rate than plants 

grown in long-days. These changes in the rates of starch metabolism ensure the carbon 

supplies are not exhausted during leaf respiration at night. Moreover, this dynamic response 

to fluctuations in diurnal regimes exemplifies how starch metabolism is tightly controlled.  

Insight into the metabolic pathways of starch synthesis and degradation, and their 

respective enzymes, will facilitate the improvement of crops for both food and non-food 

applications63. Much of our current knowledge about these pathways has been elucidated 

from research using the model plant Arabidopsis – especially starch breakdown74. Given that 

most of these enzymes and their functions are conserved among Archaeplastida75,76, 

Arabidopsis provides a suitable system to study starch metabolism for development of novel 

starch crops. The following sections provide an overview of starch synthesis and starch 

degradation. 



 8 

 

1.3 Starch Synthesis 

Starch biosynthesis involves several steps for proper granule assembly77,78 (Fig. 

1.3A). The first committed step is the conversion of glucose-1-phosphate (Glc-1-P) and 

adenosine triphosphate (ATP) to adenosine diphosphoglucose (ADP-Glc) and pyrophosphate 

(PPi) by ADP-Glc pyrophosphorylase (AGPase; EC 2.7.7.27). This reaction is 

thermodynamically reversible, but the rapid hydrolysis of PPi promotes ADP-Glc formation 

in vivo79. In Arabidopsis leaves, Glc-1-P is primarily shunted from the Calvin cycle in the 

chloroplast stroma; however, recent studies suggest Glc-1-P could be also imported from the 

cytosol80. Cereal endosperm transport ADP-Glc into the amyloplast using a cytosolic 

AGPase – even though a plastidial form exists81-84. The biological significance of localizing 

AGPase in the cytosol is unclear, but may reduce the energy requirements for enzyme 

catalysis in the non-photosynthetic tissue of developing endosperms78.  

Activity of chloroplastic AGPase is controlled at the protein level: allosteric 

activation and inactivation by metabolites 3-phosphoglycerate and inorganic phosphate (from 

 
 
 

 
Figure 1.2. Rates of starch metabolism in leaves throughout the day-night cycle. 
A. Diurnal pattern of starch metabolism. Plants grown with normal conditions (12/12 h, 
day/night) have equal rates of starch synthesis and degradation. Plants perceive changes in 
photoperiod and alter rates of starch synthesis and degradation accordingly to avoid carbon 
starvation by the end of night.  B. Starch accumulation in sex mutants. Plants with reduced 
rates of starch degradation amass starch [i.e., starch excess (sex) mutants] from continuous 
cycles of normal synthesis during the day and partial remobilization of starch at night. 
Leaves harvested from sex mutants stain dark with iodine from this excess starch (shown on 
right). 
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hydrolyzed PPi)85, post-translational redox modulation86,87, and possibly phosphorylation88-90. 

These various forms of regulation ensure that carbon flux into starch synthesis (via AGPase) 

is responsive to environmental stimuli and occurs when energetically favourable91. 

Starch is assembled from the concerted action of three enzyme classes: starch 

synthases (SSs, EC 2.4.1.21), branching enzymes (BEs; EC 2.4.1.18), and debranching 

enzymes (DBEs; EC 3.2.1.68) (Fig. 1.3A). Starch synthases use the activated glucosyl donor 

ADP-Glc to form polyglucans via α-1,4-glucosidic bonds (at the non-reducing end)92. Plants 

contain five isoforms of starch synthases: GBSS, and SS1-478. GBSS mediates amylose 

synthesis and is the only starch synthase to reside entirely within the starch granule93,94. 

GBSS can also act on amylopectin in vitro95, and elongate long-chain amylopectin in the 

presence of excess ADP-Glc in vivo96,97. Furthermore, GBSS is imperative for proper 

amylopectin formation in the green algae Chlamydomonas reinhardtii98, questioning whether 

GBSS had a more prominent role in amylopectin synthesis prior to becoming functionally 

redundant with the duplication of SSs in higher plants. The other four starch synthases (SS1-

4) contribute to amylopectin synthesis in conjunction with the BE and DBE classes. These 

SSs are primarily localized in the plastidial stroma, but can associate with the starch 

granule99. Individual ss null mutants produce starch with differing glucan chain lengths100, 

suggesting each SS prefers to elongate a certain chain length of amylopectin. SS4 may also 

contribute to starch granule initiation, as ss4 mutants in Arabidopsis have one large starch 

mass instead of several smaller granules101. 

The branched structure of amylopectin is constructed by BEs and DBEs78. BE 

proteins form α-1,6-glucosidic branch points by cleaving pre-existing α-1,4-glucosidic bonds 

and transferring these residues to the C6-position of nascent glucans. Most plants contain 2-3 

isoforms from the BE1 and BE2 subclasses, which each having a different preference for the 

amount of glucose residues transferred77. Arabidopsis lacks BE1, but has two functional BE2 

isoforms (denoted as BE2 and BE3)102. Mutations of both these isoforms results in starch-less 

plants that accumulate maltose, suggesting BEs are important in the progression of starch 

synthesis. DBEs serve as proof-readers during amylopectin synthesis to remove wrongly-

positioned α-1,6-glucosidic bonds and restrain branching frequency. These DBEs include 

isoamylase 1 (ISA1) and ISA2; however, ISA2 is catalytically inactive103. ISA1 forms 

homomultimers, but also heteromultimers with ISA2 in tubers and leaves, suggesting that 
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Figure 1.3. Starch synthesis and degradation pathways in Arabidopsis leaf chloroplasts. 
A. Starch synthesis. Glc-1-P from the Calvin cycle (and possibly the cytosol) is converted to 
ADP-Glc with ADP-Glc pyrophosphorylase (AGPase) in the chloroplast stroma. Starch 
synthases use the glucose donor ADP-Glc to link glycosyl resides via α-1,4-glycosidic bonds 
to form amylose (GBSS only) or elongate amylopectin. Branching of amylopectin (by α-1,6-
glycosidic bonds) is mediated by branching enzymes and debranching enzymes. B. Starch 
degradation. The β-amylases (BAMs) release maltose from the granule surface or linear 
malto-oligosaccharides in the chloroplast stroma. The α-amylase 3 (AMY3), isoamylase 3 
(ISA3), and limit dextrinase (LDA) act on starch to produce linear and branched malto- 
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ISA2 can modulate ISA1 activity through protein-protein interactions103,104. Mutational 

analysis indicates these ISAs are important in the self-organization of amylopectin structure. 

Plants devoid of either ISA1 or ISA2 (or both) accumulate soluble, highly-branched, 

glycogen-like carbohydrates (i.e., phytoglucans) instead of amylopectin103-106. Therefore, the 

increased branching of amylopectin in the absence of DBEs causes the formation of 

misbranched phytoglucans that cannot assemble into semi-crystalline starch. 

 

1.3.2 Protein Complexes in Starch Synthesis 

Several studies have identified protein-protein interactions between starch 

biosynthetic enzymes during amylopectin synthesis. Such protein complexes might 

coordinate the interdependent activities of these enzymes to increase the efficiency for the 

common substrate of starch. Dissection of starch from cereal endosperm found multiple 

enzymes associate with each other, including specific isoforms of SS1, SS2, and BE2 in 

wheat and maize amyloplasts107-109. Subsequent work showed SS2 is the linker in this 

heterotrimer (i.e, SS1 and BE2 do not interact), but SS2 is also required to bind 

amylopectin110. These results demonstrate how SS2 is vital for the trafficking of SS1 and 

BE2 isoforms to the starch granule. Complexes between BE1, BE2, and starch phosphorylase 

were also isolated and their association was contingent on the phosphorylation of one or 

more of the interactors111; however, the protein kinases and phosphatases involved are not 

currently known. Note that no studies identified protein complexes with DBEs, suggesting 

that these enzymes are not involved in protein-protein interactions. 

Many questions still remain regarding how these protein complexes ultimately affect 

starch synthesis. Tetlow and co-workers108 proposed these interactions could alter the binding 

affinity to amylopectin; yet, direct in vivo evidence is still missing. Whether these protein 

 
 
 
Figure 1.3. (continued) 
oligosaccharides, which are further hydrolyzed into glucose and maltose by the 
glucosyltransferase disproportionating enzyme 1 (DPE1) and stromal BAMs, respectively. 
Maltose and glucose are exported from the chloroplast by transporters maltose excess 1 
(MEX1) and plastidic glucose translocator (pGlcT), respectively. Maltose is further cleaved 
into glucose by the cytosolic glucosyltransferase DPE2. Steps depicted as dashed lines are 
minor reactions of starch breakdown. 



 12 

complexes occur in other starch storage organs (e.g., tubers and leaves) is also unresolved; 

however, the high sequence similarity of starch biosynthetic enzymes among higher plants 

would suggest that these interactions are plausible. On the other hand, these multi-enzyme 

assemblies may only exist in cereals for endosperm development. Finally, more research 

needs to address the biochemical significance of protein combinations and how such 

interactions affect protein function. 

 

1.4 Starch Degradation 

Plants remobilize starch when photosynthesis is unavailable for growth, such as 

embryo development in seeds (i.e., germination) and leaf respiration at night. Starch 

breakdown within the seed endosperm occurs primarily through amylolysis, but the detailed 

mechanism remains incomplete66. Conversely, the degradative pathway of transitory leaf 

starch has been extensively studied and refined over the last two decades. Casper and 

colleagues112,113 first isolated several Arabidopsis mutants impaired in starch degradation 

using a qualitative forward genetics screen with iodine staining (which forms purplish-black 

complexes with starch). Normally, leaf starch is entirely consumed at the end of night114; 

however, leaves from these mutants still retained starch – even after prolonged darkness. 

This starch excess (sex) phenotype arose from reduced rates of starch degradation, causing 

plants to amass starch after successive rounds of partial granule hydrolysis113,115 (Fig. 1.2B). 

Subsequent characterization of these and other sex mutants, coupled with the bioinformatic 

analysis of the Arabidopsis genome116, has identified several enzymes that function in the 

starch degradative pathway (Fig. 1.3B; Tbl. 1.1). More recently, numerous studies have 

revealed that reversible glucan phosphorylation at the granule surface initiates starch 

remobilization114,117-119. 

 

1.4.1 Remobilization of Starch in Leaf Chloroplasts at Night 

Maltose (β-anomer) is the predominant form of carbon exported from chloroplasts at 

night during starch breakdown120,121 (Fig. 1.3B). These sugars are released from the linear 

sections of amylopectin by β-amylases (BAMs; EC 3.2.1.2)114. Arabidopsis contains nine 

BAM genes122; four of which encode chloroplastic proteins (BAM1-4)122,123 (Tbl. 1.1).
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Table 1.1. Enzymes involved in starch degradation in leaf chloroplasts of Arabidopsis. 
Starch content was compared to wild-type at the end of day (estimated from data within 
references). Arrows denote relative magnitude of change in starch or phosphate content. n.d., 
none detected. 

Enzyme  TAIR no.a Function 
Mutant phenotype 

Ref. Starch 
content 

Phosphate 
content 

      AMY3 
α-amylase 3 At1g69830 Releases linear and branched 

glucans from amylopectin Normalb ⎯ [124] 

BAM1 
β-amylase 1 At3g23920 Hydrolyzes linear starch to 

release maltose Normalb ⎯ [125] 

BAM3 
β-amylase 3 At4g17090 Hydrolyzes linear starch to 

release maltose ↑↑ ⎯ [ 122] 

BAM4 
β-amylase 4 At5g55700 (Inactive) ↑↑ ⎯ [ 122] 

DPE1 
disproportionating 
enzyme 1 

At5g64860 Combines maltotrioses into 
glucose and maltopentaose Normalc ⎯ [126] 

GWD 
α-glucan, water 
dikinase 

At1g10760 Phosphorylates C6- and C3-
position of amylopectin ↑↑↑↑ n.d. [113] 

ISA3 
isoamylase 3 At4g09020 

Cleaves branch points to 
release linear malto-

oligosaccharides 
↑↑ ⎯ [106] 

LDA 
limit dextrinase At5g04360 

Cleaves branch points to 
release linear malto-

oligosaccharides 
Normalb ⎯ [127] 

LSF2 
like-SEX4 2 At3g10940 Dephosphorylates C3-

position Normalb ↑ C3 [128] 

MEX1 
maltose excess 1 At5g17520 Exports maltose from 

chloroplast to cytosol ↑ ⎯ [129] 

pGlcT 
plastidic glucose 
translocator  

At5g16150 Transports glucose across 
chloroplast membrane Normalb ⎯ [130] 

PWD 
phosphoglucan, 
water dikinase 

At5g26570 Dephosphorylates C3-
position after GWD ↑ ↓ C3, ↑ C6 [131] 

SEX4 
starch excess 4 At3g52180 Desphorylates both C6- and 

C3-position of starch ↑↑↑ ↑↑↑ 
(P-oligos) [115] 

      aProtein sequences can be accessed at The Arabidopsis Information Resource (TAIR; 
http://arabidopsis.org). 
bLoss-of-function mutant has no sex phenotype, but gene encodes protein involved in starch 
degradation. 
cPlants still exhibit sex phenotype at the end of night, but have normal starch levels since 
their rates of synthesis and degradation are equally reduced when compared to wild-type. 
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BAM3 accounts for 40% of leaf β-amylase activity and bam3 mutants have a sex 

phenotype122,125. BAM1 has 2-fold greater hydrolase activity than BAM3 in vitro122; yet, 

bam1 plants exhibit normal starch metabolism125. Interestingly, bam1/bam3 double mutants 

have a more severe sex phenotype than bam3 alone122, suggesting both BAM1 and BAM3 

are involved in starch degradation. These results also indicate that the β-amylase activity of 

BAM3 (and others) can compensate in the absence of BAM1. BAM2 has marginal activity 

(25-fold less than BAM3), but no apparent function in starch breakdown122. BAM4 lacks 

canonical residues for catalysis and is therefore inactive132; yet, bam4 mutants accumulate 2-

fold more starch than wild-type at the end of day122. Moreover, various combinatory mutants 

with bam1, bam3, and bam1/bam3 indicate that BAM4 plays an independent role in starch 

degradation (Tbl. 1.2), perhaps as regulator of β-amylase activity by occluding substrate 

access at the starch granule surface (i.e., bind glucan but no hydrolysis). 

Maltose is exported from the chloroplast through the transporter maltose excess 1 

(MEX1)129 and metabolized by the glucosyltransferase disproportionating enzyme 2 (DPE2; 

EC 2.4.1.25) in the cytosol133,134 (Fig. 1.3B; Tbl. 1.1). DPE2 cleaves maltose to release 

glucose and transfer one glucosyl residue to a soluble polysaccharide (e.g., heteroglycans)135. 

Both proteins are essential for the proper growth and distribution of maltose within the cell 

and throughout the plant at night. Plants devoid of MEX1 are stunted and amass 40-fold 

more maltose than wild-type leaves129, suggesting the retarded growth of mex1 mutants is 

from reduced maltose metabolism. Similarly, dpe2 mutants are also stunted and have excess 

maltose (100-fold); yet, plants retain normal starch levels at the end of day since rates of 

starch synthesis and degradation are equally impaired (from defunct maltose 

metabolism)133,134. Maltose is partitioned equally between the chloroplast and cytosol in dpe2 

mutants (like wild-type), but mex1 plants retain all maltose in the chloroplast136. Therefore, 

MEX1 is the sole maltose exporter in the chloroplast envelope, but will also function 

bidirectional to import maltose if accumulation occurs in the cytosol (i.e., dpe2 mutant). 

Recent studies have linked this accumulation of maltose (and malto-oligosaccharide) in the 

chloroplast in mex1 to chloroplast autophagy; since these plants have a pronounced chlorotic 

(yellowish-green) phenotype in mature leaves137. Chloroplast autophagy may also explain the 

mild chlorosis in older dpe2 plants133,134. How maltose accumulation acts as a feedback 

mechanism to trigger chloroplast degradation is unclear, but Stettler et al.137 proposed a 
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plastid-to-nucleus (retrograde) signal might induce chlorosis to maintain proper chloroplast 

homeostasis. 

Another distinct (albeit minor) route for starch remobilization is the export of glucose 

from the chloroplast114 (Fig. 1.3B). During glucan hydrolysis from BAMs, the debranching 

enzymes ISA3 (EC 3.2.1.68) and limit dextrinase (LDA; EC 3.2.1.142) simultaneously 

cleave branch points to release linear malto-oligosaccharides127,138-140 (Tbl. 1.1; Tbl. 1.2). In 

addition, the endoamylase α-amylase 3 (AMY3; EC 3.2.1.1) releases linear and branched 

malto-oligosaccharides 124, the latter being further linearized by ISA3 and LDA. Small sugars 

like maltotrioses are then converted into maltopentaose and glucose by the 

glycosyltransferase DPE1 (EC 2.4.1.25)126. The resulting glucose is transported from the 

chloroplast into the cytosol by the plastidic glucose translocator (pGlcT)141. Glucose export is 

considered secondary to the MEX1-mediated maltose export since pglct has no sex 

 
 

 
Table 1.2. Multi-gene mutants of Arabidopsis impaired in leaf starch degradation. 
Starch content was compared to wild-type at the end of day (estimated from data within 
references). Arrows denote relative magnitude of change in starch content. 

Mutant Starch 
content Biological significance Ref. 

    
amy3/isa3 ↑↑↑ Synergistic effect; AMY3 important in the absence of 

ISA3 [138] 

amy3/isa3/lda ↑↑↑↑↑ Remobilization of starch blocked; At least one enzyme 
needed for proper starch breakdown [138] 

bam1/bam3 ↑↑↑ Synergistic effect; BAM1 important in the absence of 
BAM3 [122] 

bam3/bam4 ↑↑↑ Synergistic effect; BAM4 has distinct function from 
BAM3 [137] 

bam1/bam3/bam4 ↑↑↑↑ Each BAM important for starch remobilization [122] 

bam1-4 ↑↑↑↑ BAM2 has no effect on starch degradation [122] 

isa3/lda ↑↑↑ Synergistic effect; LDA important in the absence of ISA3 [127] 

lsf2/sex4 ↑↑↑↑ Synergistic effect; LSF2 important in the absence of SEX4 [128] 

pglct/mex1 ↓↓ Severe growth retardation; Transporters MEX1 and pGlcT 
are the only sugar export routes [130] 
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phenotype130; however, pglct/mex1 double mutants are even more stunted in growth than 

mex1 alone, indicating both transporters contribute to sugar export from the chloroplast at 

night (Tbl. 1.2). 

 

1.4.2 Reversible Glucan Phosphorylation at the Granule Surface 

Glucan phosphorylation is the only known in vivo modification of starch142 and is 

vital for the proper breakdown of leaf starch at night62,117,119. Starch phosphorylation has been 

observed for more than a century; yet, its biological role in starch metabolism has only 

recently been deduced62. Phosphorylation occurs at the C6- and C3-position of amylopectin21 

by the dikinases α-glucan, water dikinase (GWD; EC 2.7.9.4) and phosphoglucan, water 

dikinase (PWD; EC 2.7.9.5), respectively143 (Tbl. 1.1). The addition of phosphate creates an 

electrostatic repulsion that disrupts the semi-crystalline matrix and exposes linear chains of 

amylopectin for hydrolysis. Each dikinase catalyzes the transfer of the β-phosphate of ATP 

onto the glucosyl residues of amylopectin144; however, PWD requires pre-phosphorylation 

priming of starch by GWD143. This perquisite for C6-phosphorylation implies that GWD is 

the first step in starch phosphorylation. Mutational analysis show gwd plants have a severe 

sex phenotype24,113, and pwd mutants only accumulate small amounts of starch131,145. 

Moreover, starch isolated from gwd mutants is essentially phosphate-free24, but pwd starch 

only lacks C3-phosphorylation of starch131. These results indicate starch breakdown requires 

phosphorylation only at C6-phosphorylation, but is less effective than when both glucosyl 

positions are phosphorylated. The presence of GWD also enhances sugar release by BAMs 

and ISA3 from the granular starch of gwd plants in vitro146, suggesting fewer glucans are 

available for hydrolysis without starch phosphorylation. Recent structural and biochemical 

data on the C3- and C6-phosphorylation indicates these modifications by GWD and PWD 

elicit different effects on the semi-crystalline layer during starch degradation117. GWD marks 

sections for glucan hydrolysis via C6-phosphorylation to initiation granule hydration 

(swelling)119. PWD then recognizes this phosphorylation and catalyzes C3-phosphorylation 

of nascent glucans to induce steric strain that breaks the helical structure and prevent 

recrystallization. Altogether, GWD and PWD operate in a concerted relay of phosphorylation 

to stimulate glucan hydrolysis.  
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Just as glucan phosphorylation initiates leaf starch breakdown, the removal of these 

phosphate groups is also necessary for complete glucan hydrolysis. These phosphates can 

impede the movement of starch degradative enzymes (e.g., BAM3) along the glucan chain147, 

limiting the release of maltose and malto-oligosaccharides from the starch granule. How 

these phosphates are removed was first elucidated with the characterization of the starch 

excess 4 (sex4) mutant. The SEX4 locus encodes a dual specificity phosphatase (DSP; EC 

3.1.3.48)148, which binds and dephosphorylates the C3- and C6-position of amylopectin to 

function as a novel phosphoglucan phosphatase128,149,150 (Tbl. 1.1). Mature leaves from sex4 

plants accumulate 3-fold more starch than wild-type plants10,67, indicating SEX4 is important 

for starch degradation. In addition, sex4 plants have elevated starch-bound phosphate and leaf 

extracts accumulate linear phospho-oligosaccharides at night unlike wild-type149. These 

results suggest glucan hydrolysis can still occur without SEX4, but BAMs cannot cleave past 

the phosphate groups147, and phosphorylated intermediates are released (i.e., AMY3 and 

ISA3 still cleave branch points). This decreased pool of hydrolyzable starch at night 

adversely affects plant development since sex4 plants have stunted growth and delayed 

flowering115,148. Questions still remain on how the function of SEX4 (and others) is 

controlled during starch breakdown. Sokolov et al.151 demonstrated the phosphatase activity 

of SEX4 is abolished by oxidation, suggested SEX4 is redox-regulated; however, more work 

is needed to resolve how this redox mechanism affects SEX4 activity.  

Another chloroplastic phosphoglucan phosphatase like-SEX4 2 (LSF2) has recently 

been implicated in starch degradation128 (Tbl. 1.1). Unlike SEX4, LSF2 preferentially 

dephosphorylates the C3-position of amylopectin in vitro128. Furthermore, starch isolated 

from lsf2 mutants has elevated C3-phosphorylation. Although lsf2 mutants have normal 

starch levels, the lsf2/sex4 double mutants exhibit a more severe sex phenotype than sex4 

alone, suggesting a synergistic role in starch dephosphorylation (Tbl. 1.2). 

The culmination of research over the last few decades has resulted in the following 

model of reversible glucan phosphorylation during leaf starch degradation at night152 (Fig. 

1.4). Starch remobilization is initiated via the phosphorylation cascade by the two dikinases 

GWD and PWD. Phosphorylation disrupts the helical, semi-crystalline structure of 

amylopectin, triggering the unpacking of starch for glucan hydrolysis. Both BAM3 and 

BAM1 act on the solubilized strands to release maltose into the chloroplast stroma from the 
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starch granule. Simultaneously, the phosphoglucan phosphatases SEX4 and LSF2 

dephosphorylate amylopectin to remove phosphates that block the movement of the BAMs 

along the glucan polymer. The endoamylase AMY3 and the debranching enzymes ISA3 and 

LDA cleave shorter linear chains and branch points to reveal another crystalline layer of 

starch. Altogether, these enzymes operate in a coordinated interplay at the granule surface to 

degrade starch throughout the night. 

Bioinformatic survey of the A. thailana genome has pinpointed another 

phosphoglucan phosphatase homologue – LSF1† – that could also function in starch 

breakdown153. LSF1 contains a putative DSP domain and chloroplast transit peptide (cTP) 

much like SEX4 and LSF2 (Fig. 1.5). LSF1 was identified from a column fraction that 

liberated radioactive 33P from sex1 starch granules pre-phosphorylated by GWD in vitro146. 

Furthermore, leaf extracts of lsf2/sex4 can still release starch-bound phosphate128. These 

observations indirectly suggest that another protein, such as LSF1, can bind and 

dephosphorylate starch (at the C6-position). Whether LSF1 has phosphatase activity or if the 

protein has a role in starch degradation is unknown. 

                                                
†Ph.D. thesis is written in the context prior to the publication on LSF1 by Comparot et al.17 

 
Figure 1.4. Reversible glucan phosphorylation at the granule surface of starch at night.  
Leaf starch is phosphorylated by the dikinases α-glucan, water dikinase (GWD) and 
phosphoglucan, water dikinase (PWD) to disrupt the packing of amylopectin. Phosphatases 
starch excess 4 (SEX4) and like-SEX4 2 (LSF2) then remove these phosphates to allow the 
exoamylase β-amylase 1 (BAM1) and BAM3 to release maltose into the chloroplast stroma. 
Debranching enzymes isoamylase 3 (ISA3) and limit dextrinase (LDA) and the endoamylase 
α-amylase 3 (AMY3) cleave the remaining branch points of amylopectin to release linear and 
branched malto-oligosaccharides. 
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1.5 Glycogen Phosphorylation in Animals 

Glycogen is a branched polysaccharide that acts as a glucose reserve in animal 

cells154. Granules of glycogen are found in the cytosol, spherical in shape, and range from 20-

60 nm in diameter155. Synthesis of glycogen is primed by auto-glycosylation of the 

glucosyltransferase glycogenin on a specific tyrosine residue156-158, followed by successive 

rounds of glucan chain elongation by glycogen synthase154. The structure of glycogen is 

analogous to amylopectin (i.e., glucose polymer), except glycogen has greater branching 

frequency and shorter chain length159. Moreover, glycogen has a uniform pattern of 

branching that occludes the self-organization of glucans into a higher-order crystalline 

structure, causing glycogen to remain soluble in the cytosol152. 

Another similarity between glycogen and starch is the presence of glucan 

phosphorylation. Phosphates occur every 600-1500 glucose residues160,161 at the C2- and C3-

position of glycogen162, contributing to the granule morphology and stability. This 

 
 
 

 
Figure 1.5. Domain architecture of phosphoglucan phosphatases. 
Phosphoglucan phosphatases include SEX4, LSF1 and LSF2 in plants (shown from 
Arabidopsis thaliana) and laforin in mammals (shown from Homo sapiens). Protein domains 
include the chloroplast transit peptide (cTP), dual-specificity protein phosphatase domain 
(DSP), carbohydrate-binding module (CBM), and C-terminal domain (CT). LSF1 contains 
the protein-protein interaction PDZ domain. Signature catalytic motif HCX5R is displayed 
for each phosphatase. 
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phosphorylation state is monitored by the phosphoglucan phosphatase laforin (EC 

3.1.3.48)161. Mutations in the laforin gene (EPM2A) cause the fatal neurodegenerative 

disorder Lafora disease in humans163,164, in which patients accumulate hyper-phosphorylated 

glycogen inclusion bodies165. Tagliabracci and colleagues162 proposed that laforin 

dephosphorylates glycogen to remove misplaced phosphate groups incorporated by glycogen 

synthase – acting like a repair enzyme. Without this continuous removal of phosphates, 

glycogen slowly aggregates to form insoluble granules that cannot be metabolized166. 

Laforin is also the closest protein relative to SEX4 outside the Kingdom Plantae167, 

suggesting a shared role in carbohydrate metabolism. Interestingly, the organization of the 

carbohydrate-binding module (CBM) and DSP domains is reversed in laforin and SEX4 (Fig. 

1.5). Expression of human laforin in the chloroplast of sex4 mutants restores normal starch 

levels, indicating laforin and SEX4 are functional equivalents168. The widespread existence 

of SEX4 and laforin in species of differing evolutionary lineages signifies the convergent 

evolution of these phosphatases to regulate carbohydrate metabolism167. 

 

1.6 Phosphatase Function and Structure 

Phosphatases are ubiquitous and essential enzymes involved in numerous signaling 

pathways of eukaryotes and prokaryotes. In plants, these proteins regulate how cells respond 

to abiotic and biotic stresses, developmental cues and hormonal fluctuations169,170. 

Phosphatases and kinases coordinate these pathways by the removal and addition of 

phosphates to substrates. Protein phosphorylation is quite prevalent in biological systems, 

with nearly 70% of the human proteome being phosphorylated171. Working in concert with 

protein kinases, these enzymes modulate the phosphorylation state of proteins (in a reversible 

manner) to dictate their activity, structural conformation, substrate specificity, and/or 

subcellular localization. Protein phosphorylation occurs primarily on the amino acids serine, 

threonine and tyrosine172,173; however, histidine and aspartate are also important in two-

component systems in bacteria174. Protein phosphatases have subsequently been categorized 

into four classes based on primary sequence, substrate preference and catalytic mechanism of 

dephosphorylation153,175 (Tbl. 1.3). These classes are: (1) Phosphoprotein phosphatases 

(PPPs); (2) Mg2+/Mn2+-dependent protein phosphatases (PPMs); (3) Aspartate-based protein 

phosphatases; (4) Protein tyrosine phosphatases (PTPs). Arabidopsis and rice genomes 



 21 

encode 173 and 132 phosphatases, respectively, which is similar to the 158 phosphatases 

found in humans175-177. Despite similar protein totals and the conservation of each 

phosphatase class, plants have large expansions of PPPs and PPMs, and lack certain PTP 

orthologs (e.g., receptor PTPs). Such differences likely represent the specific physiological 

and environmental factors that each organism must contend with; however, more research is 

needed to resolve how these discrepancies affect whole cell regulation. 

The PPP and PPM classes dephosphorylate serine and threonine. PPPs are highly 

conserved across all eukaryotes and (not surprisingly) participate in fundamental cellular 

processes like cell cycle progression and glycogen metabolism178,179. PPMs regulate DNA 

damage repair180,181, alternative splicing regulation182, apoptosis183,184, and plant hormone 

signalling169,185. Both PPPs and PPMs form similar structural folds and require metal ions for 

catalysis, despite these proteins having divergent protein sequences186,187. Moreover, some 

enzymes associate with additional protein regulatory subunits to confer specificity of 

function (e.g., protein phosphatase 1 (PP1) binds interactors via the canonical RVXF 

motif)188,189, while PPMs lack such regulatory subunits. Instead, PPM genes have evolved 

with additional domains/modules flanking the catalytic phosphatase domain, acquiring novel 

roles of regulation169. These observations indicate that PPPs and PPMs diverged early on in 

evolution to regulate different processes in the cell, but maintained this structural fold for 

catalysis. 

Aspartate-based protein phosphatases are also serine/threonine phosphatases. These 

enzymes contain a conserved DxDx[TV] motif in the active site, where the first aspartate is 

required for activity190. Protein substrates are dephosphorylated using a metal-assisted 

catalysis (like PPMs) and form a class-defining aspartyl-phosphate intermediate prior to 

hydrolysis191. The founding member of this class is transcription factor IIF-associating 

component of C-terminal domain phosphatase 1ref. 192, which dephosphorylates the C-terminal 

domain of RNA polymerase II. The phosphorylation state of this domain represents a 

phosphorylation code193 that is recognized by mRNA processing factors to control transcript 

synthesis and processing194,195. Other aspartate-based phosphatases are involved in actin 

cytoskeleton reorganization (chronophin)196 and organ development (eyes absent)197. The 

latter phosphatase has recently been shown to also dephosphorylate tyrosines198, representing 

a novel protein with separate serine/threonine and tyrosine phosphatase domains. 
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Table 1.3. Summary of phosphatases from humans and Arabidopsis. 
Data from Kerk et al.175 and additional unpublished annotations as noted. PPP, 
phosphoprotein phosphatase; PPM, Mg2+/Mn2+-dependent protein phosphatase; PTP, protein 
tyrosine phosphatase; DSP, dual-specificity phosphatase; MAPKP, mitogen-activated 
protein kinase phosphatase; PRL, phosphatase of regenerating liver; CDC14, cell division 
cycle 14; PTEN, phosphatase and tensin homolog; CDC25, cell division cycle 25; 
LMWPTP, low-molecular weight protein tyrosine phosphatase; FCP, TFIIF-associating C-
terminal domain; EYA, eyes absent. 

Protein Phosphatase Family Subclass Human Arabidopsis 
   PPP family Total 13 28 
 PP1 3 9 
 PP2A 2 5 
 PP2B/PP3 3 0 
 PP4 1 2 
 PP5 1 1 
 PP6 1 2 
 PP7 2 1 
 Other N/A 8c 
   
PPM family (PP2C) Total 20a 81c 
    
PTP superfamily (HCX5R) Total 106 31 
Class I PTPs (Classic) Total 37 1 
 Receptor 20b 0 
 Non-receptor 17 1 
SSU72 4 1 
Class I PTPs (DSPs) Total 67 27 
 MAPKP 11 0 
 Slingshots 3 0 
 PRL 3 0 
 Atypical DSP 19 3 
 CDC14 5c 1 
 PTEN 7 c 4c 
 Myotubularins 16 2 
 Other 3 15d 
Class II PTPs (CDC25) 3 1c 
Class III PTPs (LMWPTP) 1 1 
    
Asp-based catalysis (DXDX[T/V]) Total 13 33 
FCP-like  8 27c 
Chronophins  1 5c 
EYA  4 1 
Total Phosphatases  158 173 

 aNERRP-2C and PPM1H were same gene. bRemoved pseudogene PTPRV. cUpdated with 
newly annotated proteins. dRemoved obsolete proteins. 
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PTPs have the most diverse substrate group – and therefore function – of 

phosphatases in eukaryotes199 (Tbl. 1.3). Humans have 112 PTPs, while a smaller subset 

exist in Arabidopsis (31) and rice (25)175-177; however, most plant PTPs have no known 

cellular function. These enzymes possess the signature motif HCX5R, which contains the 

invariant catalytic cysteine positioned at the base of the active site cleft200. PTP catalysis 

occurs in two steps201-203 (Fig. 1.6): (1) Phospho-substrate binds and undergoes nucleophillic 

attack by the thiolate ion of the cysteine coupled with protonation by aspartic acid (general 

acid). This results in the transfer of the phosphate onto the phosphatase to form a cysteinyl-

phosphate intermediate; (2) Subsequent hydrolysis mediated by glutamine and aspartate 

(general base) releases the phosphate. Prototypical PTPs (i.e., referred as classic) are specific 

for phosphotyrosines on proteins, and represent vital components in signal transduction 

pathways in mammals199. A large proportion of PTPs are dual-specificity phosphatases 

(DSPs)204. This classification originates from the discovery that these proteins 

dephosphorylate both phosphotyrosine and phosphoserine/phosphothreonine residues205, like 

the TXY motif of the activation loop in mitogen-activated protein kinases206. DSPs have a 

shallower active site than classic PTPs, and can therefore accommodate both 

phosphoserine/phosphothreonine and phosphotyrosine residues200. DSPs can 

dephosphorylate proteins, but also mRNA transcripts (e.g., RNA-capping enzymes)207, 

inositol phospholipids (e.g., myotubularins)208, and the aforementioned glucans (e.g., 

phosphoglucan phosphatases)118 (Fig. 1.6C).  

 

1.6.2 Emergence of the Novel Phosphoglucan Phosphatases 

Over the last decade the phosphoglucan phosphatases have surfaced as essential 

proteins for proper carbohydrate metabolism in plants and animals. Within the subclass of 

DSPs, the phosphoglucan phosphatases – LSF1, LSF2, SEX4, and laforin – form a distinct 

clade (Fig. 1.7), indicating these proteins contain distinct phosphatase domains that 

correspond with their novel function. Phosphoglucan phosphatases appear to 

dephosphorylate only glucans; although, the capacity to catalyze an artificial 

phosphotyrosine substrate suggest protein dephosphorylation may occur in vivo128,148,209. 

Moreover, analysis of substrate preference for human DSPs highlighted how laforin prefers  
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Figure 1.6. Overview of PTP catalysis. 
A. Structure of DSP phosphatase domain. Surface representation of human PTP1B 
(Protein Data Bank code  2HNQ)211 highlights the active site cleft (red) containing the 
HCX5R motif. B. Catalytic mechanism. Active thiolate anion of the catalytic cysteine is 
stabilized (lowers pKa) by electrostatic interactions with the neighbouring histidine. 
Dephosphorylation proceeds in two steps: (1) Nucleophillic attack of the thiolate anion on 
the phosphorylated substrate transfers the phosphate moiety to the phosphatase and forms the 
cysteinyl-phosphate intermediate. Throughout catalysis, arginine forms salt bridges with the 
phosphate group to coordinate reaction. Conserved aspartic acid protonates (general acid) 
and releases the dephosphorylated substrate. (2) Glutamine positions water molecule within 
active site for transfer of proton to aspartate (general base) and subsequent release of 
phosphate to restore thiolate anion. Accessory residues that contribute to substrate 
recognition are not shown. C. Substrates of PTPs. Chemical structures of the various 
phosphorylated substrates hydrolyzed by PTP phosphatases; lipids, RNA (not shown), and 
glucans are specific to DSPs. 
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complex carbohydrates to proteinous substrates209. The recent crystal structure of SEX4 

illustrates how the active site cleft of the phosphatase domain is wider than classic PTPs to 

accommodate the larger phosphoglucan substrate210.  

Another unique structural feature of phosphoglucan phosphatases is the carbohydrate-

binding module (CBM) (Fig. 1.5). These proteins are the only phosphatases to possess a

CBM, allowing these proteins to bind with greater affinity to the glucan substrate148,151,212,213. 

 
Figure 1.7. Phylogeny of DSPs from humans, green algae, and Arabidopsis.  
Protein sequences of all DSP domains from human (Homo sapiens), green algae (C. 
reinhardtii), and Arabidopsis (Arabidopsis thaliana) were aligned, assembled into a 
Neighbour-Joining bootstrap phylogenic tree. All protein accessions are listed in Table A.1. 
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Interestingly, LSF2 lacks this domain but still binds starch128. The CBMs of SEX4 and LSF1 

belong to the CBM48 family, whereas laforin has the CBM20ref. 214. These CBMs have 

analogous glucan-binding mechanisms and evolved from the same CBM progenitor215. This 

domain also seems to have numerous interactions with the phosphatase domain in SEX4, and 

may regulate SEX4 activity by occluding the active site in the absence of glucan binding216. 

Furthermore, plant phosphoglucan phosphatases contain a C-terminal domain that is 

important in protein stability, and appears to wrap around SEX4 to bind the DSP 

domain128,210. Overall, these structural components make phosphoglucan phosphatases ideal 

for the specific task of removing phosphates from glucans.   

Even within the phosphoglucan phosphatase cluster, LSF1 contains intriguing 

features. Firstly, LSF1 contains a PDZ domain (acronym of first three proteins identified 

with this domain: postsynaptic density protein, disc large tumor suppressor, and zonula 

occludens-1 protein) (Fig. 1.5), known to mediate protein-protein interactions in yeast and 

animals217,218. Secondly, the signature motif of HCX5R lacks the conserved histidine 

upstream of the catalytic cysteine (Fig. 1.6), suggesting possible impairment in phosphatase 

activity. These features suggest that LSF1 has a different role than SEX4 and LSF2 in plants. 

Whether LSF1 is involved in starch degradation and how these structural features affect 

LSF1 function remain to be clarified. 

 

1.7 Research Objectives 

Phosphoglucan phosphatases are vital components for reversible glucan 

phosphorylation at the granule surface during leaf starch degradation in plants. How and 

what regulates this process remains unclear. This Ph.D. thesis investigates the biochemical 

properties of LSF1 and SEX4 and how these phosphatases contribute to the overall 

regulation of starch breakdown.  

The first section describes the characterization of the function of LSF1 during starch 

degradation from Arabidopsis. The homology of LSF1 to other phosphoglucan phosphatases 

makes this protein a plausible candidate for starch degradation, and the unique structural 

features also make LSF1 an intriguing protein in plant biology. First, I will address the 

cellular and physiological properties of LSF1 and whether LSF1 is involved in starch 

degradation. Phosphatase assays will investigate the unique catalytic motif within the 
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phosphatase domain of LSF1 relative to other Arabidopsis DSPs. The presence of the PDZ 

domain in LSF1 warrants the exploration of LSF1 in protein-protein interactions during 

starch degradation and if these interactions may be coordinated through the PDZ. I propose 

LSF1 acts as a scaffold to dephosphorylate and/or coordinate enzymes at the granule surface 

of starch. 

The second section elucidates the redox regulation mechanism of SEX4. I will 

expand on previous experiments of SEX4 oxidation, and investigate whether SEX4 can 

undergo reversible oxidation in vitro and in vivo, using this redox switch to control 

phosphatase activity. If such a mechanism exists, the cysteines involved will be identified 

and mutated to measure this affect on redox sensitivity. The presence of a redox-dependent 

structural switch in SEX4 would represent the first evidence of this mechanism for plant 

phosphatases. 
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Chapter 2. Functional characterization of the phosphoglucan phosphatase 
LSF1 from Arabidopsis thaliana 

2.1 Introduction 

Phosphoglucan phosphatases (EC 3.1.3.48) are essential enzymes for the 

remobilization of leaf starch at night in plants152 (Fig. 1.4). In A. thaliana (Arabidopsis), this 

group of proteins includes starch excess 4 (SEX4), like-SEX4 1 (LSF1), and LSF2. SEX4 

and LSF2 preferentially dephosphorylate the C6- and C3-position of amylopectin, 

respectively128,150. Removal of these phosphates permits the further progression (and 

catalysis) of the glucan hydrolases β-amylase 1 (BAM1; EC 3.2.1.2) and BAM 3 along the 

glucan chain147,149. Plants lacking SEX4 and LSF2 (i.e., lsf2/sex4 mutants) have severely 

stunted growth and accumulate linear phospho-oligosaccharides that are absent in wild-type 

leaves due to incomplete hydrolysis of amylopectin128 (Tbl. 1.2). These results indicate that 

both of these phosphatases are important for proper starch degradation. Whether the LSF1 is 

involved in starch breakdown and how this protein functions in plants remains unknown†. 

LSF1 was originally discovered as a homologue to SEX4 by surveying the 

Arabidopsis genome for phosphatases153. Like SEX4, the protein sequence of LSF1 starts 

with a putative chloroplast transit peptide (cTP), and contains (in order) dual-specificity 

phosphatase (DSP), carbohydrate-binding module (CBM), and C-terminal (CT) domains 

(Fig. 1.5). These protein features imply LSF1 could bind and dephosphorylate starch in the 

chloroplast; however, only indirect evidence exists for LSF1 as phosphoglucan phosphatase. 

For instance, leaf extracts of lsf2/sex4 can still release starch-bound C6-phosphate from gwd 

starch granules pre-phosphorylated by GWD in vitro128. LSF1 was also identified from a 

column fraction that liberated radioactive 33P from starch granules in vitro146. 

One intriguing feature of LSF1 is the N-terminal extension containing the PDZ 

domain [acronym of the first three proteins identified with this domain: postsynaptic density 

protein 95 (PSD95)219, disc large tumor suppressor220, and zonula occludens-1 protein (ZO-

1)221]. These domains (~90 residues) are protein-protein interaction modules that recognize 

linear polypeptide motifs to coordinate multi-protein complexes217,222,223. PDZs can be linked 

with functional domains, enabling these proteins to directly affect localized signalling 

networks; however, most PDZ-containing proteins lack intrinsic activity and act solely as 
                                                
†Ph.D. thesis is written in the context prior to the publication of LSF1 by Comparot et al.17 
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scaffolds. In humans, 150 proteins contain over 260 PDZ domains – often with 2-4 domains 

in tandem224. These PDZs are essential for membrane protein trafficking (e.g., receptors, ion 

channels, etc.)225,226, cell polarity227, cytoskeletal dynamics228, and postsynaptic signal 

transduction and assembly229. Much less is known about the role of PDZ domains in plants. 

Arabidopsis encodes 23 PDZ-containing proteins with 36 individual domains224,230, 

suggesting PDZ-mediated signalling cascades are less prevalent in plants than in humans. 

However, this current inventory likely underestimates the actual number of PDZs in 

Arabidopsis (and plants). Most PDZs have conserved tertiary structures despite low 

conservation of primary sequences (i.e., structural convergence with sequence divergence), 

and are therefore difficult to identify using sequence-based domain annotators (e.g., 

SMART224, PFAM231, CDD232). Almost all of the identified plant proteins (20/23) are 

putative proteases, including the well-studied degradation of periplasmic proteins (DEGPs) 

family that are involved in protein quality control and degradation of photosystem II during 

photosynthesis224,233,234. Recent crystal structures of chloroplastic DEGP2 found the second 

PDZ domain associates with an internal loop to control protein activity via multimerization 

states (6-mer ⇄ 12-mer)235. Other Arabidopsis PDZ-containing proteins are implicated in salt 

stress236 and wounding response237; yet, how the PDZ domain affects these processes is 

unclear. For LSF1, the presence of the PDZ domain might organize starch degradative 

enzymes into a protein interaction network at the starch granule surface. 

The unique domain architecture of LSF1 and the homology to other phosphoglucan 

phosphatases suggests this protein participates in leaf starch degradation. Yet, whether LSF1 

functions as phosphatase and/or scaffold protein remains unknown. I show that LSF1 is 

chloroplastic and necessary for proper starch breakdown, as lsf1 mutants accumulate starch at 

the end of night. LSF1 also lacks phosphatase activity and contains an unconventional 

catalytic motif from known DSPs. The PDZ domain of LSF1 forms dimers and can disrupt 

protein complexes that include LSF1. Altogether, these results indicate LSF1 has a novel role 

in starch degradation as an inactive, scaffold protein that associates with starch degradative 

enzymes at the granule surface of starch.  
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2.2 Materials and Methods 

2.2.1 Cloning and Plant Transformations of LSF1 

The full-length coding region of LSF1 (At3g01510; GenBank no. NM_11017) was 

amplified from an Arabidopsis silique cDNA library from Arabidopsis Biological Resource 

Centre (Columbus, OH, USA). Polymerase chain reaction (PCR) was performed using 

HotStarTaq® DNA Polymerase kit (QIAGEN, Toronto, ON, CAN) with the parameters of 

95°C/1m, (94°C/15s, 53°C/1m, 72°C/4m)35, 72°C/10m (Primers listed in Table B.1). The 

PCR product was cloned into pDONR201 (Invitrogen, Burlington, ON, CAN) and then 

pK7FWG2238 using Gateway® recombination cloning (Invitrogen) according to 

manufacturer’s instructions. The resulting construct (pLSF1-GFP) was a C-terminal fusion of 

enhanced green fluorescent protein (eGFP) to LSF1 under constitutive expression by the 

cauliflower mosaic virus 35S promoter. Plasmids were sequenced and transferred into 

Agrobacterium tumefaciens strain GV3101 for subsequent transformation of wild-type 

Arabidopsis using the floral dip method239. 

Various fragments of LSF1 were cloned from the pLSF1-GFP construct. The N-

terminal truncated Δ281-LSF1 (residues 282-591) was amplified using PfuUltra™ II Fusion 

HS DNA polymerase (Stratagene, Mississauga, ON, CAN) with the parameters 95°C/2m, 

(95°C/20s, 54°C/20s, 72°C/20s)30, 72°C/3m (Tbl. B.1). The PCR product was cloned into 

pET101/D/TOPO using Directional TOPO® cloning (Invitrogen) to yield C-terminal hexa-

histidine(HIS6)-tagged Δ281-LSF1 protein. Point mutation T389H of LSF1 was generated 

using QuikChange® II Site-Directed Mutagenesis kit (Stratagene) according to 

manufacturer’s instructions (Tbl. B.1). The PDZ domain (LSF1-PDZ; residues 76-166) was 

amplified using Platinum® Pfx DNA Polymerase kit (Invitrogen) with the parameters 

94°C/5m, (94°C/30s, 53°C/30s, 68°C/1m)32 (Tbl. B.1). The PCR product was cloned as 

described for Δ281-LSF1. An additional construct of the same PDZ domain was also 

amplified and cloned into pDONR221 and then pDEST™15 using Gateway® recombination 

cloning (Invitrogen) according to manufacturer’s instructions (Tbl. B.1). The resulting 

protein is a N-terminal glutathione S-transferase (GST) fusion with the PDZ domain of LSF1 

(GST:PDZ). LSF1 lacking the N-terminal cTP (residues 62-591) and the DSP domain alone 

(residues 282-445) were also cloned (Tbl. B.1), but these proteins were unstable when 

expressed in Escherichia coli (i.e., degraded in vivo). 
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2.2.2 Plant Materials and Growth Conditions 

All plant studies used the model organism Arabidopsis. Plants harbouring pLSF1-

GFP (Columbia ecotype) were isolated by plate selection (see below), and the genomic DNA 

of the F1 generation was extracted and screened via PCR for the eGFP coding region as 

described in Edwards et al.240 (Tbl. B.1). Homozygous lsf1 plants were developed from the 

Ds transposon insertional lines lsf1-3 (RATM11-1281) in Nössen ecotype from the RIKEN 

BioResource Center (http://www.brc.riken.go.jp/lab/epd/Eng/)241,242, and lsf1-4 

(CSHL_ET13516) and lsf1-5 (CSHL_ET10534) in Landsberg erecta ecotype from the Cold 

Spring Harbor Laboratories TRAPPER collection (http://genetrap.cshl.org/). Each lsf1 

mutant was screened using plate selection (see below), extracted for genomic DNA, and 

genotyped via PCR (Tbl. B.1) using primers that flanked the Ds transposon insertion site or 

spanned the transposon-gene junction (Fig. 2.1). Homozygous lsf1-1 (SALK_053285)17, 

bam1-1 (SALK_039895) and bam3-1 (CS92461)122 were kindly provided by Dr. S. Zeeman 

(ETH Zürich, Zürich, CHE). Homozygous sex4-3 (SALK_102567)168 was graciously 

donated from Dr. J. Dixon (University of California – San Diego, CA, USA). 

Arabidopsis seeds were surface-sterilized in 0.525% (v/v) NaOCl (Clorox® Bleach) 

and 0.2% (w/v) sodium dodecyl sulfate (SDS), rinsed in deionized water, and spotted onto 

0.5× Murashige-Skoog (MS) plates [0.221% (w/v) MS (pH 5.7; PhytoTechnology 

Laboratories, Shawnee Mission, KS, USA), 2% (w/v) sucrose, 0.8% (w/v) agar]. Transgenic 

plants were selected on plates containing 40 µg mL-1 hygromycin (lsf1-3) (Fig. 2.1B) or 100 

µg mL-1 kanamycin (LSF1/LSF1:eGFP, lsf1-4, lsf1-5). Seeds were stratified for 3-4 d at 4°C 

in the dark for uniform germination, and then transferred to continuous light for 1-2 wk at 

22°C until seedlings formed true leaves. Developed seedlings were transplanted to soil 

presoaked with 1 g L-1 Plant-Prod® 20-20-20 Fertilizer (Plant Products Co. Ltd., Brampton, 

ON, CAN) and covered with translucent plastic lids (i.e., humidity control). Plants were 

grown in an Econoaire GC-50-BH growth chamber (Enconaire Systems Ltd., Winnipeg, MB, 

Canada) with day/night temperatures of 22/18°C (12/12 h), fertilized weekly, and plastic lids 

were removed after 1 wk once roots established. Depending on the experiment, rosettes from 

4-wk-old plants were harvested and used immediately [confocal microscopy (Section 2.2.3), 
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Figure 2.1. Development of lsf1-3 mutant plants.  
A. Schematic of insertional mutant lsf1-3. The Ds transposon is inserted in exon 2 of LSF1. 
Primers used for genomic screening (Panel C) are indicated by half-arrows. HYG, aph4 for 
hygromycin resistance; GUS, ß-glucuronidase. B. Plate selection. Seedlings of wild-type 
Arabidopsis ecotype Nössen and lsf1-3 mutants were grown on MS plates supplemented with 
or without hygromycin (HYG) for presence of Ds transposon. C. Genotype screening. 
Genomic DNA was extracted from leaves of wild-type Nössen (WT) and lsf1-3 plants, and 
screened for homozygocity using S:AS and Ds3:AS primer sets (Tbl. B.1). NC, negative 
control (no DNA). D. RT-PCR for LSF1 transcript. LSF1 and SEX4 were amplified using 
total RNA extracted from leaf tissue of wild-type Nössen (WT), lsf1-3 (independent lines 1-
3), and sex4 plants. POLYUBIQUITIN 10 (UBQ10) served as RNA control. NC, negative 
control (no RNA). Results for lsf1-3 are representative for all lsf1 mutants. 
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iodine stain (Section 2.2.6)] or rinsed in deionized water, blotted dry, flash-frozen and then 

stored at -80°C [immunoblots (Section 2.2.5), native gels (Section 2.2.12)]. 

 

2.2.3 Confocal Microscopy 

Abaxial epidermal peels of leaves from wild-type and LSF1-eGFP-expressing 

Arabidopsis plants were analyzed using a DMIRE2 inverted confocal microscope (Leica, 

Wetzlar, GER) with a PL APO 63x1.2 NA water-immersion objective lens (Lecia) in the 

dark. GFP and chlorophyll (i.e., chloroplasts) were visualized using excitation wavelengths 

of 488 nm and emission wavelengths of 500-543 nm and 600-640 nm (chlorophyll 

autofluorescence), respectively. Images were captured with a cooled Retiga 1350 EX CCD 

digital camera (QImaging, Surrey, BC, CAN) using the Volocity® 5.0.2 software 

(PerkinElmer, Woodbridge, ON, CAN). Processed images were further modified (e.g., 

stacking slices, merge average intensity, etc.) using ImageJ 1.44 (http://imagej.nih.gov/ij/)243. 

 

2.2.4 Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

Total RNA was extracted from 50 mg of frozen ground leaf tissue using the RNeasy 

Plant Mini kit (QIAGEN) with on-column DNase I treatment. Samples were quantified on a 

ND-1000 spectrophotometer (NanoDrop, Wilmington, DE, USA). First-strand cDNA was 

synthesized using M-MLV reverse transcriptase (Invitrogen) with an oligo(dT)20 primer as 

outlined by the manufacturer. LSF1 and SEX4 was amplified from these cDNA pools using 

TopTaq™ DNA Polymerase kit (QIAGEN) with the parameters of 95°C/3m, (94°C/30s, 

55°C/30s, 72°C/30s)26, 72°C/5m (Fig. 2.1D; Tbl. B.1). POLYUBIQUITIN 10 (At4g05320; 

GenBank no. AY139999) served as a cDNA loading control. 

 

2.2.5 Antibody Purification and Immunoblotting 

Polyclonal LSF1 antibodies were raised against the LSF1-PDZ protein (see Section 

2.2.7) in a New Zealand White rabbit using standard procedures at the University of Calgary 

Animal Resource Centre. Antibodies were enriched for LSF1 by bead-based affinity 

purification (Fig. 2.2). Crude immune serum (5 mL) from the third bleed was dialyzed twice 

in 1× phosphate buffer saline (PBS) for 1 h at 4°C. This serum was diluted with 1 vol. in 50 



 34 

 
Figure 2.2. Purification of LSF1 antibody. 
A. Antigen. Rabbits were immunized with the PDZ domain region of Arabidopsis LSF1 
(LSF1-PDZ protein) as shown in light red. B. Workflow for (bead-based) purification of 
LSF1 antibodies. Purified LSF1-PDZ antigen was coupled to CH-Sepharose 4B™ and mixed 
with crude serum to bind LSF1-specific antibodies. After several washes, antibodies were 
eluted with glycine (pH shift), neutralized, and then dialyzed into 1× PBS. C. Purified LSF1 
IgG. Four micrograms of affinity-purified LSF1 antibody was separated into heavy (H) and 
light (L) chain fragments via SDS-PAGE and visualized by colloidal blue staining. D. 
Detection of recombinant LSF1-PDZ. Range of LSF1-PDZ protein (1-100 ng) was blotted 
and probed with anti-LSF1 (2 µg mL-1) to test sensitivity of antibody. E. Detection of 
endogenous LSF1. Leaf extracts from wild-type Nössen (WT), lsf1-3 mutant and 
LSF1:eGFP transformant were immunoblotted as in (D). Arrowhead denotes endogenous 
LSF1. Molecular weight standards are shown on the left of gels/blots. Ponceau S stain 
represents sample loading. ECL, enhanced chemiluminescence; RuBisCO, ribulose-1,5-
bisphosphate carboxylase oxygenase.  
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mM tris(hydroxymethyl)aminomethane (TRIS)-HCl (pH 7.5) and then incubated end-over-

end for 2 h at 22°C with 1 vol. of LSF1-PDZ-coupled CH-Sepharose 4B™ (>85% coupling 

efficiency; GE Healthcare, Mississauga, ON, CAN), as prepared using manufacturer’s 

instructions. Resin was collected with Econo-Pac chromatography column (Bio-Rad, 

Mississauga, ON, CAN), and washed with 100 vol. of 50 mM TRIS-HCl (pH 7.5) and 0.5 M 

NaCl. Antibodies were eluted with 100 mM glycine (pH 2) and immediately neutralized with 

1 M TRIS-HCl (pH 9). Eluates were dialyzed in 1× PBS overnight at 4°C, concentrated, 

quantified for protein, and aliquoted for storage at -80°C. Titer and specificity of the LSF1 

antibody was tested with purified LSF1-PDZ (1-100 ng) (Fig. 2.2D) and plant extracts from 

Arabidopsis wild-type and lsf1 mutant (Fig. 2.2E). 

Polyclonal antibodies for SEX4 were produced and purified as described in Kerk et 

al.212, except crude serum raised against GST:SEX4 was enriched for SEX4-specific 

antibodies by one-step affinity purification with SEX4 (see Section 3.2.1), instead of two-

step purification with GST and then SEX4. 

Antibodies for Arabidopsis BAM1 (At3g23920) and BAM3 (At4g17090) were kindly 

provided from Dr. S. Zeeman (ETH Zürich). BAM antibodies were generated as described 

previously122. Anti-BAM3 was purified from crude serum using membrane-based affinity 

purification (Fig. 2.3). Nitrocellulose membrane containing ~800 µg recombinant BAM3 

protein (see Section 2.2.7) was excised, blocked with 5% (w/v) skim milk, washed thrice 

with 1× TBST [TRIS-buffered saline, 0.1% Tween 20® (Sigma-Aldrich, Oakville, ON, 

CAN)] for 5 min, and incubated end-over-end with undiluted immune serum (5 mL) 

overnight at 4°C. This membrane was then washed thrice with TBST for 2 min, and 

antibodies were eluted and stored as described for anti-LSF1 (see above). Titer and 

specificity of the anti-BAM3 was tested with purified BAM3 (1-10 ng) and BAM1 (50 ng) 

(Fig. 2.3E), and plant extracts from Arabidopsis wild-type, and mutants bam1 and bam3 

(Fig. 2.3F). 

Immunoblots were prepared using standard protocols for sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotting (see Section 2.2.12 for 

native-PAGE). All samples were mixed with SDS-PAGE loading buffer [50 mM TRIS (pH 

6.8), 2.0% (w/v) SDS, 0.2 mg mL-1 bromophenol blue, 1% (v/v) β-mercaptoethanol, 10%
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Figure 2.3. Purification of BAM3 antibody. 
A. Antigen. Rabbits were immunized with peptide R518LSKEDTTGSDLYV531 from the C-
terminal region of Arabidopsis BAM3 (highlight in light red). B. Workflow for (membrane-
based) purification of BAM3 antibodies. Recombinant BAM3 protein was blotted onto 
nitrocellulose membrane, blocked to reduce non-specific binding, and incubated with crude 
serum of peptide-raised BAM3 antibodies. After several washes, these antibodies are eluted 
with glycine (pH shift), neutralized, and dialyzed into 1× PBS. C. Nitrocellulose membrane 
of BAM3 for anti-BAM3 purification. Multiple lanes were loaded with ~800 µg BAM3, 
resolved using SDS-PAGE, transferred to nitrocellulose, and stained with general protein-
binding dye Ponceau S. D. Purified BAM3 IgG. Two micrograms of affinity purified BAM3 
antibody was separated into heavy (H) and light (L) chain components via 
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(v/v) glycerol] and gels were resolved with constant 125 V at 22°C. Proteins were transferred 

to 0.45 µm nitrocellulose membrane (Bio-Rad) for 200 V·h at 4°C. Blots were then stained

with the non-specific protein-binding dye Ponceau S (Sigma-Aldrich) to mark protein ladders 

and visualize sample loading. Membranes were then rinsed with 1× TBS, blocked with 10% 

(w/v) skim milk for 2 h at 22°C (or overnight at 4°C), and washed four times with 1× TBS 

for 5 min. Blots were probed with rabbit primary antibodies for 1 h at 22°C using the 

following concentrations: 2 µg mL-1 for purified anti-LSF1, 1 µg mL-1 for purified anti-SEX4 

and anti-BAM3, 1:500 for anti-BAM1 crude serum. After primary antibody incubation, 

membranes were washed four times in 1× TBST for 5 min and then incubated with 1:5000 

goat anti-rabbit IgG horseradish peroxidase (HRP) conjugate secondary antibody (Thermos 

Scientific, Rockford, IL, USA) for 1 h at 22°C. Blots were then washed thrice in 1× TBST 

for 5 min and once in 1× TBS for 5 min prior to detection with enhanced chemiluminescence 

(ECL; GE Healthcare) as outlined by the manufacturer. 

 

2.2.6 Iodine Staining of Leaves 

Fresh leaves from 3-4-wk-old Arabidopsis plants were harvested at the end of night 

and boiled in 80% (v/v) ethanol to decolourize tissue until translucent (i.e., remove 

chlorophyll). Leaves were then rinsed with cold water and stained with Lugol solution 

(iodine/potassium iodide; Sigma-Aldrich) for 2 min at 22°C. Leaves were partially destained 

in water. 

 

2.2.7 Recombinant Protein Expression 

Recombinant LSF1 proteins were expressed in the E. coli strain BL21 Star™ 

 
 
 
Figure 2.3. (continued) 
SDS-PAGE and visualized by colloidal blue staining. E. Verification of anti-BAM3 
specificity. Proteins BAM3 (1-10 ng) and BAM1 (50 ng) was blotted and probed with anti-
BAM3 (2 µg mL-1) to test potency and specificity of antibody, respectively. F. Detection of 
endogenous BAM3. Leaf extracts from Arabidopsis wild-type Columbia (WT), and mutants 
bam1 and bam3 were immunoblotted as in (E). Arrowhead denotes endogenous BAM3. 
Molecular weight standards are shown on the left of gels/blots. ECL, enhanced 
chemiluminescence; RuBisCO, ribulose-1,5-bisphosphate carboxylase oxygenase. 
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(Invitrogen) and grown to an OD600 of ~0.4 at 37°C before being induced for 22 h at 22°C 

with 0.5 mM isopropyl-β-D-thiogalactopyranoside (BioShop, Burlington, ON, CAN). Cells 

were harvested by centrifugation (4000 × g; 10 min at 4°C) and resuspended in either nickel-

nitrilotriacetic acid (Ni-NTA) lysis buffer [50 mM TRIS-HCl (pH 7.4), 500 mM NaCl, 20 

mM imidazole, 5% (v/v) glycerol] or SP Sepharose™ lysis buffer [10 mM 2-(N-

morpholino)ethanesulfonic acid (pH 6), 1 mM ethylenedinitrilotetraacetic acid (EDTA), 1 

mM ethylene glycol tetraacetic acid (EGTA), 150 mM NaCl, 5% (v/v) glycerol]. Cells were 

disrupted by cell press (1000 psi; 3 passes), and clarified by centrifugation (100000 × g; 35 

min at 4°C). Clarified lysates were supplemented with 0.5 mM phenylmethylsulfonyl 

fluoride (PMSF), 0.5 mM benzamidine, and 1 mM dithiothreitol (DTT) prior to protein 

purification.  

Δ281-LSF1 was purified using batch-wise Ni-NTA affinity chromatography (Fig. 

2.4A). Lysates in Ni-NTA lysis buffer were incubated end-over-end with 0.5 mL Ni-NTA 

agarose resin (QIAGEN) for 1 h at 4°C. The resin was washed with 200 vol. of high-

stringency buffer [25 mM Tris (pH 7.5), 1 M NaCl, 30 mM imidazole, 0.05% (v/v) Triton X-

100, 0.5 mM PMSF, 0.5 mM benzamidine], followed by 50 vol. of low-stringency buffer [25 

mM Tris (pH 7.5), 1 M NaCl, 30 mM imidazole]. Δ281-LSF1 was eluted thrice with 5 vol. of 

low-stringency buffer with 250 mM imidazole, concentrated, flash-frozen, and stored at -

80°C.  

LSF1-PDZ was isolated using two-step purification on SP Sepharose™ cation-

exchange and then Ni-NTA affinity chromatography (Fig. 2.4B). Lysates in SP Sepharose™ 

lysis buffer were mixed end-over-end with 5 mL SP Sepharose™ Fast Flow (GE Healthcare) 

for 45 min at 4°C. Resin was washed with 50 vol. of SP Sepharose™ lysis buffer, and bound 

proteins eluted with 3 vol. Ni-NTA low-stringency buffer (see above), except with 50 mM 

imidazole. LSF1-PDZ was purified from this elution with Ni-NTA agarose as described for 

Δ281-LSF1 (see above). 

Protein purification of SEX4 (residues 54-379) was performed as described in 

Section 3.2.1. Point mutation H197T of SEX4 was generated using QuikChange® II Site-

Directed Mutagenesis kit (Stratagene) according to manufacturer’s instructions (Tbl. B.1).  

BAM1 and BAM3 constructs were both donated by Dr. S. Zeeman (ETH Zürich). 

Briefly, BAM1 (residues 91-575) and BAM3 (residues 56-548) were cloned into pET-28a 
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(EMD Millipore Chemicals, Gibbstown, NJ, USA) and pET-29a (EMD Millipore 

Chemicals), respectively, to yield N-terminal HIS6-tagged proteins. Both BAM proteins were 

purified as described for Δ281-LSF1 (see above), except proteins were expressed in the E. 

coli strain BL21-CodonPlus®(DE3)-RIL (Agilent Technologies, Mississauga, ON, CAN) and 

grown 22 h at 14°C (Fig. 2.4C,D). 

GST:PDZ protein was expressed and harvested as described for LSF1-PDZ, except 

the protein was expressed in the E. coli strain BL21-CodonPlus®(DE3)-RIL (Agilent 

Technologies). Clarified lysates were mixed end-over-end with 5 mL SP Sepharose™ Fast 

Flow (GE Healthcare) for 45 min at 4°C. Resin was washed with 50 vol. of SP Sepharose™ 

lysis buffer, and bound proteins eluted with 3 vol. 1×PBS (pH 7.5), 2 mM DTT, and 1 M 

NaCl. Eluates were then incubated with 1 mL Glutathione Sepharose™ 4 Fast Flow (GE 

Healthcare) for 1 h at 4°C. Beads were washed with 50 vol. 1×PBS (pH 7.5), 2 mM DTT, 

and bound proteins eluted three times with 2 vol. 25 mM TRIS-HCl (pH 7.4), 100 mM NaCl, 

2 mM DTT, 10% glycerol, and 20 mM glutathione. Purified proteins were dialyzed into 

1×PBS (pH 7.5) and 10% glycerol, concentrated, flash-frozen, and stored at -80°C. 

 

2.2.8 Phosphatase Activity Assays 

Phosphatase assays measured in vitro enzyme activity for the hydrolysis of p-

nitrophenyl phosphate (pNPP). Prior to assays, purified proteins were incubated with 10 mM 

DTT for 10 min at 20°C, and buffer-exchanged into pNPP buffer [100 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (pH 7.0), 150 mM NaCl, 1 mM EDTA] using 

an Amicon® Ultra Centrifugal Filter (Millipore, Billerica, MA, USA). Various amounts of 

SEX4 and H197T (0-2 µg) or Δ281-LSF1 (0-1 µg) were incubated with 4 mM pNPP 

(BioShop) for 30 min at 30°C, stopped with 1 vol. of 2 M NaOH and measured for 

absorbance at 405 nm. All assays were referenced against buffer-only samples. 

 

2.2.9 Protein Sequence Alignments  

Analysis of the DSP catalytic motif used all Arabidopsis DSPs that were defined in 

Kerk et al.153,175. Protein sequences of LSF1 orthologues were retrieved using BLASTP244,245 

against the Phylum Viridiplantea dataset of the Phytozome v7 database 

(http://www.phytozome.net)246 by searching with LSF1 (UniProt no. F4J117). No
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Figure 2.4. Protein purification of recombinant LSF1s and BAMs from E. coli. 
A. Δ281-LSF1. Protein was purified batch-wise using Ni-NTA affinity chromatography. 
Supernatant (S/N) from clarified E. coli lysate (L) was incubated with Ni-NTA agarose for 1 
h, and resin was collected by column and washed (30 mM imidazole). Bound proteins were 
eluted in 3 fractions (E1-E3) and pooled together for experiments. B. LSF1-PDZ. Protein 
was purified using two-step purification with SP Sepharose™ cation-exchange and Ni-NTA 
affinity chromatography. Supernatant (S/N) from clarified E. coli lysate (L) was mixed with 
SP Sepharose™ (SP) for 45 min, and resin was washed and eluted (E; 1 M NaCl). Eluted 
proteins were subjected to Ni-NTA affinity chromatography and LSF1-PDZ was purified as 
in (A). C. BAM1. Protein was purified using Ni-NTA affinity chromatography as in (A). D. 
BAM3. Protein was purified using Ni-NTA affinity chromatography as in (A). Arrowhead 
denotes purified proteins. Molecular weight standards are shown on the left of gels/blots. 
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orthologues were found in green algae species, as noted previously17. These sequences were 

aligned and trimmed to the DSP catalytic signature with JalView (http://www.jalview.org)247. 

Graphical representations of the residue frequency for these motifs (i.e. sequence logo) were 

generated using WebLogo (http://weblogo.threeplusone.com)248. Accession numbers for all 

proteins are provided in Table A.2. 

The PDZ alignment used 18 PDZ-containing proteins known for Arabidopsis (21 

individual PDZ domains) from the SMART database (http://smart.embl-heidelberg.de)224. 

Protein sequences for UniProt no. A8MSF2 and Q3EBQ2 were duplicates and omitted from 

alignment. Note this is an update of the previously reported 16 proteins in Gardiner et al.249. 

The 3 PDZ domains of the prototypical human PSD95/DLG4 (UniProt no. P78352) were 

included as a reference in alignment. Sequences were aligned with MAFFT250 using the  L-

NS-i algorithm and edited with JalView247. Gaps with only one sequence (i.e., insertions) 

were excised to condense alignment. Accession numbers for all proteins are provided in 

Table A.3. 

 

2.2.10 Homology Modelling 

Protein sequence for the PDZ domain of LSF1 (residues 71-163; includes 10 residues 

flanking the predicted domain boundary) was analyzed by the structure prediction algorithm 

on the PHYRE2 webserver (http://www.sbg.bio.ic.ac.uk/phyre2/index.cgi)251. The best 

template structure was the PDZ domain of spinophilin/neurabin-2 (Protein Data Bank code 

1WF8) at 99.8% confidence with 29.8% sequence identity. The homology model was drawn 

with MacPyMol v1.3252. 

 

2.2.11 Size-exclusion Chromatography 

The in-solution mass of LSF1-PDZ was determined using a Superdex™ 75 pre-packed 

column (GE Healthcare) of 120 mL bed volume at 1 mL min-1 using an ÄKTA fast protein 

liquid chromatography system (FPLC; GE Healthcare). LSF1-PDZ (~7 mg mL-1) and protein 

standards (3 mg mL-1) from the Low Molecular Weight Gel Filtration Calibration kit 

[Albumin (67 kDa), Ovalbumin (43 kDa), Chymotrypsinogen A (25 kDa), and Ribonuclease 

A (13.7 kDa); GE Healthcare] were prepared separately in 1× PBS, concentrated to 200 µL 



 42 

using an Amicon® Ultra Centrifugal Filter (Millipore), and filtered thru 0.22 µm prior to 

being loaded at 1 mL min-1. Individual injections of Blue Dextran (≥2000 kDa) at 2 mg mL-1 

were used to estimate the void volume of the column. Partition coefficients (Kav) were 

calculated for each protein using the formula Kav = (Ve-Vo)/(Vc-Vo), where Ve is elution 

volume, Vo is void volume, and Vc is geometric column volume (120 mL). Linear regression 

was performed on the relationship between Kav and the logarithm of the relative molecular 

weight [log(Mr)] for each protein standard to estimate the Mr of LSF1-PDZ. 

Experiments for protein-protein interactions between LSF-PDZ and BAMs were 

performed on a Superose® 12 HR pre-packed column (GE Healthcare) of 24 mL bed volume 

at 1 mL min-1 using an ÄKTA FPLC system (GE Healthcare). Proteins were buffer-

exchanged into Superose® 12 buffer [TRIS-HCl (pH 7.5), 150 mM NaCl, 1 mM DTT, 5% 

glycerol] using an Amicon® Ultra Centrifugal Filter (Millipore) and filtered thru 0.22 µm. 

LSF1-PDZ (75 µg), BAM1/BAM3 (75 µg), or mixed molar ratios (1:1, 1:2, 1:5, 1:10, with 

BAMs at 75 µg) were pre-incubated for 20 min prior to loading. Shift in peaks was analyzed 

with UNICORN v3.21 (GE Healthcare). 

 

2.2.12 Native-PAGE Zymograms 

Native-PAGE (N-PAGE) zymograms were prepared identical to SDS-PAGE, except 

SDS was omitted and gels contained 0.2% (w/v) potato amylopectin (Sigma-Aldrich). 

Arabidopsis leaves were homogenized in 100 mM 3-(N-morpholino)propanesulfonic acid 

(pH 7.2), 1 mM EDTA, 1 mM DTT, 10% (v/v) glycerol, at 150 mg tissue mL-1 using a glass 

tissue grinder at 4°C. Homogenates were then centrifuged (16000 × g; 10 min at 4°C) to 

pellet cellular debris and clarified extracts were used immediately or flash-frozen and stored 

at -80°C. Leaf extracts (30 µg or 60 µg mixtures) were either loaded separately or mixed with 

LSF1-PDZ (0.1-10 µg) or Δ281-LSF1 (10 µg) for 30 min at 22°C and resolved at 20 mA gel-

1 for 1.5 h at 4°C. Gels were then incubated in amylase activity buffer [100 mM TRIS (pH 

7.2), 1 mM MgCl2, 1 mM CaCl2, 2 mM DTT] for 30 min at 30°C to promote hydrolysis of 

gel-immobilized amylopectin. Enzymatic activity was visualized by staining with Lugol 

solution (Sigma-Aldrich) for 10 min at 22°C, and partially destained in cold water. For 

immunoblotting, N-PAGE gels were incubated twice in SDS-PAGE running buffer for 5 min 
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at 75°C following electrophoresis, and then blotted as described for SDS-PAGE gels 

(Section 2.2.7). 

 

2.2.13 Binary Protein Pull-downs 

Purified GST:PDZ and BAM1 or BAM3 proteins were prepared in 25 mM TRIS-HCl 

(pH 8), 150 mM NaCl, 0.1% NP-40 and incubated alone or mixed for 20 min at 22°C to 

promote protein-protein interactions in solution. Proteins (150 ng for each protein) were then 

aliquoted into either 25 µL Ni-NTA (QIAGEN) or Glutathione Sepharose™ 4 Fast Flow (GE 

Healthcare) and incubated end-over-end for 20 min at 22°C. Resin was washed four times 

with 25 mM TRIS-HCl (pH 8), 300 mM NaCl, 0.1% NP-40 and bound proteins were boiled 

with 2× SDS-PAGE Loading Buffer for 3 min. Samples were resolved by SDS-PAGE and 

immunoblotted as described in Section 2.2.7. 

 

2.3 Results  

2.3.1 Biological role of LSF1 in plants 

The closest protein homologs to LSF1 are the chloroplastic phosphoglucan 

phosphatases SEX4 and LSF2 (35.2% and 34.3% sequence identity of DSP domain, 

respectively), suggesting LSF1 may also participate in starch degradation. LSF1 is predicted 

to localize in the chloroplast from the bioinformatic algorithms WoLF PSort 

(http://wolfpsort.org)253, iPSort (http://ipsort.hgc.jp)254, and TargetP 

(http://www.cbs.dtu.dk/services/TargetP/)255 – the latter tool estimated a cleavage site of the 

cTP after the 61st residue (Fig. 2.5A). To verify the localization of LSF1, wild-type 

Arabidopsis plants were transformed with C-terminal eGFP fusions of LSF1 (LSF1:eGFP). 

These transformants emitted GFP fluorescence that was absent from non-transformed leaves 

and overlapped with chlorophyll autofluorescence (Fig. 2.5B), confirming LSF1 is localized 

to the chloroplast. LSF1:eGFP is apartitioned within the chlorophyll autofluorescence, as was 

previously seen from transient expression of LSF1 in tobacco leaves17. These results suggest 

LSF1 is distributed to specific regions in the chloroplast, such as the starch granule. 

Loss-of-function lsf1 plants were then developed to evaluate the effect of LSF1 in 

plant growth and starch degradation. Three independent transposon insertional lines were
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Figure 2.5. Subcellular localization of LSF1. 
A. Domain organization of LSF1. Features of LSF1 are highlighted in the protein 
sequence − including the chloroplast transit peptide (cTP), and the domains 
PSD95/Dlg/ZO1 (PDZ), dual-specificity phosphatase (DSP), carbohydrate-binding module 
(CBM), and C-terminal (CT). B. LSF1 localization in leaves. Stomatal guard cells were 
imaged from abaxial epidermal leaf peels of wild-type (Columbia ecotype) and plants 
expressing LSF1 fused to enhanced green fluorescent protein (eGFP). Chloroplasts are 
depicted by chlorophyll autofluorescence. Scale bar is 10 µm. 
 
 

 

characterized: lsf1-3 (RIKEN_11-1281) and lsf1-4 (CSHL_ET12516) located in exon 2, and 

lsf1-5 (CSHL_ET10534) located in exon 5 (Fig. 2.6A). All insertional lines were devoid of 

LSF1 expression and lacked the LSF1 protein, but had no affect on SEX4 protein levels (Fig. 
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2.1D; Fig. 2.6B). In general, lsf1 mutants had comparable growth and rosette morphology to 

their respective wild-type ecotype (Fig. 2.6C). A noticeable exception was the curly leaf 

phenotype of lsf1-3 mutant (see inset in Fig. 2.6C); however, this feature was not consistent 

across all lsf1 mutants (including the published knockout lsf1-1ref. 17) and assumed to be 

Nössen ecotype-specific. All lsf1 mutants did exhibit a sex phenotype (like sex4 mutants10,67), 

as leaves from each lsf1 mutant – but not wild-type – retained starch when harvested at the 

end of night (Fig. 2.6D). Therefore, LSF1 is required for proper starch degradation in the 

chloroplast of Arabidopsis leaves. 

Additional work on LSF1 has recently been reported by Comparot-Moss et al.17. 

Reintroducing LSF1 into lsf1-1 restored starch levels back to wild-type, reiterating that the 

LSF1 protein is involved in starch degradation. These authors also showed that lsf1/sex4 

double mutants have a more severe sex phenotype (~4-fold more starch than wild-type) than 

lsf1 and sex4 alone (2-fold and 2.5-fold, respectively)17. The synergistic phenotype of 

lsf1/sex4 implies both proteins operate in distinct roles during starch degradation. 

 

2.3.2 The unique catalytic motif of LSF1  

LSF1 has a predicted mass of 65.7 kDa (591 residues) and 59.1 kDa (531 residues) 

with and without the cTP, respectively; yet, the endogenous chloroplastic protein is 

approximately 75 kDa on SDS-PAGE (Fig. 2.2E; Fig. 2.6B), possibly due to post-

translational modification(s). LSF1 does have one known phosphorylation site on Tyr41 

(based on PhosPhat phosphorylation site database90); however, this residue resides in the cTP 

and would be absent in the mature LSF1 protein. Whether other post-translational 

modifications exist remains to be identified. 

Similarities between LSF1 and the phosphoglucan phosphatase SEX4 suggest LSF1 

is itself a functional phosphatase. To investigate if LSF1 has phosphatase activity, I 

expressed Δ61-LSF1 (lacking the cTP) and the DSP domain alone (LSF1-DSP; residues 282-

445) in E. coli; however, both proteins readily degraded in vivo and could not be purified 

intact (data not shown). This unstable protein expression may be due to the flexible 

(unstructured) regions between the PDZ and DSP domains in Δ61-LSF1, and the absence of 

the CT domain for LSF1-DSP. The CT domain acts as structural hinge and binds the DSP 

domain of SEX4ref. 210 and is necessary for stable (recombinant) expression of SEX4ref. 210 and 
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Figure 2.6. Characterization of lsf1 mutants. 
A. Schematic for LSF1 insertional mutants. Ds transposon inserts are located in exon 2 
(lsf1-3, lsf1-4), and exon 5 (lsf1-5). Published T-DNA insertional line lsf1-1 and frameshift 
deletion mutant lsf1-2 are upstream of 5’-UTR and exon 1 splice junction, respectively17. 
Note lsf1-3 and lsf1-4 have the transposon inserted in the same position. B. LSF1 
immunoblot. LSF1 and SEX4 proteins were analyzed of leaf extracts (30 µg) for lsf1 and 
sex4 mutants, and their respective wild-type ecotypes. Asterisk denotes detection of non-
specific protein. Ponceau S stain represents sample loading. RuBisCO, ribulose-1,5-
bisphosphate carboxylase oxygenase. C. Leaf morphology. Photographs of rosettes from 4-
wk-old plants used for immunoblots in (B). Inset shows curly leaf phenotype of lsf1-3 
mutants compared to wild-type. D. Starch stain of lsf1 plants. Mature 4 wk-old leaves 
harvested at the end of night were decolourized in hot ethanol and stained with Lugol’s 
solution for starch (purplish-blue). Leaves from sex4 represent known starch-excess 
phenotype. 
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LSF2ref. 128. Based on these results, I engineered and successfully purified a N-terminal 

truncation of LSF1 (Δ281-LSF1) that contained the DSP-CBM-CT domains (Fig. 2.4A). 

Surprisingly, Δ281-LSF1 had no detectable phosphatase activity against the generic 

phosphatase substrate pNPP – even at 1 µg of protein (Fig. 2.7A). Activity of recombinant 

SEX4 could readily be detected with 50-fold less protein (20 ng), suggesting that either LSF1 

cannot hydrolyze pNPP or is not a functional phosphatase. The latter rationale is supported 

by lsf1 plants not accumulating phospho-oligosaccharides like in sex4 mutants149, despite 

these mutants amassing starch at the end of night17 (Fig. 2.6D). Moreover, the sex phenotype 

of lsf1 mutants can be reverted with overexpression of the phosphatase-dead C390S mutant 

of LSF1 (Oliver Kötting, personal communication), emphasizing that the phosphatase 

activity of LSF1 is not required for proper starch degradation. 

Comparison of the canonical HCX5R catalytic motif between LSF1 to all other 

Arabidopsis DSP proteins revealed that LSF1 has an atypical motif, as the canonical histidine 

preceding the catalytic cysteine is replaced with a threonine (Fig. 2.7B). This threonine is 

conserved among all LSF1 orthologs, while every other Arabidopsis DSP possesses a 

histidine at this position. Within the protein tyrosine phosphatase (PTP) superfamily – which 

includes DSPs – this histidine lowers the pKa of the catalytic cysteine by electrostatic 

interactions during catalysis, promoting the deprotonation of the thiolate anion at 

physiological pH256 (Fig. 1.6B). This threonine substitution could explain why LSF1 lacks 

phosphatase activity. When I introduced the same substitution into SEX4 (H197T), the 

specific activity of the mutated protein was nearly abolished (>25-fold less) (Fig. 2.7C). 

Reverse substitution in LSF1 (T389H) was then postulated to confer phosphatase activity. 

Unfortunately, the T389H variant had low expression in E. coli and was degraded upon 

purification, preventing the possibility of testing this hypothesis. 

 

2.3.3 Investigation of the PDZ domain of LSF1 in protein-protein interactions 

The requirement for the inactive phosphatase LSF1 during starch remobilization 

strongly suggests this protein has a different function than both SEX4 and LSF2. The 

presence of the PDZ protein-protein interaction module warrants the investigation of whether  
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LSF1 forms protein complexes (with starch degradative enzymes) at the granule surface. 

Research from our collaborators Dr. Samuel Zeeman (ETH Zürich, Switzerland) indicates 

LSF1 does indeed associate with the chloroplastic β-amylase BAM1 and BAM3 (among 

other proteins)257 (Fig. 1.4). These complexes were elucidated through a variety of 

 
Figure 2.7. LSF1 phosphatase function and catalytic motif. 
A. Phosphatase activity of Δ281-LSF1 compared to SEX4. Proteins were reduced with 10 
mM DTT prior to incubation with pNPP for 30 min at 30°C. Data are mean ± SE (n = 4). 
Inset shows SDS-PAGE of purified proteins (2 µg). B. Catalytic signature motifs of 
Arabidopsis DSPs and LSF1 orthologs. Height of amino acid letters represents residue 
frequency within the HCX5R motif for each group of plant DSP proteins. Sequence logos 
were generated using WebLogo248. Accession numbers of proteins used for logos are given in 
Table A.3. C. Phosphatase activity of SEX4 H197T compared to wild-type SEX4. 
Experimental setup was as in (A). Data are mean ± SE (n = 3). Refer to Figure 3.2 for full-
length SDS-PAGE gels of purified SEX4 proteins. 
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techniques including zymograms (see below), size-exclusion chromatography, co-

immunoprecipitation, and mass spectrometry. In addition, the isolated BAM1/LSF1 complex 

from Arabidopsis had amylolytic activity but cannot release phosphate from starch alone257, 

reiterating that the endogenous LSF1 lacks phosphoglucan phosphatase activity. Based on 

these observations, research efforts were directed towards characterizing the PDZ domain of 

LSF1 as a possible interaction surface for these protein complexes. 

LSF1 is the only known plant phosphatase to contain a PDZ domain, comprising of 

92 amino acids (75-167 residues of LSF1) at the N-terminal of the mature chloroplastic 

protein. Alignment of this domain with PDZs from the prototypical human PSD95 and 

various Arabidopsis proteins indicates LSF1 does possess the carboxylate-binding loop 

(P85LGI88 of the consensus motif XϕGϕ, where ϕ is a hydrophobic) despite the low sequence 

conservation among these domains (Fig. 2.8A). PDZs are known to have divergent primary 

sequence; yet, share a common fold – even for tandem PDZ domains within the same 

protein258. This variability in protein sequence may explain how PDZ domains have adapted 

their specificity (through residue mutations) towards new interactors and protein networks 

throughout evolution, while still maintaining established protein complexes.  

Insight into the tertiary structure of the PDZ domain of LSF1 was investigated using a 

homology model generated from the protein structure predictor PHYRE251 (Fig. 2.8B). 

Generally, PDZs are globular domains with two α-helices (αA and αB) that flank two 

overlapping β-sheets comprised of 5-6 β-strands (βA-βF)217. The C-terminus – or an internal 

peptide sequence259-261 – of protein interactors binds an extended groove between βB and αB, 

often forming a β-strand to extend the pre-existing β-sheet262 (as shown in Fig. 2.8B). The 

putative PDZ model for LSF1 follows this structural template; however, only 4 β-strands are 

predicted and the helix αB is split due to a structural bend (Fig. 2.8B). The carboxylate-

binding loop is also positioned correctly between βA and βB. Residues in this loop are key 

determinants for the affinity of the protein interactor, as they bind the polypeptide directly263. 

Furthermore, the PDZ domain of LSF1 (LSF1-PDZ) purified from E. coli forms dimers in 

aqueous solution when separated on size-exclusion chromatography (Fig. 2.9), suggesting 

this PDZ domain can fold properly and interact with (at least) itself. Altogether, these
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Figure 2.8. Structural properties of the PDZ domain of LSF1. 
A. Alignment of various Arabidopsis PDZs. The carboxylate-binding loop sequence 
(XϕGϕ, where ϕ is a hydrophobic residue) is denoted in red.  The 3 prototypical PDZs of 
human PSD95 serve as reference sequences. Secondary structure prediction from homology 
model in (B) is represented above alignment as α-helices (blue cylinders) and β-sheets (green 
arrows). All protein accessions are listed in Table A.4. B. Homology model. Putative 
tertiary structure of the PDZ domain was constructed using the structure prediction 
webserver PHYRE2251. Plausible interaction between the PDZ and protein interactor is 
shown (dotted arrow), where the C-terminus (or an internal loop region) forms a β-strand to 
extend the pre-existing β-sheet of the PDZ. 
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results suggest the PDZ domain of LSF1 might function in protein-protein interactions in 

vivo. 

The LSF1/BAM1 complex was first discovered from leaf extract mixing experiments 

using (non-denaturing) native zymograms (N-PAGE) co-polymerized with potato 

amylopectin257. Use of these zymograms has several advantages: (1) Proteins (and 

multiprotein complexes) remain in native conformation and active; (2) Carbohydrate-binding 

proteins (such as those possessing a CBM domain) migrate slower – increasing separation 

from proteins that are not involved in starch metabolism; (3) Migration of amylases (e.g., 

BAM1) can be visualized after electrophoresis by staining zymograms to highlight sections 

of hydrolyzed amylopectin from amylase activity. Leaf extracts from wild-type Arabidopsis 

have four prominent amylase activity regions on N-PAGE zymograms (migration from top to 

 
 
 

 
Figure 2.9. Size-exclusion chromatography of LSF1-PDZ. 
Protein standards (Peaks 1-4) were used to calibrate the Superdex™ 75 size-exclusion column 
for estimating the relative size of LSF1-PDZ (Peak 5). The resulting calibration curve (top 
right) was modeled for the linear regression between the average partition constant (Kav) and 
logarithm from the relative molecular weight [log(Mr)] to calculate the Mr of LSF1-PDZ. 
Representative chromatogram is shown of triplicate experiments. 
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bottom)257: isoamylase (ISA), BAM1 (upper), BAM1 smear (lower), BAM5 (see Figure 

2.10A). Both BAM1 regions are absent in bam1 mutant extracts; however, the upper BAM1 

band is missing in lsf1 mutants extracts (Fig. 2.10A). This upper band can be reconstituted 

when bam1 and lsf1 extracts are mixed together, suggesting LSF1 and BAM1 

form a protein complex257. To address whether the PDZ domain of LSF1 is involved in the 

LSF1/BAM1 complex, I incubated increasing amounts of LSF1-PDZ (0.1-10 µg) with either 

bam1 or lsf1 extracts prior to mixing in the other mutant extract. Regardless of the starting 

extract, intensity of the amylase activity band was reduced with increasing LSF1-PDZ (Fig. 

2.10A), suggesting the PDZ domain can prevent the association of LSF1 and BAM1. 

Furthermore, BAM1 is enriched in the lower smear of the N-PAGE, and the emergence of a 

band from extracts mixed with 10 µg LSF1-PDZ is presumed to be another (monomeric) 

form of BAM1 (see immunoblot in Fig. 2.10A). Note this band cannot be non-specific 

binding of LSF1-PDZ since its pI of 9.4 prevents entry into the N-PAGE. Pre-incubation of 

extracts with Δ281-LSF1 did not disrupt the LSF1/BAM1 complex (Fig. 2.10B), reiterating 

the prerequisite of the PDZ domain for protein-protein association. Unexpectedly, LSF1-PDZ 

could not disrupt the LSF1/BAM1 complex from wild-type extracts – even at 10 µg (Fig. 

2.10C). Perhaps the LSF1/BAM1 complex is stable or has reduced affinity for LSF1-PDZ 

once the complex is formed and cannot be disassembled. 

Direct interaction of the PDZ domain of LSF1 with BAM1 (and BAM3) was 

examined using size-exclusion chromatography and binary pull-down assays in vitro. In the 

former method, I mixed various molar ratios of LSF1-PDZ with each BAM expecting a new 

peak to form earlier in elution, indicating an interaction between LSF1-PDZ and the BAM. 

Samples of individual proteins had equivalent elution peak profiles to mixed samples 

(regardless of molar ratio) and no earlier elution peak was detected (Fig. 2.11), suggesting 

that no stable interaction between LSF1-PDZ and BAMs was formed. To rule out possible 

dilution effects from size-exclusion chromatography, binary pull-down assays were 

performed between BAMs and GST:PDZ (since LSF1-PDZ and BAMs were both HIS6-
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Figure 2.10. LSF1-PDZ disruption of LSF1/BAM1 complex. 
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tagged). Equal amounts of each protein (150 ng) were mixed and incubated with either Ni-

NTA agarose (HIS6:BAM pull-down) or glutathione (GSH)-Sepharose™ (GST:PDZ pull-

down) for reciprocal interactions. For both BAM experiments, GST:PDZ bound to GSH-

Sepharose™ but also non-specifically to Ni-NTA agarose (even at 500 mM NaCl, 0.5% NP-

40) (Fig. 2.12), making the results ambiguous on whether each BAM interacts with the PDZ 

domain of LSF1. Both BAMs did not bind GSH-Sepharose™ alone (Fig. 2.12), and only 

BAM1 had trace enrichment when incubated with GST:PDZ (Fig. 2.12A). Altogether, these 

biochemical studies indicate that if an interaction between the PDZ domain of LSF1 and 

BAMs occurs in vivo, these in vitro experiments do not support this mechanism. 

 

2.4 Discussion 

2.4.1 LSF1 is an inactive phosphatase in starch degradation 

Reversible glucan phosphorylation at the granule surface is essential for the proper 

breakdown of leaf starch at night. Dephosphorylation of amylopectin is mediated by the 

phosphoglucan phosphatases SEX4 and LSF2; however, the function of the third member 

(LSF1) has remained unknown. The chloroplastic LSF1 is necessary for normal rates of 

starch degradation, since lsf1 mutants accumulate starch at the end of night17 (Fig. 2.6D). 

 

 
 
Figure 2.10 (continued) 
A. Competition assay of LSF1/BAM1 complex by LSF1-PDZ. Leaf extracts (30 µg per 
line) were resolved on 6% native (N)-PAGE zymograms containing 0.2% potato 
amylopectin, and gels were visualized for amylase activity with Lugol solution or 
immunoblotted for BAM1 protein. Mixtures of lsf1 and bam1 mutant extracts re-constitute 
LSF1/BAM1 complex found in wild-type (WT) plants (as denoted by upper BAM1 activity).  
Recombinant LSF1-PDZ (0.1-10 µg) was then added to either lsf1 or bam1 extracts for 30 
min prior to the addition of the other extract for the competition assay. Designation of 
enzymes to regions of amylase activity was previously defined in Umhang et al.257. ECL, 
enhanced chemiluminescence. Ponceau S stain represents sample loading. B. Δ281-LSF1 
effect on LSF1/BAM1 complex. Extracts of lsf1 were incubated with buffer, LSF1-PDZ, or 
Δ281-LSF1 prior to bam1 extracts and compared with WT for formation of LSF1/BAM1 
complex (as denoted by upper BAM1 activity). Zymograms were prepared as in (A). C. 
LSF1-PDZ effect on LSF1/BAM1 complex in WT. LSF1-PDZ was incubated with WT 
extracts and zymograms prepared as in (A). RuBisCO, ribulose-1,5-bisphosphate carboxylase 
oxygenase. 
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Intriguingly, this protein lacks intrinsic phosphatase activity and likely functions as a scaffold  

to target BAM1 and BAM3 (which lack CBMs) to the granule surface for amylolysis and 

maltose release. This function for LSF1 is supported by the 4-fold reduction of maltose levels 

in lsf1 leaves from wild-type, and the similar sex phenotype between the bam1/bam3/lsf1 

triple mutant and the bam1/bam3 double mutant257. Interactions between BAMs and LSF1 

 
Figure 2.11. Size exclusion of LSF-PDZ with BAMs. 
A. BAM1. Purified BAM1 (75 µg), LSF1-PDZ (75 µg) or mixed molar ratios of both (with 
BAM1 always at 75 µg) were incubated for 20 min and then loaded onto a Superose® 12 HR 
size-exclusion column. Peak tables list BAM1:LSF1-PDZ molar ratios with each elution 
volume for BAM1 (left) and LSF1-PDZ (right). Peak analysis was calculated using 
UNICORN software.  B. BAM3. Samples were prepared as in (A) but with BAM3 instead of 
BAM1. 
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are postulated to occur via the PDZ domain of LSF1; yet, such direct evidence remains to be 

shown. Nonetheless, the novel role of LSF1 further revises the mechanism of leaf starch 

remobilization to now include protein complexes at the granule surface (Fig. 2.13). 

Characterization of LSF1, LSF2, and SEX4 from Arabidopsis provides perspective on 

how these proteins relate to each other in the context of starch degradation. Null mutants of 

SEX4 are the only plants with noticeable growth retardation115,148, whereas lsf1 and lsf2 

mutants are indistinguishable from wild-type17  (Fig. 2.6D). These results indicate that SEX4 

has a greater overall impact on plant metabolism (which might extend beyond starch 

degradation) than the other phosphoglucan phosphatases. Leaf starch content at the end of 

 
Figure 2.12. Binary protein pull-downs of GST:PDZ and BAMs. 
A. BAM1 pull-down. Samples of 150 ng BAM1, 150 ng GST:PDZ, or both were pre-mixed 
for 20 min, and then incubated with Ni-NTA agarose or glutathione (GSH) Sepharose™ for 
20 min. Resin was washed four times and then boiled in 2× SDS-PAGE loading buffer for 3 
min. Samples were resolved on SDS-PAGE, blotted and probed with either anti-BAM1 
(1:500) or anti-LSF1 (2 µg mL-1). B. BAM3 pull-down. Samples were prepared as in (A) but 
with BAM3 instead of BAM1. Blots were probed with either anti-BAM3 (2 µg mL-1) or anti-
LSF1 (2 µg mL-1). ECL, enhanced chemiluminescence. 
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night is the highest in sex4 mutants (~2.5-fold more than wild-type), moderate in lsf1 mutants 

(2-fold)17, but normal in lsf2 mutants17,128. This lack of starch accumulation in lsf2 mutants, 

but the synergistic sex phenotype in lsf2/sex4 double mutants (3.5-fold more starch than wild-

type)128, suggests LSF2 is only needed during starch breakdown when SEX4 is

absent. Moreover, SEX4 can liberate phosphate from both the C3- and C6-position of 

amylopectin, making the C3-position dephosphorylation by LSF2 functionally redundant to 

SEX4ref. 149,128,150. The function of LSF1 is more crucial than LSF2, given that lsf1 mutants 

amass starch and lsf1/sex4 double mutants have a more severe sex phenotype than lsf2/sex4. 

The absence of LSF1 from all algal sequence datasets also suggests that green plants have 

evolved an alternative form of regulation in carbohydrate metabolism for LSF1 – perhaps to 

redistribute proteins in the chloroplast stroma. Based on this plant physiology data, the 

importance of phosphoglucan phosphatases for function in leaf starch breakdown would be 

SEX4, LSF1, and then LSF2. Future research still needs to address the affect of the 

lsf1/lsf2/sex4 triple mutant on starch degradation and if these plants are even viable. 

 

 
 
 

 
Figure 2.13. Revised mechanism for reversible glucan phosphorylation during starch 

degradation at night. 
Leaf starch is phosphorylated by the dikinases α-glucan, water dikinase (GWD) and 
phosphoglucan, water dikinase (PWD) to disrupt the packing of amylopectin. Phosphatases 
starch excess 4 (SEX4) and like-SEX4 2 (LSF2) then remove these phosphates to allow the 
exoamylase β-amylase 1 (BAM1) and BAM3 to release maltose into the chloroplast stroma. 
LSF1 shuttles BAMs (and possibly others) to granule surface to coordinate 
rembolization.  Debranching enzymes isoamylase 3 (ISA3) and limit dextrinase (LDA) and 
the endoamylase α-amylase 3 (AMY3) cleave the remaining branch points of amylopectin to 
release linear and branched malto-oligosaccharides. 
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The discovery of LSF1 as an inactive phosphatase was an unexpected result since the 

protein contains the essential residues required for catalysis. Dephosphorylation by PTPs 

(which includes DSPs) involves two-steps201-203 (Fig 1.6): (1) Cysteinyl-phosphate 

intermediate is formed after nucleophilic attack by the thiolate ion of the cysteine and 

stabilized by the arginine of the signature motif HCX5R. Transfer of the phosphate is 

promoted through general acid chemistry by an aspartic acid (~30 residues N-terminal of this 

motif) and the electrostatic interaction by the adjacent histidine; (2) Phosphate is released 

after hydrolysis by the glutamine and aforementioned aspartate. Most inactive phosphatases 

(or pseudophosphatases) retain the structural fold of PTPs, but are missing residues required 

for catalysis200. For example, the catalytic cysteine of the mammalian 

serine/threonine/tyrosine interacting protein (STYX) phosphatase is replaced with a glycine, 

rendering the protein inactive264,265. Reverting this glycine back to cysteine confers 

phosphatase activity265; suggesting the endogenous STYX can still recognize phosphorylated 

substrates, but cannot perform catalysis. Similar results were reported for the 

pseudophosphatase MK-STYX protein – replacing residues in the signature motif 

F245STQGISR252 to the canonical HCTQGISR also restored activity266. Interestingly, LSF1 

possesses the catalytic cysteine and arginine (T389CTTGFDR395), as well as several upstream 

aspartates (Asp347, Asp349, Asp352) (Fig. 2.5A), suggesting the core catalytic residues do exist. 

Presence of the threonine in the catalytic motif of LSF1 instead of histidine might affect 

activity256, but replacement of the histidine with threonine in the homologue SEX4 reduced 

but did not completely abolish phosphatase function (Fig. 2.7C). These results suggest that 

LSF1 should theoretically have some activity. Perhaps this inactivity is from the lack of 

accessory residues and/or their spatial positioning in the active site cleft that prevents 

substrate recognition of phosphorylated ligands. Such mutations or misfolding of the LSF1 

active site might go uncorrected throughout plant evolution if the primary function of the 

protein was not phosphatase activity, but rather protein-protein scaffolding. Indeed, the 

rescue of the sex phenotype of lsf1 mutants by the phosphatase-dead C390S protein provides 

evidence that phosphatase activity is not required for LSF1 function. 

LSF1 is not the only inactive enzyme found in starch metabolism. The debranching 

isoamylase 2 (ISA2) involved in amylopectin synthesis has no activity, and forms 

heterodimers with the functional ISA1 in plastids of tubers and leaves103,104. This ISA1/ISA2 
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complex controls the amount of active ISA1 homodimers formed – directly affecting the 

available debranching activity in the stroma. The exoamylase BAM4 is also inactive, lacking 

one of the glutamic acids required for catalysis122. Like lsf1 mutants, bam4 mutants are also 

impaired in starch degradation, and have synergistic sex phenotypes with combinatory 

mutations of BAM1 and BAM3. BAM4 is therefore required for proper starch degradation 

despite being inactive. These two examples indicate that inactive enzymes in starch 

metabolism are not unusual, and suggest LSF1 is a regulator of other starch degradative 

enzymes at the granule surface. Moreover, several recent examples indicate that inactive 

proteins (e.g., human pseudokinases, plant myotubularins phosphatases) have vital roles in 

signal transduction pathways throughout eukaryotes267,268. 

 

2.4.2 Importance of the PDZ domain in LSF1 function 

PDZ domains mediate protein-protein interactions to organize intricate protein 

networks in eukaryotes217,222,223. The PDZ domain in LSF1 (although divergent) was 

expected to directly associate with starch degradative enzymes (e.g., BAM1 and BAM3) at 

the starch granule257. LSF1 has several features that are characteristic for PDZ-containing 

proteins: (1) LSF1 has no intrinsic phosphatase activity, suggesting this conserved protein 

would have a non-enzymatic role; (2) LSF1 interacts with BAM1 and BAM3 (and possibly 

other enzymes) involved in starch degradation257. These interactions would coordinate the 

crowded granule surface among the 11 different proteins (Fig. 2.13); (3) The PDZ domain of 

LSF1 is positioned at the N-terminus of the mature LSF1 protein, preceding an unstructured 

region prior to the DSP domain. This region would act as a flexible loop (i.e., lasso) for the 

starch-bound LSF117 to grab proteins with the PDZ domain and direct them to the starch 

granule. Such protein complexes might explain how the inactive LSF1 was identified in 

column fraction that released phosphate from amylopectin146. Perhaps another 

dephosphorylating enzyme was present in this mixture that was bound to LSF1 (although no 

other phosphoglucan phosphatase was identified). 

Evidence for the dimerization of the recombinant LSF1-PDZ protein also suggest 

LSF1 may form dimers in vivo. Dimers of PDZ domains are common (especially 

heterodimers among tandem PDZs), and these interactions often aid in the protein folding217. 

Recently, a novel dimer fold was identified where homodimers of the second PDZ domain of 
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ZO-1 form through symmetrical domain swapping of β-strands, revealing an interaction 

surface that was otherwise occluded269-272. If dimerization occurs for LSF1, how this would 

affect protein-protein interactions is not known. Pre-incubation of leaf extracts from bam1 or 

lsf1 mutants with LSF1-PDZ prevented the reassembly of the LSF1/BAM1 complex (Fig 

2.10A), suggesting the PDZ domain of LSF1 is somehow involved. Perhaps the PDZ domain 

(dimer) is binding to the region of BAM1 that interacts with LSF1 and this inhibits 

reassembly. Unfortunately, the interaction between LSF1-PDZ and BAM1 could not be 

demonstrated in vitro (Fig. 2.11; Fig. 2.12). Alternatively, the LSF1-PDZ might bind to 

LSF1 in bam1 extracts and this dimerization blocks the interaction surface for LSF1 

interactors. In this scenario, the dimerization of LSF1-PDZ may simply be an artifact of the 

isolated recombinant domain – assembling together to occlude both binding clefts. Lastly, an 

intermediate protein may exist between LSF1 and BAM1 (and BAM3) within this protein 

complex. LSF1-PDZ could have bound this intermediate protein and created a separate 

complex that did not associate with endogenous LSF1 nor have detectable amylase activity 

on N-PAGE (Fig. 2.10). The last scenario would explain the inability to show an interaction 

between the BAMs and LSF1-PDZ, and is also supported by the additional proteins 

identified from the original protein complexes isolated from leaf tissue257. 

 Verifying an interaction between the PDZ domain of LSF1 and BAMs was attempted 

using size-exclusion chromatography and binary pull-downs. These experiments used 

parameters that resembled in vivo conditions; yet, admittedly, I did not analyze all 

parameters. Additional experiments could alter the pH [low (pH 5) or high (pH 9)], salt 

concentration (>500 mM), detergent concentration (>0.1% NP-40), temperature (37°C), 

and/or add accessory chemicals (such as metal ions). The pull-down experiments were also 

plagued with non-specific binding of GST:PDZ to the affinity chromatography resin (Fig. 

2.12). Alas, without any evidence that even a weak (transient) interaction occurred, 

increasing the stringency of the buffer would likely decrease interactions. Given the results, 

perhaps these interactions cannot form due to the requirement of post-translational 

modification (e.g., phosphorylation), the dimerization of the recombinant LSF1-PDZ to 

itself, or the missing protein that links (the PDZ domain of) LSF1 with BAMs. The latter 

rationale would suggest LSF1 forms a larger complex than originally envisioned, and 

multiple enzymes might coordinate starch degradation through protein interactions.  
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Chapter 3. Insight into the redox regulation of the phosphoglucan 
phosphatase SEX4 involved in starch degradation 

3.1 Introduction 

Starch excess 4 (SEX4; EC 3.1.3.48) is an essential phosphatase in the 

dephosphorylation of starch during starch breakdown (Fig. 2.13). SEX4 binds and releases 

phosphate from the C3- and C6-position of amylopectin to function as a phosphoglucan 

phosphatase128,149,150. Loss-of-function plants amass 2.5-fold more starch than wild-type 

plants at the end of night67,115. Moreover, sex4 mutants accumulate phospho-

oligosaccharides149, suggesting these plants have a decreased pool of hydrolyzable starch that 

results in stunted growth and delayed flowering115,148. Outside of the Kingdom Plantae, an 

analogous phosphatase named laforin controls the phosphorylation state of glycogen161. 

Mutations in the laforin gene (EPM2A) cause the fatal neurodegenerative disorder Lafora 

disease, in which patients accumulate hyper-phosphorylated glycogen inclusion bodies161,165. 

If laforin is chloroplast-localized in sex4 plants then normal starch levels are restored, 

indicating these phosphatases are functional equivalents168. The presence of SEX4 and 

laforin among species with differing evolutionary lineages argues that reversible 

phosphorylation of glucans spans multiple Kingdoms to regulate carbohydrate metabolism167. 

SEX4 belongs to the dual-specificity phosphatase (DSP) family of the protein 

tyrosine phosphatase (PTP) superfamily175. Together with two other DSPs involved in starch 

degradation – the like-SEX4 1 (LSF1; see Chapter 2)17 and the C3-position-specific LSF2128 

– they constitute the phosphoglucan phosphatase clade of DSPs in Arabidopsis (Arabidopsis 

thaliana). Furthermore, SEX4 and LSF1 are the only plant phosphatases that contain a 

carbohydrate-binding module212 (Fig. 1.5). This domain has numerous interactions with the 

phosphatase domain in SEX4, which forms a wide 21 Å active site to accommodate the long 

phosphoglucan polymer210. This structural architecture may also regulate SEX4 activity by 

occluding the active site in the absence of glucan binding216.  

PTPs possess the signature motif HCX5R at the active site, whereby the invariant 

catalytic cysteine forms a cysteinyl-phosphate intermediate203,273. This cysteine exists as a 

thiolate anion even at neutral pH (pKa 4.7-5.7)274, making PTPs susceptible to oxidation201. 

Initial oxidation rapidly converts the thiolate (‒S-) to sulphenic acid (‒SOH), rendering the 
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protein inactive275. PTPs protect this cysteine through reversible oxidation by forming a 

disulfide bond (with a nearby cysteine) or a sulphenyl-amide bond (with the protein 

backbone), which is then reduced back to the thiolate ion276,277. These structural 

rearrangements prevent the cysteine from becoming irreversibly oxidized into sulphinic acid 

(‒SO2H) and sulphonic acid (‒SO3H)278. Reversible oxidation of PTPs also serves as a 

regulatory mechanism for activity. For instance, certain mammalian PTPs are inactivated by 

oxidation during hormonal induction to perpetuate phosphorylation-dependent signal 

transduction by protein kinase receptors276. Activity of phosphatase and tensin homolog 

(PTEN) is also modulated under redox conditions to adjust intracellular levels of the 3’-

phosphorylated phosphoinositides to regulate cell growth and survival279. To date, AtPTP1 

from Arabidopsis is the only plant PTP shown to undergo reversible oxidation280,281. 

Evidence for redox regulation of PTPs/DSPs suggests SEX4 could also participate in 

reversible oxidation to control its phosphatase activity. Sokolov et al.151 showed SEX4 is 

inactivated by oxidation; however, the mechanism of reversible oxidation was never 

explored. I show that SEX4 phosphatase activity can be modulated between reduced (active) 

and oxidized (inactive) states much like other PTPs. Oxidation of SEX4 promotes the 

formation of a disulfide linkage between the catalytic cysteine 198 (Cys198) and Cys130 

within the phosphatase domain, and mutation of the latter residue renders SEX4 redox-

impaired. Not only does this disulfide bridge protect Cys198 from irreversible oxidation, 

these results provide the first biochemical evidence for the redox-dependent structural switch 

that regulates SEX4 activity. 

 

3.2 Materials and Methods 

3.2.1 Cloning and Expression of SEX4 

SEX4 (At3g52180) lacking the N-terminal chloroplast transit peptide (residues 54-

379)148,212 was amplified from the full-length cDNA clone U14967 from the Arabidopsis 

Biological Resource Center (Columbus, OH, USA). Polymerase chain reaction (PCR) was 

performed using PfuUltra™ II Fusion HS DNA polymerase (Stratagene, Mississauga, ON, 

CAN) with the parameters of 95°C/2m, (95°C/20s, 56°C/20s, 72°C/30s)30, 72°C/3m (Primers 

listed in Table B.1). The PCR product was cloned into pET101/D/TOPO using
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Directional TOPO® cloning (Invitrogen, Burlington, ON, CAN). SEX4 sequence was 

terminated with a stop codon and proteins were purified as described below (Fig. 3.1). Point 

mutation C130S of SEX4 was generated using QuikChange® II Site-Directed Mutagenesis 

kit (Stratagene) according to manufacturer’s instructions (Tbl. B.1).  

 Recombinant proteins were expressed in the Escherichia coli strain BL21 Star™ 

(Invitrogen) and grown to an OD600 of ~0.4 at 37°C before being induced for 4 h at 22°C 

with 0.5 mM isopropyl-β-D-thiogalactopyranoside (BioShop, Burlington, ON, CAN). 

Cultures were grown in the presence of 2% (w/v) glucose to repress the endogenous pck gene 

encoding the co-purified contaminant phosphoenolpyruvate carboxykinase (PEPCK)282 (Fig. 

3.2A). Cells were harvested by centrifugation (4000 × g; 10 min at 4°C), resuspended in lysis 

buffer [50 mM tris(hydroxymethyl)aminomethane (TRIS)-HCl (pH 7.4), 1 mM 

ethylenedinitrilotetraacetic acid (EDTA), 1 mM ethylene glycol tetraacetic acid (EGTA), 5% 

(v/v) glycerol, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM benzamidine], 

disrupted by cell press (1000 psi; 3 passes) and clarified by centrifugation (100000 × g; 35 

min at 4°C). Supernatant had 2 mM dithiothreitol (DTT) added prior to being loaded onto an 

Q-Sepharose™ anion-exchange column (GE Healthcare, Mississauga, ON, CAN) of 25 mL 

bed volume. Proteins were eluted using 0-200 mM NaCl gradient over 15 vol. at 3 mL min-1 

using an ÄKTA fast protein liquid chromatography system (GE Healthcare) (Fig. 3.1A). 

Fractions (5 mL) were resolved by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and those containing SEX4 were pooled, concentrated (200 µL) 

and separated using a Superdex™ 75 size-exclusion pre-packed column (GE Healthcare) of 

120 mL bed volume at 1 mL min-1 with 25 mM TRIS-HCl (pH 7.4), 200 mM NaCl, 1 mM 

EDTA, 1 mM EGTA, 1 mM DTT and 5% (v/v) glycerol (Fig. 3.1B). Fractions containing 

pure SEX4 (1 mL) were pooled, concentrated, flash-frozen and stored at -80°C (Fig. 3.2A). 

 

3.2.2 Phosphatase Activity Assays 

Phosphatase assays measured in vitro enzyme activity for the hydrolysis of p-

nitrophenyl phosphate (pNPP) and dephosphorylation of solubilized potato amylopectin. 

Kinetic parameters of SEX4/C130S for pNPP were calculated with GraphPad Prism v5.0a 

(La Jolla, CA, USA) to illustrate these enzymes are operating at Vmax (Tbl. 3.1; Fig. 3.3). For 

inactivation assays, purified SEX4/C130S was incubated with 10 mM DTT for 10 min, and 
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Figure 3.1. Purification of recombinant SEX4. 
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buffer-exchanged into pNPP buffer [100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES; pH 7.0), 150 mM NaCl, 1 mM EDTA] using an Amicon® Ultra Centrifugal 

Filter (Millipore, Billerica, MA, USA). Reduced SEX4 (100 ng) and C130S (200 ng) was 

exposed to various concentrations of hydrogen peroxide (H2O2) for 10 min. Sample was then 

incubated with 4 mM pNPP (BioShop) for 30 min at 30°C, stopped with 1 vol. of 2 M NaOH 

and measured for absorbance at 405 nm. Data were fitted to calculate half-maximal 

inhibitory concentration (IC50) using SigmaPlot v11 (Systat Software Inc., San Jose, USA). 

Reactivation assays used oxidized SEX4/C130S prepared by 10 min exposure to 50 µM 

H2O2. Following buffer-exchange into pNPP buffer, oxidized SEX4/C130S was incubated 

with various concentrations of either DTT or tris(2-carboxyethyl)phosphine (TCEP; Gold 

Biotechnology, St. Louis, MO, USA) for 10 min. Reactions were then mixed with 5 mM 

pNPP for 20 min at 30°C, neutralized and measured for absorbance. Recovery of activity was 

relative to non-oxidized SEX4. 

Malachite green assays were performed using a modified protocol from Worby et 

al.209 to reduce precipitation of the phosphomolybdate-malachite green complex. Samples of 

20 µL contained 50 ng reduced or oxidized SEX4 (SEX4rd/SEX4ox) and ~45 µg solubilized 

potato amylopectin (Fluka, Oakville, ON, CAN) in buffer [50 mM HEPES (pH 7.0), 100 mM 

NaCl] with or without 10 mM DTT. Reactions were incubated for 10 min at 30°C, stopped 

with 1 vol. of 0.1 M N-ethylmaleimide (NEM; Sigma-Aldrich, Oakville, ON, CAN), and 

visualized with 4 vol. of malachite green reagent [1.25% (w/v) (NH4)6Mo7O24 (Sigma-

Aldrich), 0.15% (w/v) malachite green (Sigma-Aldrich) in 1 M HCl] for 5 min. Absorbance

 
 
 
Figure 3.1. (continued) 
A. Anion-exchange chromatography. Supernatant from clarified E. coli lysate was 
separated on an Q-Sepharose™ column using 0-200 mM NaCl gradient over 15 column 
volumes (CVs), followed by 200-500 mM NaCl over 5 CVs. Selected fractions were 
visualized by SDS-PAGE and SEX4-containing fractions were pooled. SEX4 and the 
endogenous co-purified contaminant PEPCK are denoted as an arrowhead and asterisk, 
respectively (see Figure 3.2A). L, lysate; S/N, supernatant; F/T, flow-through. B. Size-
exclusion chromatography. Pooled SEX4 fractions were concentrated and resolved on a 
Superdex™ 75 column. SEX4-enriched fractions were collected and stored for enzymatic 
assays. Representative purification of SEX4 is shown and all purified SEX4 variants (e.g., 
C130S and H197T) had equivalent results (see Figure 3.2). 
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was measured at 620 nm and the amount of released inorganic phosphate was determined 

from a standard curve of K2HPO4. 

NEM inactivation assays were performed by treating 1 µg SEX4rd (as prepared 

above) with or without 40 mM NEM for 2 h, and buffer exchange into pNPP buffer. Samples 

were incubated with 5 mM pNPP for 20 min at 30°C, and measured for absorbance. 

Reactivation of NEM-treated SEX4 was tested using 10 mM DTT for 10 min. Phosphatase 

activity was relative to SEX4rd. 

 

3.2.3 Plant Material and Growth Conditions 

Seeds of wild-type Arabidopsis (ecotype Columbia) were surface-sterilized in 0.525% 

(v/v) NaOCl (Clorox® Bleach) and 0.2% (w/v) SDS, rinsed in deionized water, and spotted 

onto 0.5× Murashige-Skoog plates [0.221% (w/v) Murashige-Skoog (pH 5.7; 

PhytoTechnology Laboratories, Shawnee Mission, KS, USA), 2% (w/v) sucrose, 0.8% (w/v) 

agar]. Seeds were stratified for 3-4 d at 4°C in the dark for uniform germination, and then

 
Figure 3.2. Recombinant SEX4 variants 
Ten micrograms of purified SEX4 (A), C130S (B) and H197T (C) from E. coli (denoted with 
arrowhead) used in enzymatic assays. Cultures were grown in the presence of 2% (w/v) 
glucose to reduce protein expression of the endogenous co-purified contaminant PEPCK 
(asterisk), as illustrated in (A). Proteins were stained with Coomassie colloidal. 
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transferred to continuous light for 1-2 wk at 22°C till seedlings formed true leaves. 

Developed seedlings were transplanted to soil presoaked with 1 g L-1 Plant-Prod® 20-20-20 

Fertilizer (Plant Products Co. Ltd., Brampton, ON, CAN), covered with translucent plastic 

lids (i.e., humidity control). Plants were grown in an Econoaire GC-50-BH growth chamber  

(Enconaire Systems Ltd., Winnipeg, MB, Canada) with day/night temperatures of 22/18°C 

(12/12 h), fertilized weekly, and plastic lids were removed after 1 wk once roots established. 

Rosettes were harvested 3 wk after transplanting (4-wk-old plants), rinsed in deionized water, 

blotted dry, flash-frozen and immediately stored at -80°C. 

 

 
 

 
Figure 3.3. Michaelis-Menten plot of SEX4/C130S activity towards pNPP. 
Initial velocity rates for pNPP hydrolysis were measured from phosphatase assays of SEX4 
(100 ng) or C130S (200 ng) with 0.5-10 mM pNPP in pNPP buffer (See Materials and 
Methods). Data are mean ± SE (n = 3). 

Table 3.1. Kinetic parameters of SEX4/C130S towards pNPP. 
Michaelis-Menten kinetic parameters were calculated from data in Figure 3.3 using 
GraphPad Prism v5.0a. Data are mean ± SE (n = 3).  

Protein Vmax (nmol min-1) Km (mM) kcat (s-1) 
    SEX4 0.73 ± 0.07 0.81 ± 0.19 7.34 ± 0.70 
C130S 0.73 ± 0.10 1.03 ± 0.06 3.67 ± 0.48 
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3.2.4 Endogenous SEX4 Immunoblots 

Leaf tissue from 4-wk-old Arabidopsis plants were homogenized in Plant Lysis buffer 

[50 mM HEPES (pH 7.2), 100 mM NaCl, 2mM EDTA, 0.05% (v/v) Triton™ X-100 (Sigma-

Aldrich), 5% (w/v) glycerol, 1 mM PMSF, 1 mM benzamidine], and soluble proteins were 

separated by centrifugation (4000 × g; 10 min at 4°C). Protein extracts were incubated with 

10 mM DTT or 0.1-1.0 mM H2O2 for 10 min, and 10 µg total protein from each sample was 

resolved using non-reducing SDS-PAGE (i.e., no β-mercaptoethanol in loading buffer). 

Oxidized samples were also mixed with loading buffer containing DTT to test for reversible 

oxidation of endogenous SEX4. NEM-treated extracts were prepared using Plant Lysis buffer 

containing 40 mM NEM. SDS-PAGE and immunoblots for SEX4 were performed as 

described in Section 2.2.5. 

 

3.2.5 Thioredoxin Reactivation Assays 

Specificity of thioredoxins (TRXs) for SEX4 was determined by measuring the 

activity of reactivated SEX4ox by various purified thioredoxins. Recombinant isoforms of the 

A. thaliana chloroplast TRX f1, m1, m3, m4, x, y1 were kindly provided by Emmanuelle 

Issakidis-Bourguet (CNRS, Orsay-Cedex, FRA) and purified as described previously283,284 

(Fig. 3.4A). Purified SEX4 was oxidized with 50 µM H2O2 for 10 min, and buffer-exchanged 

into pNPP buffer. Reactions of 200 µL contained 100 ng SEX4, 5 mM pNPP, 10 mM DTT or 

10 µM TRX with 0.2 mM DTT (for recycling pool of reduced TRX). Control assays lacking 

TRX or TRX and DTT were used to show SEX4ox remained inactive. Samples were 

measured for absorbance at 410 nm every 45 s for 1 h at 30°C using a GENios Microplate 

Reader (TECAN, San Jose, CA, USA). Rates were derived from the slope of the linear 

region of each reactivation curve (Fig. 3.4B). In addition, recovery of SEX4 activity was 

quantified by incubating SEX4ox (100 ng) with each TRX or DTT for 20 min at 30°C. 

Measurements were relative to SEX4rd control. 

 

3.2.6 Analysis of Disulfide Linkage by Mass Spectrometry 

Purified SEX4 was dialyzed into 1× phosphate buffer saline and 0.1 mM EDTA, and 

then pre-treated with 10 mM DTT or 50 µg mL-1 spinach TRX m for SEX4rd and 0.5 mM
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Figure 3.4. Reactivation of SEX4 by chloroplastic TRXs. 
A. Recombinant TRXs. Five micrograms of each purified TRX protein used in SEX4 
reactivation experiments. B. SEX4 reactivation by TRXs. SEX4ox was incubated with either 
10 µM TRX, 10 mM DTT, 0.2 mM DTT (present in TRX reactions), or no reductant. 
Formation of p-nitrophenol from pNPP hydrolysis was measured at 410 nm every 45 s for 1 
h. Representative result of three experiments is shown. 
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H2O2 for 10 min for SEX4ox. Recombinant spinach TRX m was expressed and purified as 

described in Schurmann285. SEX4 was digested for 5 min using an immobilized-pepsin slurry 

(Pierce, Rockford, IL USA) in 200 mM glycine-hydrochloride (pH 2.3). SEX4 peptides were 

separated from the pepsin beads, and 15 µL of this supernatant was injected onto a microbore 

C18 reversed-phase chromatography column (assembled in-house, 7 cm height x 200 µm 

internal diameter) for analysis by liquid chromatography-mass spectrometry (LC-MS)/MS. 

Samples were loaded onto the column at 4 µL min-1, in 3% (v/v) acetonitrile, 0.02% (v/v) 

formic acid and 0.03% (v/v) trifluoroacetic acid. Peptides were then separated with a linear 

gradient of 5-90% (v/v) acetonitrile over 15 min. All peptides were sequenced using a 

recursive independent data acquisition approach with a QStar Pulsar i quadrupole time-of-

flight MS (MDS Sciex, Toronto, ON, CAN). Data were collected using Analyst QS v1.1 

(Applied Biosystems, Streetsville, ON, CAN). The resulting MS/MS spectra were searched 

against the SEX4 sequence using MASCOT v2.1286 with conventional identification criteria 

(i.e. mass tolerance ±0.5 u for MS and mass tolerance 0.8 u for MS/MS). This identified 67 

peptides resulting in 91% sequence coverage of SEX4, including all six cysteines. All 

matches were manually verified. To assess the presence of disulfides in SEX4, each cysteine-

containing peptide intensity was measured, and normalized to its nearest neighbouring non-

cysteine-containing peptide. The ratio of normalized intensity was then calculated by 

dividing the reduced sample by the oxidized sample. Mass spectrometry analysis was 

performed in collaboration with Leslie Silva and David Schriemer (University of Calgary, 

Calgary, AB, CAN). 

 

3.2.7 Protein Structures 

All protein structure data files were acquired from the Research Collaboratory for 

Structural Bioinformatics Protein Data Bank (PDB; http://www.pdb.org/pdb/)287. Structures 

were aligned using the HCX5R catalytic motif sequence, analyzed (distance measurement for 

disulfide cysteines), and exported with MacPyMOL v1.3r1 (http://www.pymol.org/). 
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3.2.8 Protein Sequence Alignments 

Orthologs of SEX4 (UniProt no. Q9FEB5) were retrieved using BLASTP244,245 against 

the Phylum Viridiplantea dataset at Phytozome (http://www.phytozome.com/)246 and Dana-

Farber Cancer Institute (http://compbio.dfci.harvard.edu/tgi/plant.html/)288. Protein sequences 

were cross-referenced to UniProt database (http://www.uniprot.com) when available. 

Sequences were aligned with MAFFT250 and edited with JalView247. 

 

3.3 Results 

3.3.1 Reversible Oxidation of SEX4 

Given that SEX4 activity is inhibited by oxidation151, I investigated whether SEX4 

could undergo reversible oxidation from an inactive, oxidized state (SEX4ox) to an active, 

reduced state (SEX4rd). I first confirmed that SEX4 could be inactivated by exposing SEX4rd 

to increasing concentrations of H2O2 and measuring phosphatase activity via pNPP 

hydrolysis. Activity of SEX4 was abolished at 50 µM H2O2 (Fig. 3.5A). SEX4ox was then 

incubated with chemical reductants DTT and TCEP to test if phosphatase activity could be 

restored. Both reactivated SEX4ox to almost 30% activity of SEX4rd, with TCEP recovering 

SEX4ox more readily at lower concentrations than DTT (Fig. 3.5B). Similar results were seen 

for SEX4-mediated release of inorganic phosphate from solubilized potato amylopectin using

the malachite green assay. SEX4ox had no detectable activity and DTT recovered SEX4ox to 

roughly 30% activity of SEX4rd (Fig. 3.5C). These results indicate recombinant SEX4 can 

switch between active and inactive forms by reversible oxidation in vitro. 

Whether endogenous SEX4 operates like the recombinant protein was investigated 

using reduced or oxidized leaf extracts of wild-type Arabidopsis. Proteins were resolved 

using non-reducing SDS-PAGE to separate reduced and oxidized forms, since the latter is 

often more compact from intramolecular disulfide bridges and migrates faster. Initial 

experiments found SEX4 in both extracts; however, SEX4 from oxidized samples had 

slanted migration in non-reducing SDS-PAGE (Fig. 3.6A). This banding pattern was 

linearized when reduced and oxidized samples were separated, indicating SEX4ox is sensitive 

to diffusion of in-gel reductants from neighbouring lanes when progressing through the gel. 

SEX4ox also migrates further and is detected less than SEX4rd (Fig 3.6A). Addition of DTT 



 

72 

to loading buffer of oxidized leaf extracts reverts the shifted SEX4ox back to SEX4rd – with 

equivalent intensity to the initial sample of SEX4rd. This indicates that the diminished 

detection of SEX4 in oxidized samples is not from protein degradation, but rather from 

decreased binding of anti-SEX4 due to conformational changes in the protein. The same leaf 

extracts were then homogenized in the presence of the alkylating agent NEM to deduce if the

 

 
Figure 3.5. Modulation of SEX4 phosphatase activity.  
A. Inactivation. Recombinant SEX4 was exposed to H2O2 for 10 min prior to pNPP 
phosphatase assay. Activity was relative to SEX4 with no oxidant. B. Reactivation. 
Recombinant SEX4 was oxidized with 50 µM H2O2 for 10 min, buffer-exchanged and then 
exposed to increasing concentrations of either DTT or TCEP for 10 min. Reactivation was 
relative to SEX4rd. C. Amylopectin dephosphorylation. Recombinant SEX4rd or SEX4ox 
(with or without DTT) was incubated with solubilized potato amylopectin for 10 min, 
stopped with NEM and mixed with malachite green reagent. Data are mean ± SE (n = 3). 
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Figure 3.6. Evidence for redox states of endogenous SEX4. 
A. Endogenous SEX4rd and SEX4ox. Leaf extracts of Arabidopsis were incubated with 10 
mM DTT or various concentrations of H2O2 for 10 min, separated on non-reducing SDS-
PAGE, and immunoblotted for SEX4. Oxidized samples was also mixed with DTT-
containing loading buffer (H2O2 + DTT). Separation of samples with reductant (DTT) and 
oxidant (H2O2) changed in-gel banding pattern of SEX4 from slanted to linear (see lower 
immunoblots). B. NEM inactivation. NEM reacts with sulfhydryl groups (i.e., reduced 
cysteines) between pH 6.5-7.5 to form an irreversible thioether bond. Recombinant SEX4rd 
was incubated with or without 40 mM NEM for 2 h prior to pNPP phosphatase assay. NEM-
treated SEX4 was also mixed with 10 mM DTT to test reactivation. Data are mean (n = 2). 
n.d., none detected. C. NEM-treated endogenous SEX4. Leaf extracts and setup were the 
same as in (A), except lysis buffer contained 40 mM NEM. Representative immunoblots of 
three experiments are shown. Ponceau S stain represents sample loading. ECL, enhanced 
chemiluminescence; RuBisCO, ribulose-1,5-bisphosphate carboxylase oxygenase. 
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conformational change in SEX4 during oxidation is cysteine-based (i.e., via Cys198). NEM 

specifically reacts with sulfhydryls to form a stable thioether bond289 (Fig 3.6B). Phosphatase 

activity of recombinant SEX4 was abolished by NEM and not recoverable when DTT was 

added, demonstrating a cysteine (e.g., catalytic Cys198) is irreversibly modified.  The 

addition of NEM to leaf extracts prevents the shifted banding pattern of SEX4ox (Fig 3.6C), 

suggesting reversible oxidation of SEX4 in vivo is dependent on reduced thiols of cysteines. 

Moreover, these results suggest endogenous SEX4 can undergo reversible oxidation, which 

alters the protein structure. 

To explore possible in vivo reductants for SEX4ox, I tested TRXs that reside in the 

chloroplast where starch degradation occurs. TRXs exchange thiol-disulfides via the vicinal 

cysteines in the conserved WCGPC motif290. I tested six of the nine chloroplastic TRXs (f1, 

m1, m3, m4, x, y1) encoded in the A. thaliana genome291. TRX f2, m2 and y2 were omitted as 

their catalytic domains have very high percent identity to their closest isoforms (f1 - 90%, m1 

- 81%, y1 - 82%) and equivalent activities towards previously studied protein targets283,284. 

The efficiency of TRXs to restore SEX4 activity was calculated from rates of pNPP 

hydrolysis over 1 h from mixtures of purified SEX4ox and TRX (Fig. 3.4A). TRX f1 

reactivated SEX4ox the most effectively (293 ± 33 pmol p-nitrophenol min-1), while TRX m3 

the least (63.9 ± 6.9 pmol p-nitrophenol min-1) and equivalent to 10 mM DTT (71.7 ± 11.1 

pmol p-nitrophenol min-1) (Tbl. 3.2). The order of TRX efficiency for SEX4 reactivation was 

f1 > m4, y1, m1 >> x >> m3. TRX-containing samples had 0.2 mM DTT to recycle reduced 

Table 3.2. Reactivation of SEX4 by Arabidopsis chloroplastic TRXs and DTT.  
Activity was derived from the slope of the linear region of each reactivation curve (see 
Figure 3.4B). Data are mean ± SE (n = 3).  

Reductant Activity of Reactivated SEX4 
(pmol p-nitrophenol min-1) 

  TRX f1 293 ± 33 
TRX m1 217 ± 40 
TRX m3 63.9 ± 6.9 
TRX m4 240 ± 38 
TRX x 175 ± 23 
TRX y1 228 ± 42 
DTT 71.7 ± 11.1 
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TRXs, but this concentration of DTT alone did not reactivate SEX4ox (Fig. 3.4B). 

Furthermore, no activity was detected for oxidized SEX4. Additional experiments measured 

the recovery of phosphatase activity for SEX4ox compared to SEX4rd after SEX4ox was 

incubated with TRXs for 20 min. Once again each TRX had a specific efficiency for 

reactivating SEX4ox, and only TRX f1 could completely recover SEX4 activity (Fig. 3.7). 

Moreover, all TRXs could recover SEX4ox better than the chemical reductant DTT, 

suggesting that TRXs may reduce SEX4 in vivo. 

 

3.3.2 Structural Basis for SEX4ox Inactivation  

To elucidate whether SEX4ox forms a disulfide bond during reversible oxidation, I 

compared profiles of pepsin-digested SEX4ox and SEX4rd proteins using LC-MS/MS (Fig. 

3.8A). I identified 67 peptides that covered all 6 cysteines and measured the mass spectral 

intensities of all cysteine-containing peptides for SEX4ox and SEX4rd. Several peptides with 

reduced cysteines were depleted in SEX4ox (see spectra of C130LQQDPDLRY139 and 

Y184KAVKRNGGVTYVHC198 in Figure 3.8B). Of the six cysteines within SEX4, only  

 
Figure 3.7. Recovery of SEX4 activity with chloroplastic TRXs. 
Recombinant SEX4 was oxidized with 50 µM H2O2 for 10 min, buffer-exchanged and then 
exposed to either 10 µM TRX  (as indicated) or 10 mM DTT for 20 min. Recovery was 
relative to SEX4rd. Data are mean ± SE (n = 4). 
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peptides containing Cys130 or the catalytic Cys198 had a change in intensity between 

reduced and oxidized states >2-fold (Tbl. 3.3). From this analysis I also identified a peak 

corresponding to the disulfide-linked peptide of C130LQQDPDL137 and 

V196HCTAGMGRAPAVAL210 from SEX4ox that had higher intensity than the SEX4rd 

sample (Fig. 3.8B). This confirms an oxidation-dependent disulfide bond between Cys130 

and Cys198 in the phosphatase domain of SEX4. Both of these residues are conserved in all 

SEX4 orthologs, including several algal species (Fig. 3.9). Cys130 is located on the β3-β4 

 
Figure 3.8. Mass spectrometric detection of disulfide-linked cysteines in SEX4ox.  
A. Schematic for LC-MS/MS workflow. Recombinant SEX4 was incubated with either 50 
µg/mL spinach TRX m, 10 mM DTT or 0.5 mM H2O2 for 10 min, digested with pepsin, and 
analyzed by LC-MS/MS. Peptides that form disulfide linkage (shown in red) combine into a 
single peak upon oxidation. B. Identification of Cys130-Cys198 disulfide linkage. 
Representative spectra of reduced (TRX/DTT in black/blue) and oxidized (H2O2 in red) 
peptides from SEX4 containing Cys130 and Cys198. Peaks that differ between redox states 
are indicated with asterisks.  See Table 3.3 for complete list of identified peptides. m/z, 
mass/charge ratio. 
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loop on the edge of the active site pocket within SEX4ref. 210, and is structurally analogous to 

the corresponding cysteine position of other redox-regulated DSPs: kinase-associated 

phosphatase 1 (KAP1) and PTEN (Fig. 3.10). The distance between the cysteine pair of 

SEX4 is farther apart (8.1 Å; based on Cβ-to-Cβ distance) than in KAP1 (5.8 Å) and PTEN 

(5.7 Å), but within range of all known redox-regulated DSPs (5.7-10 Å)292. The larger 

distance between cysteines in SEX4rd may be attributed to the wider cleft of the active site 

needed to accommodate the phosphoglucan substrate. 

Cys130 was then mutated to serine (C130S) to assess the importance of this residue 

during oxidation of SEX4. Theoretically, this mutation should disrupt disulfide bond 

formation and promote the irreversible oxidation of Cys198 over time, making SEX4 

permanently inactive. Even though SEX4 and C130S proteins had equivalent activity at non-

oxidized conditions ([H2O2] = 0 µM), C130S was nearly 3-fold more sensitive to H2O2 

inhibition than SEX4 with IC50 values of 13.4 µM and 37.4 µM, respectively (Fig. 3.11A). 

Oxidized C130S was reactivated by the addition of DTT; however, the degree of recovery 

was less than observed with SEX4 at DTT concentrations < 10 mM (Fig. 3.11B). These  

 
 
 
Table 3.3. Summary of cysteine-containing peptides identified by LC-MS/MS. 
Ratios calculated by dividing the normalized peak intensity of TRX-reduced (Rd) over H2O2-
oxidized (Ox) samples for each peptide. Data for spectra in Figure 3.8B are highlighted in 
bold. 

Mass (Da) Charge Sequence of SEX4 Cysteine 
Residue 

Ratio 
(Rd/Ox) 

     797.4 3 S109CLQTPEDVDKLRKIGVKTIF129 110 1.4 
931.4 1 C130LQQDPDL137 130 2.2a 

1224.0 1 C130LQQDPDLEY139 130 4.3a 
812.9 2 Y150AKKYSDIQHIRC162 162 1.2 
847.9 2 Y184KAVKRNGGVTYVHC198 198 4.0a 
752.4 2 Y195VHCTAGMGRAPAVA209 198 5.0a 
808.9 2 Y195VHCTAGMGRAPAVAL210 198 3.0a 
727.4 2 V196HCTAGMGRAPAVAL210 198 5.7a 
727.4 1 S230KRSCF235 234 1.4 
681.3 1 L371ETCSE376 374 1.6 

     aInvolved in disulfide linkage 
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results suggest that C130S mutation alters the reversible oxidation mechanism by making 

SEX4 more susceptible to oxidation and less amenable to reactivation. 

 

3.4 Discussion 

3.4.1 Redox Regulation of SEX4 

SEX4 is a phosphoglucan phosphatase that is an essential enzyme in the degradation 

of starch in plants149. How this activity is regulated in the chloroplast stroma is not well 

defined. Transcriptional expression of SEX4 fluctuates diurnally with maximal expression at 

the end of day and correlates with other enzymes involved in starch breakdown212. Yet, 

protein levels of SEX4 remain constant throughout the day and night (Oliver Kötting, 

personal communication). There is also no evidence for phosphorylation of SEX4 in the 

Arabidopsis phosphorylation site database PhosPhAt (http://phosphat.mpimp-

golm.mpg.de/)89,90, nor any documented protein interactors, allosteric inhibitors or other post-

translational modifications. Therefore, an alternative method may regulate SEX4 activity. I 

describe a plausible mechanism of redox regulation to modulate SEX4 between active and 

inactive forms. Oxidation of SEX4 results in formation a disulfide bond between Cys130 and 

Cys198 (Fig. 3.8B), rendering the protein inactive as the catalytic Cys198 is unable to form a 

thiolate anion. Upon reduction, this structural rearrangement is reversed to make SEX4 active 

again. This mechanism acts as an intramolecular redox switch within the phosphatase domain 

and represents the first evidence shown to control the phosphatase activity of SEX4. 

Endogenous SEX4 can also participate in reversible oxidation using a cysteine-dependent 

mechanism that resembles the results of the recombinant SEX4 (Fig. 3.6), providing support 

for this redox switch in vivo. Moreover, these results represent the first plant DSP whose 

activity is controlled by reversible oxidation like mammalian DSPs, and strongly suggest 

 
 

 

Figure 3.9. (continued) 
Cysteines present in chloroplastic SEX4 are highlighted in red.  Protein domains shown are 
chloroplast transit peptide (cTP; green), dual-specificity phosphatase (DSP; blue), 
carbohydrate-binding module (CBM; brown), and C-terminal domain (CT; yellow). SEX4 
orthologs are listed in Table A.5. 
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redox switch regulation is intrinsic to these phosphatases in all eukaryotes.  

Whether a similar mechanism exists for the other phosphoglucan phosphatases LSF1, 

LSF2 and laforin is not known. Conservation of Cys130 was not maintained when these 

proteins were aligned, even though several cysteines do exist within the DSP domain for 

each protein (data not shown). Deducing the correct cysteine partner for a disulfide linkage 

with the catalytic cysteine using protein sequence alignments may be inadequate since the 

protein fold dictates orientation and distance of a suitable cysteine292. This is exemplified by 

comparing the cysteines involved in disulfide bond formation for SEX4, PTEN and KAP1 as 

they have nearly identical orientation of these cysteines despite having differences of 20-30 

residues in sequence length between them (Fig. 3.10). Therefore, more structural data is 

needed before a generalized mechanism can be proposed for all phosphoglucan phosphatases. 

 

Figure 3.10. Comparison of disulfide cysteines in SEX4 to other redox-regulated DSPs.  
Catalytic pocket of reduced proteins for human KAP1 (PDB code 1FPZ)293, human PTEN 
(PDB code 1D5R)294, and Arabidopsis SEX4 (PDB code 3NME)210. Proteins where the 
catalytic cysteine (Cys198 in SEX4) is substituted for serine are denoted in brackets. 
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The intention to create an irreversible oxidized variant of SEX4 by mutating Cys130 

to serine (C130S) seemed ineffective. While the C130S protein was more sensitive to 

oxidation when compared to SEX4, C130S still reactivated when reduced by DTT (Fig. 

3.11). Since PTP/DSP phosphatases harbour the highly-reactive catalytic cysteine within the 

active site pocket203, the mutation of C130S likely forced the protein to form a less 

favourable disulfide bond between the catalytic Cys198 and an alternative cysteine. Of the 

remaining four cysteines in SEX4, Cys110 and Cys234 are the next closest to Cys198 and 

could serve as alternative disulfide bond partners210 (Fig. 3.9). Therefore, the structural fold 

of SEX4 may harbour additional cysteines to protect Cys198 from irreversible oxidation if 

Cys130 is mutated, functioning as a fail-safe system to regulate phosphatase activity. 

Biochemical studies of mitogen-activated protein kinase phosphatase 3 support the 

suggestion that more than two cysteines can be involved in reactivation of an oxidized 

phosphatase295. These authors postulated that a cysteine located distal to the active site 

transfers the initial disulfide link (Cys130-Cys198 equivalent) to the exterior surface of the 

protein to facilitate reduction by a thioredoxin. Therefore, SEX4 may also use additional 

cysteines besides Cys130 to reduce SEX4ox.  

  

 
Figure 3.11. Assessment of C130S mutation for SEX4. 
A. Inactivation. Recombinant proteins were reduced with 10 mM DTT, buffer-exchanged, 
and then exposed to H2O2 for 30 min prior to pNPP phosphatase assay. Activity was relative 
to SEX4 with no oxidant. B. Reactivation. Proteins were oxidized with 50 µM H2O2, buffer-
exchanged and then exposed to DTT for 10 min. Activity was relative to SEX4rd. Data are 
mean ± SE (n = 3). 
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3.4.2 Thioredoxin Reactivation of Enzymes Involved in Starch Metabolism 

Several other proteins involved in starch metabolism besides SEX4 are also redox-

regulated118. For instance, the tetramer ADP-glucose pyrophosphorylase catalyzes the first 

step in starch synthesis and attenuates its substrate affinity by forming disulfide bonds 

between subunits when oxidized86,87. The activity of α-glucan, water dikinase is also 

inhibited during oxidation and can be reactivated with chloroplastic spinach TRX f and m296. 

The endoamylase β-amylase 1 (BAM1) requires a reduced cysteine for catalysis and forms a 

disulfide bond with a neighbouring cysteine297. Subsequent work showed BAM1 is 

reactivated by numerous chloroplastic TRXs from Arabidopsis298. Interestingly, the order of 

specificity of TRXs for BAM1 is similar to the data on SEX4 reactivation (Tbl. 3.3; see 

Results). This suggests that relative abundance of each TRX isoform could control the 

activation of specific targets, such as those involved in starch degradation. Alternatively, the 

spatial distribution of these isoforms within the chloroplast may differ between the starch 

granule surface and the stroma. Therefore, insight into the protein abundance and sub-

organelle localization of each TRX isoform within the chloroplast is needed. At the moment 

no published data exists for protein levels of TRXs throughout the diurnal cycle.  

Development of antibodies for each TRX isoform would provide more specific detection of 

each protein for immunoblotting (protein abundance) or immunofluorescence (protein 

localization) assays. Our lab successfully employed isoform-specific antibodies to detect the 

three isoforms of mammalian protein phosphatase 1 and determined which isoform forms a 

complex with taperin in the nucleus and cytoplasm299. 

Reactivation of SEX4 by numerous TRXs indicates these proteins do associate in 

vitro. Reactions containing SEX4ox alone remained inactive throughout all experiments (Fig. 

3.4B). Yet, despite my best efforts, I could not demonstrate a direct interaction using a co-

immunoprecipitation from leaf tissue (data not shown). Perhaps the SEX4-TRX interaction is 

too transient in vivo or unstable during purification to allow us to isolate this complex. Other 

studies have used modified TRX variants where one of the cysteines within the WCGPC 

active site motif is mutated to a serine to isolate mixed disulfide-linked complexes300. None 

of these proteomic screens identified SEX4 as a potential TRX-binding partner, possibly 

because the amount of SEX4 that interacted with TRX was below detection limits. Altering 

this experimental design to use the C130S mutant to identify specific TRX isoforms that 
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associate with SEX4 could possibly circumvent this limitation by enriching for SEX4-

specific interactions. Moreover, determining the impact of the C130S mutation of SEX4 in 

planta could provide further understanding of the role of redox regulation on starch 

degradation. 
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Chapter 4. Perspective and Future Directions 

Reversible glucan phosphorylation of leaf starch at night is subjected to a wide array 

of enzymatic activities at the granule surface (Fig. 2.13). This Ph.D. thesis further expands 

on the regulation of the novel phosphoglucan phosphatases starch excess 4 (SEX4) and like-

SEX4 1 (LSF1), and how this regulation affects starch breakdown. Using both biochemical 

and genetic approaches, I solidified LSF1 as a vital component to starch breakdown despite 

being an inactive phosphatase (Chapter 2). Moreover, LSF1 forms protein complexes with 

other starch degradative enzymes (possibly through the PDZ domain), presenting a new form 

of control at the starch granule surface. Redox sensitivity for SEX4 activity was not only 

reconfirmed, but I demonstrated that SEX4 undergoes reversible oxidation using an 

intramolecular disulfide bond to modulate activity (Chapter 3). This mechanism mimics 

redox switches found in mammalian counterparts to control phosphatase activity. Overall, 

this research on SEX4 and LSF1 represents emerging themes that govern starch degradation: 

redox regulation and protein-protein interactions. 

 

4.1 Redox regulation: False alarm or quick switch for starch degradation? 

Fluctuations in the redox state of the chloroplast stroma at the onset of night might 

suffice as the sole mechanism to trigger the activation of enzymes involved in starch 

degradation118. All documented biochemical work indicates redox-sensitive starch 

degradative enzymes are only active when reduced, becoming inactive once oxidized (i.e., 

changes in the oxidation state of cysteine(s) involved in catalysis or active site 

conformation). These enzymes include the (aforementioned) α-glucan, water dikinase 

(GWD)296, β-amylase 1 (BAM1)297 and SEX4ref. 151,301 (see Chapter 2). Recent work by 

Glaring and colleagues302 has expanded this list – demonstrating the endogenous exoamylase 

BAM3, debranching enzyme limit dextrinase (LDA) and endoamylase α-amylase 3 (AMY3) 

are also only activated under reducing conditions. Altogether, this would imply 6 out of the 9 

(known) functional proteins involved in starch degradation are redox-sensitive (Fig. 4.1). 

This assumes that redox conditions would not affect the inactive proteins LSF1 (Fig. 2.7) and 

BAM4122; however, oxidation could induce structural conformations that control their 

function. In addition, inspection of the protein sequence of LSF2 suggests this phosphatase 
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could also be redox-regulated (i.e., cysteine-based catalysis) – potentially bringing this 

protein total to seven.  

Evidence for this redox switch remains to be explicitly shown for leaf starch 

degradation and several arguments question whether this mechanism is valid. First, the 

chloroplast stroma is more reducing during the day than at night – thus reductive activation 

of enzymes is unlikely. This current dogma stems from reducing equivalents being shunted 

into the ferredoxin/thioredoxin system from photosystem I during photosynthesis303,304. 

These reduced thioredoxins disperse throughout the chloroplast and reduce numerous 

proteins, thereby linking photosynthesis to cellular metabolism. Yet, reductive activation of 

starch degradative enzymes during the day is not only counterproductive for starch 

metabolism, but the inactivation of these proteins at night contradicts numerous plant 

physiological, genetic, and biochemical studies. Plants that lack functional alleles of one or 

multiple of these proteins lead to decreased rates of starch degradation with no effect on the 

rate of starch synthesis (see references within Table 1.1 and Table 1.2). These plants 

accumulate leaf starch from impairments in starch remobilization and suggest that these 

corresponding proteins are necessary and active at night. Evidence also exists for the activity 

of SEX4 and BAM1 (i.e., detection of products from catalysis) at night122,149, suggesting that 

the redox paradigm may not reflect the current mechanism of leaf starch degradation.  

Another argument against the redox regulation mechanism is that most of the 

documented experiments on starch degradative enzymes are conducted in vitro and lack in 

 
Figure 4.1. Redox-sensitive enzymes involved in reversible glucan phosphorylation. 
Starch degradative enzymes whose catalytic activity fluctuates with changes in the redox 
environment are highlighted in red, being active only under reduced conditions. Activity of 
PWD and ISA3 is not affected by oxidation296,302. Refer to Figure 2.13 for detailed 
description of protein functions in starch degradation. 
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vivo evidence – redox modulation of enzymes could be artificial. Indeed, a better 

understanding of redox conditions within the chloroplast (and the plant cell) is needed, and 

could be achieved with improved sensitivity of techniques to decipher between reduced and 

oxidized endogenous forms. Both forms of endogenous SEX4 can exist when reductants or 

oxidants are added to leaf extracts (Fig. 3.6); however, unforced scenarios would be more 

convincing. Perhaps the addition of chemical linkers that can decipher between oxidation 

states of cysteine residues could lock endogenous proteins in the redox state throughout the 

diurnal cycle305. Other techniques include live-cell imaging of redox-sensitive fluorescent 

protein fusions306,307. These proteins undergo structural changes upon oxidation that shifts the 

emission spectrum – providing a quantitative readout of localized redox conditions. 

Employing this technique for specific proteins has not been documented in plants; however, 

scientists have used just the redox-sensitive fluorescent protein to measure the overall redox 

environments of plant organelles308. Targeted studies with protein fusions of starch 

degradative enzymes could provide details on how redox conditions change throughout the 

diurnal cycle at the starch granule surface. Perhaps the starch surface has fluctuations (from 

an unknown reductant) that create a redox gradient to activate numerous proteins at the onset 

of night – initiating reversible glucan phosphorylation. A more simple mechanism might be 

the reliance on GWD activity alone for the initiation of starch degradation. This scenario 

would keep the other starch degradative enzymes active (reduced) and only GWD would be 

inactive during the day, and would not interfere with starch synthesis. At night, GWD 

activity is turned on and (C6-position) glucan phosphorylation is triggered, providing pre-

phosphorylation for PWD, glucan dephosphorylation via SEX4 and LSF2, and debranching 

via ISA3 and LDA. Moreover, gwd mutants exhibit the most severe sex phenotype of single 

gene mutations among starch degradative enzymes (see Table 1.1). What component (e.g., 

light-mediated proteolysis, inhibitory protein, post-translational modification, chemical 

oxidant) might inhibit GWD activity during the day is not known. 

 

4.2 Protein complexes: Getting together at the granule surface 

Protein-protein interactions regulate several (if not all) aspects of cellular biology by 

altering the subcellular location, substrate specificity, catalytic efficiency and tertiary 

structure of proteins in response to stimuli. Protein interaction networks are central for 
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photosynthesis within the chloroplast, coordinating the functions of core photosynthetic 

machinery such as photosystem I, photosystem II, ATP synthase, and cytochrome b6f 

complexes309. Such intricate networks are predicted to encompass more than 2200 

chloroplastic proteins (includes putative localization), reiterating that protein-protein 

interactions are prevalent throughout chloroplast metabolism. In amyloplasts, several 

enzymes involved in starch biosynthesis also form protein complexes107-109, which are 

required for proper amylopectin synthesis and granule morphology110. The evidence of 

regulatory protein complexes in starch synthesis coupled with the prevalence of protein-

protein interactions in the chloroplast make the discovery of multi-protein complexes in 

starch degradation not entirely unexpected. Identifying the interaction of LSF1 with BAM1 

and BAM3 (and others) provides an elegant form of regulation for amylolysis at the starch 

granule surface (the proposed site of these protein interactions)257. Moreover, the emergence 

of LSF1 in land plants (i.e., absence in green algae) further implies that the interaction of 

LSF1 with pre-existing enzymes introduced fine-tuning for starch breakdown. Several 

aspects of this protein network still remain unclear: What is the supramolecular composition 

of these complexes? Do these protein complexes change throughout the diurnal cycle? Do 

the kinetics and structure of these interactors change upon association? How many other 

protein complexes exist? Preliminary work also indicates both GWD and SEX4 form high-

molecular weight protein complexes based on size-exclusion chromatography of leaf extracts 

from Arabidopsis310. Whether these results are merely multimers of each protein or genuine 

interactions with other proteins remains unknown, but the additional coordination among 

starch degradative enzymes could streamline the remobilization of starch. 

The specific interaction of LSF1 with proteins through the PDZ domain was only 

partially supported (Chapter 2) and will need additional experiments to conclusively show 

the importance of this domain in starch degradation in planta. Attempts to isolate protein 

interactors from lsf1 mutant leaf extracts using the PDZ domain of LSF1 were inconclusive 

(i.e., no enrichment of proteins when compared to controls), questioning whether the PDZ 

interaction is specific for starch degradation or restricted due to localization of LSF1 in the 

chloroplast. Subsequent experiments will have to incubate the PDZ domain with isolated 

chloroplasts from leaves. A reverse approach could find PDZ-binding partners from plant 

chloroplasts using proteomic array of all known plant PDZs. This technique has facilitated 
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hypothesis-driven identification of mammalian protein-protein interaction networks that have 

been difficult to isolate previously311-313. In the end, the biochemical and structural 

characterization of these protein networks will further elucidate the regulation of starch 

degradation in leaf chloroplasts. 

 

4.3 Importance of phosphoglucan phosphatases in agricultural crops 

Phosphoglucan phosphatases play an essential role in reversible glucan 

phosphorylation of leaf starch at night. If and how these proteins function in the 

remobilization of starch in other tissues like grain endosperms and potato tubers remains 

unclear. Indeed, the lack of detectable phosphate in grain starch25 suggests glucan 

phosphorylation is not responsible for starch breakdown. Maltose release is suspected to 

occur from amylolysis66; yet, how the starch granule is solubilized for seedling germination 

without reversible glucan phosphorylation after long-term storage remains to be elucidated. 

Perhaps the grain granules are easier to disrupt (without phosphorylation) or the phosphates 

are removed immediately by SEX4 and LSF2 after glucan phosphorylation, such that the 

granule appears phosphate-free. For tubers, starch from potatoes was the original tissue 

where the dikinase GWD (then called R1 protein) was discovered314, subsequently leading to 

rapid advancements in the modification of starch phosphorylation in industry at the turn of 

the century29. Little is known about how glucan dephosphorylation (presumably by SEX4 

and LSF2) operates in these amyloplasts.  

Understanding how phosphoglucan phosphatases function in transitory starch 

breakdown (i.e., leaf tissue) might provide additional routes for manipulating the 

phosphorylation state of storage starch in planta44. Efforts have been made to increase starch 

phosphates in cereal endosperms by overexpressing the kinase GWD63. The impact of 

elevated GWD levels in tuber starch is not documented; however, tubers from GWD-silenced 

potatoes lack phosphate and these starches have desirable physiochemical properties314,315, 

suggesting GWD-overexpressed plants could also produce unique (modified) starches. 

Alternatively, the removal/downregulation of phosphatases SEX4 (and LSF2) might also 

lead to phosphate-enriched starches in agricultural crops. Future research will need to address 

whether this manipulation of storage starch in plants is possible and sustainable for proper 

plant metabolism (e.g., biomass, starch yield). If so, these in planta modified starches could 
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alleviate current steps in the industrial processing of starch, but also provide novel starches 

for food and non-food sectors.  
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Appendix A.  Protein List 
Table A.1. Summary of eukaryotic DSPs in the phylogenetic tree for Figure 1.7. 
Proteins are from Homo sapiens (HsXXXX), Arabidopsis thaliana (AtXXXX), and 
Chlamydomonas reinhardtii (CrXXXX) and accessed at UniProt (http://uniprot.org). 
Protein UniProt no.  Protein UniProt no.  Protein UniProt no. 
        HsAUXI O75061  HsMTMR4 Q9NYA4  AtMTM2 Q84W79 
HsBEDP Q6B8I1  HsMTMR5 O95248  AtNADK2 Q9C5W3 
HsCC14A Q9UNH5  HsMTMR6 Q9Y217  AtPHS1 Q75QN6 
HsCC14B O60729  HsMTMR7 Q9Y216  AtPTEN1 Q9FLZ5 
HsCC14C A4D256  HsMTMR8 Q96EF0  AtPTEN2 Q9LT75 
HsCDKN3 Q16667  HsMTMR9 Q96QG7  AtPTEN3 Q8H106 
HsDUPD1 Q68J44  HsPALD Q9ULE6  AtPTEN4 Q9LVN1 
HsDUS1 P28562  HsPRL1 Q93096  AtSEX4 Q9FEB5 
HsDUS10 Q9Y6W6  HsPRL2 Q12974    
HsDUS11 O75319  HsPRL3 O75365  Cr145427 A8IRQ3 
HsDUS12 Q9UNI6  HsPTEN P60484  CrCDC14 A8I465 
HsDUS13 Q9UII6  HsPTPC1 A2A3K4  CrDSP6 A8J1L0 
HsDUS14 O95147  HsPTPM1 Q8WUK0  CrDSP7 A8IWH5 
HsDUS15 Q9H1R2  HsSSH1 Q8WYL5  CrDSP8 A8J2N4 
HsDUS16 Q9BY84  HsSSH2 Q76I76  CrMKP1 A8J529 
HsDUS18 Q8NEJ0  HsSSH3 Q8TE77  CrMKP2 A8HWJ9 
HsDUS19 Q8WTR2  HsSTYL1 Q9Y6J8  CrMKP3 A8IZX6 
HsDUS2 Q05923  HsSTYX Q8WUJ0  CrMKP4 A8IZX5 
HsDUS21 Q9H596  HsTENC1 Q63HR2  CrMKP5 A8I6F0 
HsDUS22 Q9NRW4  HsTENS1 Q9HBL0  CrMKP6 A8J277 
HsDUS23 Q9BVJ7  HsTENS3 Q68CZ2  CrPTN1 A8IMN8 
HsDUS26 Q9BV47  HsTENS4 Q8IZW8  CrSSH A8JIF9 
HsDUS28 Q4G0W2  HsTPTE P56180    
HsDUS3 P51452  HsTPTE2 Q6XPS3    
HsDUS4 Q13115       
HsDUS5 Q16690  At2g32960 O48769    
HsDUS6 Q16828  AtDSP1 Q9ZR37    
HsDUS7 Q16829  AtDSP10 F4K7Q7    
HsDUS8 Q13202  AtDSP11 Q940L5    
HsDUS9 Q99956  AtDSP12 Q9FFD7    
HsGAK Q5U4P5  AtDSP13 Q681Z2    
HsLFRN O95278  AtDSP2 Q9M8K7    
HsMCE1 O60942  AtDSP7 Q9FFA8    
HsMTM1 Q13496  AtDSP8 Q9ZQP1    
HsMTMR1 Q13613  AtDSP9 Q9ZVN4    
HsMTMR10 Q9NXD2  AtIBR5 Q84JU4    
HsMTMR11 A4FU01  AtLSF1 F4J117    
HsMTMR12 Q9C0I1  AtLSF2 Q9SRK5    
HsMTMR13 Q86WG5  AtMKP1 Q9C5S1    
HsMTMR14 Q8NCE2  AtMRC1 Q9S9L3    
HsMTMR15 Q9Y2M0  AtMRC2 Q8L7W6    
HsMTMR2 Q13614  AtMRC3 Q8GSD7    
HsMTMR3 Q13615  AtMTM1 Q0WP53    
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Table A.2. List of Arabidopsis DSPs (excluding LSF1) for WebLogo in Figure 2.7B. 
Protein sequences can be accessed at UniProt (http://uniprot.org) and The Arabidopsis 
Information Resource (TAIR; http://arabidopsis.org). 

Protein UniProt no. TAIR no. 
   NADK2 Q9C5W3 At1g21640 
IBR5 Q84JU4 At2g04550 
At2g32960 O48769 At2g32960 
DSP8 Q9ZQP1 At2g35680 
DSP13 Q681Z2 At3g02800 
DSP2 Q9M8K7 At3g06110 
MRC2 Q8L7W6 At3g09100 
MTM2 Q84W79 At3g10550 
LSF2 Q9SRK5 At3g10940 
PTEN2 Q9LT75 At3g19420 
DSP1 Q9ZR37 At3g23610 
PTEN3 Q8H106 At3g50110 
SEX4 Q9FEB5 At3g52180 
MKP1 Q9C5S1 At3g55270 
DSP11 Q940L5 At4g03960 
MRC3 Q8GSD7 At5g01290 
MTM1 Q0WP53 At5g04540 
DSP12 Q9FFD7 At5g16480 
DSP7 Q9FFA8 At5g23720 
PHS1 Q2V351 At5g23720 
MRC1 Q9S9L3 At5g28210 
PTEN1 Q9FLZ5 At5g39400 
DSP10 Q2V2X9 At5g56610 
PTEN4 Q9LVN1 At5g58160 
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Table A.3. List of LSF1 orthologs for WebLogo in Figure 2.7B. 
Protein sequences can be accessed at Phytozome (http://phytozome.org), UniProt 
(http://uniprot.org) and The Arabidopsis Information Resource (TAIR; 
http://arabidopsis.org). 

Species Phytozome no. UniProt no. 
   Aquilegia coerulea AcoGoldSmith_v1.002461m  
Arabidopsis lyrata 340294 D7L9P2 
Arabidopsis thaliana  At3g01510 F4J117 
Brachypodium distachyon Bradi3g34990.1  
Carica papaya evm.model.supercontig_215.12  
Citrus clementina clementine0.9_032518m  
Citrus sinensis orange1.1g016234m  
Cucumis sativus  Cucsa.339720.1  
Eucalyptus grandis Egrandis_v1_0.007079m  

Glycine max Glyma16g08030.1  
Glyma19g11100.1  

Manihot esculenta  cassava4.1_025886m  
Mimulus guttatus  mgv1a003253m  
Oryza sativa subsp. japonica  LOC_Os08g29160.1 Q7EYM9 
Physcomitrella patens subsp. patens Pp1s341_30V6.1 A9TW13 
Populus trichocarpa  POPTR_0001s34940.1  
Prunus persica  ppa003283m  
Ricinus communis  29933.m001385 B9SF75 

Selaginella moellendorffii 151004 D8RY70 
89622 D8RBG4 

Setaria italica  Si013457m  
Sorghum bicolor Sb07g019250.1 C5YKK2 
Vitis vinifera  GSVIVT01032464001 D7TWP1 
Zea mays  GRMZM2G127374  
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Table A.4. List of PDZ-containing proteins for sequence alignment in Figure 2.8A. 
Protein sequences can be accessed at UniProt (http://uniprot.org). The second PDZ domain in 
DEGP7 was omitted from alignment due to poor conservation. 

Protein UniProt no. PDZ domains 
  Human (Homo sapiens) 
PSD-95/DLG4 P78352 3 
  Arabidopsis (Arabidopsis thaliana) 
ARASP O80885 1 
DEGP1 O22609 1 
DEGP10 Q9FIV6 1 
DEGP11 Q9LK71 1 
DEGP12 Q9LK70 1 
DEGP14 Q3E6S8 1 
DEGP7 Q8RY22 4 
DEGP8 Q9LU10 1 
ENH1 Q9FFJ2 1 
— F4J3G5 1 
— F4KHG6 1 
LSF1 F4J117 1 
— O23053 1 
— O23614 1 
— Q8W484 1 
— Q94AY8 1 
— Q9FJM1 1 
— Q9SVY2 1 
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Table A.5. List of SEX4 orthologs for protein sequence alignment in Figure 3.9. 
Protein sequences can be accessed at Phytozome v7 (http://phytozome.org), UniProt 
(http://uniprot.org) and The Arabidopsis Information Resource (TAIR; 
http://arabidopsis.org). Note that sequences for Medicago truncatula and Citrus sativus from 
Phytozome were truncated and excluded. 

Species Phytozome no. UniProt no. 
   Aquilegia coerulea  AcoGoldSmith_v1.006762m  
A. thaliana  At3g52180 Q9FEB5 
Brachypodium distachyon  Bradi1g78040.1  
Carica papaya  evm.model.supercontig_128.70  
Chlamydomonas reinhardtii  CHLREDRAFT_149756 A8J2N4 
Cucumis sativus  Cucsa.308860.1  
Chlorella variabilis  CHLNCDRAFT_142013 E1Z7J3 
Eucalyptus grandis  Eucgr.G02727.1  
Gossypium hirsutum  TC134660  

Glycine max  Glyma10g34370  
Glyma20g33190  

Manihot esculenta  cassava25046.valid.m1  
Mimulus guttatus  mgf010706m  
Nicotiana tabacum  TC63460  
Oryza sativa subsp. japonica  Os03g01750 Q10SY1 
Physcomitrella patens subsp. patens  PHYPADRAFT_159626  
Picea sitchensis  ⎯ A9NX54 

Populus trichocarpa  POPTR_0008s02930.1  
POPTRDRAFT_1092626  

Phaseolus vulgaris  TC12089  
Ricinus communis  RCOM_0114250 B9T3V0 
Sorghum bicolor  Sb01g050120  
Solanum lycopersicum  Solyc11g007830.1.1 Q93X44 
Selaginella moellindorffii  estExt_Genewise1.C_230283  
Thellungiella halophile  Thhalv10010456m  
Volvox cartei  Vocar20000546m D8TUH9 
Vitis vinifera  VITISV_036073  
Zea mays  GRMZM2G052546 B4FJN0 
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Appendix B.  Primer List 
Table B.1. Sequences and properties of primers from Ph.D. thesis 
Primer Sequence (5’→3’) Notes 
    SEX4 Cloning  
 SEX4-S CACCATGAATTGTCTTCAGAATCTTC Bold denotes overhang for TOPO® 

cloning 
 SEX4-AS TCAAACTTCTGCCTCAGAAC  
 SEX4C130S-S GGAGTTAAAACCATATTTAGCTTGCAAC

AAGATCCAGACC 
Underline indicates substitution 
(C→S) 

 SEX4C130S-AS GGTCTGGATCTTGTTGCAAGCTAAATAT
GGTTTTAACTCC 

Underline indicates substitution 
(C→S) 

 SEX4H197T-S GAGGAGTTACATATGTGACCTGCACTGC
TGGAATGGGAAGG 

Underline indicates substitution 
(H→T) 

 SEX4H197T-AS CCTTCCCATTCCAGCAGTGCAGGTCACA
TATGTAACTCCTC 

Underline indicates substitution 
(H→T) 

    
LSF1 Cloning  
 

LSF1GFP-S 
GGGGACAAGTTTGTACAAAAAAGCAG
GCTTCTTAATGGCGTTTCTTCAACAAAT
CT 

Bold denotes attB1 for Gateway® 
cloning 

 
LSF1GFP-AS 

GGGGACCACTTTGTACAAGAAAGCTG
GGTCCGACTTTGGGCATAGTCTTATTGG
AC 

Bold denotes attB2 for Gateway® 
cloning 

 
Δ281LSF1-S CACCATGCTTTCTTATAACCATGCTCTTG

GAATG 

Bold denotes overhang for TOPO® 
cloning; Underline indicates added 
start codon (ATG) 

 Δ281LSF1-AS CGACTTTGGGCATAGTCTTATTG  
 

LSF1PDZ-S CACCATGAATTTGAATGAGTATATGGTC
AC 

Bold denotes overhang for TOPO® 
cloning; Underline indicates added 
start codon (ATG) 

 LSF1PDZ-AS ATACTGAATGGGAAAGGGAGAG  
 PDZGST-S GGGGACAAGTTTGTACAAAAAAGCAG

GCTTCAATTTGAATGAGTATATGGTC 
Bold denotes attB1 for Gateway® 
cloning 

 
PDZGST-AS 

GGGGACCACTTTGTACAAGAAAGCTG
GGTCCTAATACTGAATGGGAAAGGGAG
AG 

Bold denotes attB2 for Gateway® 
cloning 

 
LSF1-S CACCATGGCGATGTCGTCTTCTTCTAC 

Bold denotes overhang for TOPO® 
cloning; Underline indicates added 
start codon (ATG) 

 LSF1-AS CTACGACTTTGGGCATAGTC  
 LSF1DSP-S Same as Δ281LSF1-S  
 LSF1DSP-AS GTCCACCATAGCGATAAGATCC  
    
Plant Genotyping 
 eGFP-S TGGGTGCTCAGGTAGTGGTT Designed from pK7FWG2 vector  eGFP-AS ACGTAAACGGCCACAAGTTC 
 lsf1-3-S CGGGACCTACGTGAAGACAC Also for lsf1-4 (same insertion site) 
 lsf1-3-AS ACCACTGCCTTGTGATGATG Also for lsf1-4 (same insertion site) 
 lsf1-5-S ATGCTCTTGGAATGCGCTAC  
 lsf1-5-AS TGCTCAACCCTACAGATCACG  
 Ds3 GTATTTATCCCGTTCGTTTTCGT Anneals to 3’-end of Ds transposon 
 Ds5 CCGTTTTGTATATCCCGTTTCCGT Anneals to 5’-end of Ds transposon 
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Table B.1. (continued) 
Primer Sequence (5’→3’) Notes 
    RT-PCR   
 LSF1RT-S TGTCGTCTTCTTCTACTCCGTTC  
 LSF1RT-AS ACCACTGCCTTGTGATGATG  
 SEX4RT-S AAGCAGCATCCAAGCCTATG  
 SEX4RT-AS CTCTGTCCCCATCCAATGTC  
 UBQ10-S TCGACCCTTCACTTGGTG  
 UBQ10-AS CCAACAGCTCAACACTTTCG  
    
 
 

 


