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Summary

Summary
Starch is a semi-crystalline glucose polymer synthesized by plants. Due to its unique
physico-chemical properties and its manifold fields of application, starch represents a
coveted raw material for industry. Moreover, starch constitutes the major carbohydrate
source in human nutrition. Both industrial applications and nutritional benefits depend on
the exact structure of the used starch, i.e. the length and arrangement of glucose chains
within the polymer, which in turn depend on the botanical source. It is hence of enormous
significance to understand how plants synthesize starch and what influences its structure.
The aim of the present thesis was to investigate starch biosynthesis in the model plant

Arabidopsis thaliana (thale cress). In the first project (Chapter 2), I generated and
analyzed various mutant combinations deficient in two enzyme activities involved in
starch biosynthesis - the starch synthases SSl , SS2 and/or SS3 and the isoamylase-type
debranching enzyme ISA1/ISA2. This revealed that chain length determined by starch
synthases is a factor of similar importance to branch point distribution - influenced by the
debranching enzyme ISA1 /ISA2 - during the synthesis of a crystallization-competent
glucan. Not only could abnormally long chains restore formation of insoluble starch
granules in the absence ofISA1/ISA2, abnormally short chains were also accompanied by
the accumulation of water-soluble polysaccharides instead of starch - despite the
presence of ISA1 /ISA2. Surprisingly, ISA1 /ISA2 isoamylase action was found to
markedly reduce total glucan levels in a mutant with aberrantly short starch chains. This
suggests that debranching by ISA1 /ISA2 is normally balanced by progressive glucan
crystallization - a regulation that becomes pointless if chains are too short for
crystallization anyway.
In the second part of my thesis (Chapter 3), I completed a project in which ISA1/ISA2
was heterologously expressed in Escherichia coli. By quantifying the glucans produced
by the combined action ofISA1/ISA2 and the endogenous glycogen-metabolic machinery
of E. coli, I could show that also here ISA1 /ISA2 acts in a degradative fashion, releasing
linear chains from glycogen.
In the third part (Chapter 4), I investigated in detail whether it was possible to transfer
starch biosynthesis to a heterologous system. Therefore, I expressed a series of starchbiosynthetic genes from Arabidopsis in the yeast Saccharomyces cerevisiae , including
starch synthases, branching enzymes and the debranching enzyme ISA1 /ISA2. This
system was furthermore set up in a background purged of the glycogen-metabolic

Summary

pathway to reduce interference from endogenous enzymes. Enzyme combinations with
ISA1/ISA2 produced high amounts of insoluble glucans that showed remarkable
structural similarities to plant starch. Comparisons between glucan amounts and structure
from the yeast lines with corresponding plant mutants indicated that the enzymes act
similarly in yeast as in plants, i.e. that conclusions drawn from the heterologous yeast
system can indeed be transferred to plants. The ease and speed of genetic manipulation of
yeast compared with plants and the associated acceleration of the study of enzyme
functions may open up a new era in the research of starch biosynthesis - not only of
Arabidopsis but also of our staple starch crops.

2

Summary in German

Summary in German (Zusammenfassung)
Starke ist ein von Pflanzen hergestelltes semikristallines Glukosepolymer. Aufgrund ihrer
einzigartigen physikalisch-chemischen Eigenschaften und der daraus resultierenden
vielfaltigen Einsatzmoglichkeiten stellt Starke ein filr die Industrie gefragtes Rohmaterial
dar. Starke ist au13erdem die wichtigste Kohlehydratquelle in unserer Erniihrung. Sowohl
ihre industrielle Anwendung als auch ihr Mehrwert in der Emiihrung werden dabei von
der exakten Struktur der verwendeten Starke beeinflusst, das heiBt von der Lange und
Anordnung der Zuckerketten, welche wiederum von ihrem pflanzlichen Ursprung
abhangen. Es ist deshalb von enormer Bedeutung, zu verstehen, wie Pflanzen Starke
synthetisieren und wie die unterschiedlichen Starkestrukturen zustande kommen.
Das Ziel der vorliegenden Arbeit war es, die Stiirkebiosynthese in der Modellpflanze

Arabidop~is thaliana (Ackerschmalwand) zu untersuchen. Im ersten Projekt (Kapitel 2)
habe ich verschiedene Mutanten untersucht, die in zwei Enzymaktivitiiten der
Starkesynthese beeintriichtigt waren - den Starkesynthasen SSl , SS2 und/oder SS3 und
des Entzweigungsenzyms ISA1/ISA2. Dadurch konnte ich aufzeigen, dass die von
Starkesynthasen bestimmte Kettenliinge einen iihnlich wichtigen Faktor in der
Herstellung eines kristallinen Glukans darstellt wie das Entfemen von Verzweigungen
durch ISA1/ISA2. Zurn einen konnten abnormal lange Ketten die Ausbildung von
unloslichen Starkekomern in der Abwesenheit von ISA1/ISA2 wiederherstellen, zum
anderen gingen abnormal kurze Ketten mit der Anhiiufung von wasserloslichen
Zuckerpolymeren anstelle von Starke einher - der Anwesenheit von ISA1/ISA2 zum
Trotz. In einer Mutante mit besonders kurzen Zuckerketten :fiihrte die Aktivitiit von
ISA1 /ISA2 i.iberraschenderweise auch zu stark reduzierten Glukanmengen. Das deutet
darauf hin, dass das Entfernen von Verzweigungen <lurch ISA1/ISA2 normalerweise
durch die Kristallisation des Glukans begrenzt wird - eine Regulation, die ihre Wirkung
verliert, wenn das Glukan aufgrund zu kurzer Ketten gar nicht kristallisieren kann.
Im zweiten Teil meiner Arbeit (Kapitel 3) schloss ich ein Projekt ab, in dem ISA1/ISA2
heterolog im Bakterium Escherichia coli exprimiert wurde. Anhand der Quantifizierung
der Glukane, die ISA1 /ISA2 gemeinsam mit endogenen Enzymen produzierte, konnte ich
zeigen, dass dieses Enzym auch hier die Glukane abbaute, wobei es lineare Ketten
freisetzte.
Im dritten Teil (Kapitel 4) erkundete ich im Detail, ob es moglich ist, Stiirkebiosynthese
als Ganzes auf ein heterologes System zu i.ibertragen. Dazu exprimierte ich eine Reihe an
3
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starkesynthetisierenden Enzymen aus Arabidopsis in der Backerhefe Saccharomyces
cerevisiae. Um mogliche Interferenzen zu vermeiden, wurde dieses System auBerdem in
einem vom endogenen Glykogenmetabolismus bereinigten genetischen Hintergrund
aufgesetzt. Enzymk:ombinationen mit ISA1/ISA2 produzierten hohe Mengen unloslicher
Glukane, die erstaunliche strukturelle Ahnlichkeiten zu Starke aufwiesen. Vergleiche
zwischen den in Hefe produzierten Glukanen mit jenen der entsprechenden
Pflanzenmutanten deuteten weiters darauf hin, dass sich die Enzyme in Hefe ahnlich wie
in Pflanzen verhalten. Das impliziert, dass die in diesem Hefesystem generierten
Erkenntnisse durchaus auf Pflanzen tibertragen werden konnen. Die Einfachheit und
Geschwindigkeit, mit der Hefe genetisch manipuliert werden kann, und die damit
einhergehende Beschleunigung im Studiwn von Enzymfunktionen konnten eine neue Ara
in der Erforschung von Starkebiosynthese einlauten - nicht nur in Bezug auf jene von
Arabidopsis, sondem auch auf jene unserer Nutzpflanzen.
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Abbreviations
AA

amino acid

AMY

a-amylase

ADP glucose

adenosine 5' -diphosphate glucose

AGPase

ADPglucose pyrophosphorylase

ATP

adenosine triphosphate

BE

branching enzyme

CBM

carbohydrate-binding module

CLD

chain-length distribution

DBE

debranching enzyme

DP

degree of polymerization

FACE

fluorophore-assisted carbohydrate electrophoresis

Fru-6-P

fructose-6-phosphate

GBSS

granule-bound starch synthase

GS

glycogen synthase

GTl

glycosyltransferase 1

GT5

glycosyltransferase 5

GWD

glucan, water dikinase

Glc-1-P

glucose-I-phosphate

Glc-6-P

glucose-6-phosphate

HPAEC-PAD

high-performance anion-exchange chromatography with pulsed
amperometric detection

HPLC

high-performance liquid chromatography

ISA

isoamylase activity involving ISAl (ISAl homomer and
ISA1 /ISA2 heteromer)

isa

mutant deficient in all isoamylase activity involving ISAl

LDA

limit-dextrinase

NMR

nuclear magnetic resonance

pi

orthophosphate

PAGE

polyacrylamide-gel electrophoresis

PGI

phosphoglucoisomerase

PGM

phosphoglucomutase

PWD

phosphoglucan, water dikinase
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SAXS

small-angle X-ray scattering

SDS

sodium dodecyl sulfate

SEC

size-exclusion chromatography

SEM

scanning electron microscopy

sex

starch-excess

ss

starch synthase

TEM

transmission electron microscopy

UDP glucose

uridine 5'-diphosphat e glucose

WAXS

wide-angle X-ray scattering

A.max

wavelength of maximal light absorption after complexion with
iodine
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Introduction

1.1 Importance of Starch for Plants and Humans
Starch is an insoluble glucose polymer that is synthesized by plants. Its main purpose in
the plant is the storage of energy in a dense and osmotically inert form In fact, it
constitutes the major energy-storing molecule in most plant tissues.
Depending on the tissue, the duration of storage varies. In the leaf, starch is synthesized
during the day and degraded in the following night. This so-called transient starch is
synthesized directly from photosynthates and provides the plant with energy in the
absence of light, i.e. when no photosynthesis takes place (Gibon et al., 2004). If the
supply of carbohydrates during the dark is reduced, e.g. in mutants impaired in starch
synthesis, plants are starved and grow slower (Pal et al. , 2013). In non-photosynthetic
tissues, such as seeds, sterns, roots or tubers, starch is generally stored for longer periods
and remobilization takes place during germination or sprouting to meet the temporary
high demand for energy (Zeeman et al., 2010). Again, starch mutants are disadvantaged,
and mutant seeds with low or no starch may even be inviable (Fujita et al., 2011; Abe et
al., 2014).
The high energy content of starch is also of importance for humans. It is no coincidence
that the harvested parts of the staple crops are all rich in starch, be it grains from cereals
(e.g. rice, wheat, maize or barley), potato tubers or cassava roots (Zeeman et al., 2010). In
wheat grains and cassava roots, starch accounts for around 70%-80% of the dry weight
(Lafiandra et al., 2014; Ceballos et al., 2007) and in potato for around 10% of the wet
weight (Edwards et al., 1999b). Accordingly, starch accounts for a significant part of our
calorific intake (Burrell, 2003).
Starch also constitutes a coveted raw material for industry. It is not only cheap and
renewable, but also displays unique physicochemical properties. For instance, starch
granules swell in hot water, creating pastes with high-viscosity (so-called gelatinization).
Starches containing amylose, a predominately linear glucan polymer, :furthermore form a
gel phase and thus a two-phase structure (Santelia and Zeeman, 2011). These properties
render starch important in food processing as the addition of starch improves the texture
and stability of the products (e.g. in bread, confectionery and meat products).
Additionally, starch is used in the production of corrugated board and textiles, for coating
of pharmaceuticals and for producing biodegradable plastics (Burrell, 2003). Moreover,
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there is a demand for starch for bio-fuels, although the sustainability of first-generation
bio-fuels is controversial (Smith, 2008; Ho et al., 2014).
It is important to emphasize that not all starch is the same. Starches from different
botanical sources vary in terms of their properties (gelatinization onset temperature, final
viscosity of paste, formation of two-phase pastes or paste stickiness) and thus in their
functionality. This variation stems from differences in the molecular structure of starch,
e.g. size of starch granules, chain length and chain-branching patterns, amylase content or
phosphate content (phosphorylation of glucose residues is a naturally occurring
modification of starch) (Wang et al., 2014). For many downstream applications, starches
currently need to be chemically, physically and/or enzymatically modified to meet the
required properties - costly and ecologically questionable processes (Santelia and
Zeeman, 2011). Accordingly, it is of considerable interest to investigate the relationship
between starch structure and physicochemical properties and why starches from different
sources differ in structure. For the latter, the detailed understanding of starch synthesis
represents a key goal as it would provide us with the toolset to alter starch biosynthesis
and thus starch structure in a targeted way in planta.

1.2 Structure of Starch
Starch consists of two distinct glucose polymers: Amylopectin, which is moderately
branched and usually accounts for 75-90% of starch, and amylase, which is
predominantly linear. Both polymers are entirely made of a-1,4-linked glucose units with
a-1,6-linked branches. These chemical linkages are identical to those of glycogen, the
storage glucan in bacteria, yeast and animals (Section 1.4), but the overall structures
differ.
The simple chemical nature is paradoxical to the structural complexity of the glucans, in
particular in the case of amylopectin. French, who proposed the amylopectin cluster
model and also the formation of double helices within amylopectin (described below),
stated in 1972 that it was currently impossible to reconstruct the formula for a single
amylopectin molecule and that only statistical averages of the frequency of structural
elements can be obtained (French, 1972). He furthermore speculated that high-resolution
microscopy may make it possible to photograph the actual branching pattern one day. An
obvious approach to obtain atomic positions are single crystal X-ray diffractions, but
8
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single starch crystals with sufficient size have never been obtained and data from other Xray diffraction techniques was insufficient to assign the location of all atoms in the unit
cell, causing significant uncertainties (Imberty et al. , 1991). More than 40 years after
French' s statement we are still not able to decipher the actual distribution of glucose
within starch and rely on techniques giving mostly average values instead. These
techniques, together with the resulting models of amylopectin, amylose and glycogen
(Section 1.4.1) structure are presented in the following sections.
1.2.1

Analytical Techniques

Analytical techniques can be separated into those that involve enzymatic treatment and
those that do not.
Common enzyme-free analytical approaches include (1) complexation with iodine and
measurement of absorption spectra as an indication for secondary structures formed by
chains, (2) determination of molecular weight, for

instance by size-exclusion

chromatography (SEC; using appropriate standards) or low-angle laser-light-scattering
(Hizukuri et al., 2006), (3) analysis of degree of branching by nuclear magnetic resonance
(NMR) (Gidley, 1985), (4) small-angle X-ray scattering (SAXS) and wide-angle X-ray
scattering (WAXS) for determination of periodic variations in electron density and thus
structural variations within whole particles and (5) scanning electron microscopy (SEM)
and atomic force microscopy (AFM) (Gallant et al., 1997) for the analysis of the shape
and surface properties of particles.
Enzymatic pretreatments are often exploited in the analysis of glucan fine structure. Care
must be taken on both the purity of the enzyme preparations and on the catalytic
specificity - lack of knowledge of either of them has caused significant misinterpretation
of results and even lead to the proposal of wrongly-refined models in the past (e.g. GunjaSmith et al., 1970, discussed in Manners, 1991).
The most useful enzymes nowadays are debranching enzymes (usually isoamylase from
Pseudomonas, possibly together with pullulanase from Klebsiella) . These enzymes

hydrolyze all branch points, converting a branched glucan to linear chains. As each linear
chain now has a free hydroxyl group at Cl (i .e. a reducing end), the branching level can
be calculated from the increase in reducing power through debranching. Furthermore, the
chains can be separated by length and quantified, providing a chain-length distribution
(CLD). This is commonly done by :fluorophore-assisted carbohydrate electrophoresis
(FACE), for which the reducing ends are first labelled with a :fluorophore for later
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detection,

or

high-performance

anion-exchange

with

chromatography

pulsed

amperometric detection (HPAEC-PAD). Both systems give a high-resolution profile in
which individual chain lengths are separated, i.e. a chain with a degree of polymerization
(DP) of 20 elutes distinctly from one with DP 19 and of DP 21, but are limited to chain
lengths of around 100 (Wu et al., 2013). Alternatively, the chains can be separated by
SEC, which can also separate longer chains (DP 500 and more) with a considerably
poorer resolution in return.

Amylopectin

A

Glucose units arc linked into
chains via a-1,4-bonds and
branched via a-1 ,6--bonds

Neighbouring chains of
amylopcctin form double
helices.

Amylosc chains form
single helices

B

00000

~~J>~
00000
Amorphous
lamellae (~3nm)
}

CrystaUine
lamcllae (--6nm)

A-type
0

°ocf°o
a°°od'oo
00 00

o

B-type
Crystalline lamcllae
composed of aligned
double helices of
amylopectin

Alternative
arrangement of
double helices in
crystalline lamcllac

Figure 1. Structure of Starch.
(A) Molecular structure of amylopectin (according to the cluster model) and amylose, showing
their branching pattern and formation of secondary structures. (B) High-order alignment of
amylopectin double helices. Each growth ring (left side) has a thickness of ca. 200-400 nm and
contains a semi-crystalline region and an amorphous region. The semi-crystalline region further
consists of several alternating crystalline (linear parts of the chains) and amorphous (branch
points) lamellae which together comprise 9-10 nm. Depending on the arrangement of the chains
within a cluster, the double helices either arrange as densely packed A-type polymorph or less
dense hexagonal B-type polymorph (right side). A mixture of A and B is also possible and named
C-type polymorph (not shown). Figure adapted from Streb and Zeeman, 2012.
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Prior to debranching, the glucan can be first treated with ~-amylase (e.g. from barley).
This enzyme sequentially hydrolyzes maltose units from chains until close to a branch
point, creating a ~-limit dextrin. Subsequent debranching and chain separation then result
in a ~-limit CLD, which provides information about the distance between the attachment
of a chain itself and the outermost branch it carries. Digestion with ~-amylase also allows
calculating the ~-amylolysis limit, defined as the part of the glucan degraded by ~amylase, which is indicative of the lengths of external chains carrying no further
branches. If also the average branching levels with and without prior ~-amylase treatment
are known, the average lengths of the external and internal parts of chains can be
calculated (Thompson, 2000).

1.2.2

Amylopectin Structure

Amylopectin is a moderately branched glucose polymer with a branching level of 4-5%,
corresponding to an average chain length of 20-25, a ~-amylolysis limit of 55% and a
molecular weight between 10 5-10 6 (Manners, 1991).
Much attention has been paid to the branching pattern of amylopectin. Peat and
coworkers ( 1956) have classified amylopectin chains according to their connection to
other chains: Chains that do not carry branches themselves were categorized as A chains,
those that do carry other branches as B chains, and the single chain per molecule having a
free reducing end as the C chain. Depending on the botanical source, the ratio of A to B
chains in amylopectin varies between 1.0 and 1.5 - values which could already falsify
some early and simple models of amylopectin structure (Manners, 1989).
Around 1970, Nikuni and French independently proposed the cluster model of
amylopectin, which - although later refined - basically is still widely considered to be
valid (Nikuni first in Japanese (1969) , then in English (1978) ; French, 1972). In this
cluster model, amylopectin radially grows from a centre in the very middle (the hilum)
towards the surface. Branch points are concentrated within certain layers, from which
linear chains grow outwards, forming chain clusters (Figure 1). Most chains end after
having reached a length of 10-20 glucose units, but a few chains extend a cluster, forming
connections between different layers. Using an improved setup for chain-length
distribution, Hizukuri (1986) observed a polymodal distribution of amylopectin chains
and assigned the peaks in accordance with the nomenclature from Peat and the cluster
model : He named the shortest chains, which presumably do not exceed a single cluster, A
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and Bl chains, the next longer chains B2 chains (spanning one cluster and extending in
two clusters), then B3 (extending into three clusters) and B4 (the longest chains he could
detect, extending into four clusters). From the differences in chain length, he calculated a
cluster length of 27-28 glucose units.
According to available X-ray data, French (1972) further proposed that the linear parts of
the chains form double helices, with a period of 2.1 nm and 6 glucose units per chain and
complete turn. Similar conclusions were obtained by Imberty and Perez (1988), who
added water molecules between the double helices (not between the bonded chains).
Computer-assisted models indicated that conformations exist in which branch points
would not significantly distort formation of double helices (Imberty and Perez, 1989;
Buleon and Tran, 1990). The double helices in amylopectin clusters are then believed to
align in the dense A-type polymorph or the less dense (and more hydrated) B-type
polymorph, which can be distinguished by wide-angle X-ray diffraction (Figure lB,
right). Mixtures of A- and B-type polymorphs are also observed and named C-type
polymorph. A-type polymorphs are typical of cereal grains and B-type polymorphs of
tuber starches (Imberty et al. , 1991); the determining factors for formation of either type,
however, are not fully understood. Although some characteristics of amylopectin
structure and the resulting polymorph often correlate, e.g. the ratio of short to long,
cluster-spanning chains (Hanashiro et al. , 1996), this correlation does not hold true for all
starches. The cluster model is also consistent with the observation of a repeat of 9-10 nm
by small-angle X-ray scattering in all plant starches (Jenkins et al. , 1993). Today it is
generally agreed on that the A chains and external parts of B chains form parallel double
helices of a length of 5-7 nm and 12-18 glucose units. While these constitute the
crystalline lamellae, the branch points make up the amorphous lamellae of 2-5 nm
Still, no direct proof for the cluster model exists. Other models that are consistent with the
available data have been proposed, but generally receive only little attention. In the
backbone model by Bertoft (reviewed in Bertoft, 2013), the backbone is oriented
perpendicular to the clusters instead of having the same direction (Figure 2). This
backbone is equivalent to the cluster-spanning B chains from the traditional model, but
the length of the B chains would be determined by the distance between two cluster
neighbors instead of the distance between lamellar repeats.
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A

CLUSTER MODEL

BACKBONE MODEL

B

Direction of
ck.Jstered
chains and

Direction of
clustered
chains

amylopectin

molecules

!;-10{
nm

9-10{
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Figure 2. The Cluster Model Compared with the Backbone Model.
Orientation of amylopectin molecules and chains connecting individual clusters according to (A)
the traditional cluster model from Nikuni/French/Hizukuri or (B) the backbone model proposed
by Bertoft. While the direction of clusters and cluster-spanning chains is identical in the cluster
model, the directions are perpendicular to each other in the backbone models. The alignment of
amylopectin in the super-helix (proposed by Oostergetel and van Bruggen, 1993) is shown. Figure
adapted from Bertoft, 2004.

1.2.3

Amylose Structure

Amylose is a relatively small glucan (molecular weight of ca. 10 2-104), which is probably
synthesized within the granular matrix (Section 1.3.2.1). As its degree of branching is
well-below 1% (Hizukuri et al., 1981 ), it is considered as quasi-linear. The predominantly
linear nature of amylose is further reflected in its high ~-amylolysis limit of 70-85% and
the high wavelength of maximal light absorption

0-maJ

of 640-660 nm when complexed

with iodine (Hizukuri et al., 2006). Nevertheless, amylose does contain some branches.
The majority of these was reported to be relatively short (around DP 18), together with a
few side chains of high molecular weight (Takeda et al., 1992). Amylose readily forms
single helices in solutions when provided with complexing agents (Perez and Bertoft,
2010). Its conformation within the starch granule, although unknown, is probably not
crystalline, as amylose-free starches usually have a higher crystallinity than their
arnylose-containing counterparts (Bertoft et al., 2008).
1.2.4

Structure of Starch Granules

Amylopectin and amylose align together in solid starch granules. While amylopectin is
indispensable and makes up the framework, amylose is not strictly required and probably
fills empty spaces in a more flexible manner, thus rendering the particle denser.
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Starch granules furthermore contain proteins (0.1-0. 7%, mostly granule-bound starch
synthase, the enzyme synthesizing amylose, Section 1.3.2.1) and traces of lipids and
phosphate groups at the C6 or C3 position of glucose (Buleon et al. , 2014). While the
phosphate content of Arabidopsis leaf starch and cereal starches is low or extremely low,
respectively (around one per 2000 glucose units is phosphorylated in Arabidopsis,
Zeeman et al. , 2010), it typically is higher in tuber starches ( around 0.5% in potato).
Phosphorylation appears to be confined to amylopectin and enriched in the amorphous
regions (Blennow et al., 2000).
Starch granules from different species and tissues show a great variation in size and shape
(Figure 3). Granules from tuberous roots are usually the largest, reaching diameters of up
to 100 µm (e.g. in Canna) and forming smooth spheres; starch granules from rice and
sorghum are smaller (3-15 µmin diameter) and have a polygonal shape with sharp edges,
and tiny granules can be found in amaranth (0.5-2 µmin diameter) (Jane et al. , 1994).
Arabidopsis leaves produce flat discoid granules. Granule size and shape may also
determine the accessible surface area for synthesizing and degrading enzymes and
thereby influence their rates. For example, in an Arabidopsis mutant that has single
enlarged granules rather than several small ones per chloroplast, both synthesis during the
day and degradation of starch at night are reduced (ss4 mutant, Section 1.3.2.5) . Whether
or not this is a direct effect from a reduced granule surface area, has yet to be determined
(Roldan et al., 2007).
Electron microscopy and X-ray scattering suggests levels of organization beyond the 9nm-repeat (Section 1.2.2). When cracked granules are treated with a-amylase or acid, the
removal of amorphous regions reveals a higher level of periodicity, so-called growth
rings (Figure lB, left). This repeating unit has a period of a few hundred nanometers and
contains a semi-crystalline region (containing several 9-nm-repeats) and an amorphous
region with a lower degree of order (Pilling and Smith, 2003). In addition, spherical
blocklets with a diameter between 20-500 nm have been observed in semi-crystalline
regions of starches (Gallant et al., 1997). It was suggested that these are identical to the
left-handed amylopectin super-helix, which was proposed by Oostergetel and van
Bruggen (1993) according to electron optical tomography and cryo electron diffraction.
This super-helix would have a diameter of 18 nm and a pitch of 10 nm While it would be
built up by several amylopectin molecules in the cluster model, it would simply constitute
single amylopectin molecules in the backbone model by Bertoft (Figure 2; Bertoft, 2004) .
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Figure 3. Size and Shapes of Starch Granules.
The shown starches are (A) wheat endosperm granules, showing bimodal distribution of A (large)
and B (small) granules; (B) polyhedric maize endosperm granules; (C) sharp-edged polygonal
rice endosperm granules; (D) smooth and spherical potato tuber granules; (E) cup-shaped Cassava
root granules and (F) ellipsoid, disk-shaped Arabidopsis leaf starch granules. Pictures were taken
with SEM. Scale bars= 10 µm. Figure adapted from Streb and Zeeman, 2012 .

1.3

The Biosynthesis of Starch

Starch biosynthesis involves three major enzyme activities: First, starch synthases (SS)
elongate glucose chains by adding the glucosyl moiety from ADPglucose; second,
branching enzymes (BE) create branches from existing chains; and third, debranching
enzymes (DBE) hydrolyze some of the branches again. Although presented in a
sequential manner, it is important to perceive the synthesis as an inter-dependent and
simultaneous process with enzymes acting in a concerted fashion. This system is further
complicated by the presence of multiple isoforms for each enzyme activity (described in
detail below). Nevertheless , the starch-biosynthetic pathway is remarkably well
conserved between different plant species, so that conclusions obtained in one model
organism are often generally valid.
1.3.1

From Photosynthates to ADPglucose

All higher plants synthesize starch exclusively in the plastids, be it chloroplasts in the
leaves or specialized amyloplasts in the starch-storing tissues of our crops. In each case,
starch synthesis starts with the allocation of adenosine 5' -diphosphate-glucose
(ADPglucose), the substrate for starch synthases. In plastids of photosynthetically active
leaves, generation of ADPglucose is directly linked to the Calvin-Benson Cycle:
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Fructose-6-phosphate (Fru-6-P) is isomerised to glucose-6-phosphate (Glc-6-P) in a
reaction catalyzed by phosphoglucoisomerase (PGI) and Glc-6-P is converted to glucose1-phosphate (Glc-1-P) through phosphoglucomutase (PGM). Finally, ADPglucose
pyrophosphorylase (AGPase) catalyzes the conversion of Glc-1-P and ATP to
ADPglucose and pyrophosphate (PPi). Each of these reactions is thermodynamically
reversible. In vivo, however, the product of the last reaction is further metabolized by
plastidial alkaline pyrophosphatase: This enzyme hydrolyzes PPi to two molecules of
orthophosphate (Pi), rendering the synthesis of ADPglucose irreversible. Via this pathway
approximately 30-50% of photoassimilates of Arabidopsis leaves are partitioned into
starch (Stitt and Zeeman, 2012).
The synthesis of ADPglucose 1s similar m heterotrophic tissues. In these nonphotosynthetic tissues, sucrose is imported from source tissues and metabolized to
hexosephosphates, which are then converted to Glc-6-P through the action of PGI. These
steps take place in the cytosol, and Glc-6-P (and ATP) are transported to the plastid
before serving as substrate for the synthesis of ADPglucose. In the cereal endosperm, the
major AGPase activity was found to be cytosolic and ADPglucose is imported directly
into the plastid (Denyer et al., 1996b; Beckles et al. , 2001).
The synthesis of ADPglucose by APGase can be considered as the "committed step"
toward starch synthesis. APGase is a heterotetramer consisting of two large and two small
subunits. In addition to transcriptional regulation in response to light and sugars, its
activity is regulated at two levels: First, it is allosterically activated by 3phosphoglycerate and inhibited by Pi and second, it requires the reduction of cysteine
residues for being active (so-called redox regulation) (Hadrich et al., 2012). Together
these regulations are thought to ensure that ADPglucose and thus starch are only made
when there is sufficient energy supply.
1.3.2

Starch Synthases (SS)

Starch synthases (ADPglucose: 1,4-a-D-glucan 4-a-D-glucosyltransferases; EC 2.4.1.21)
belong to the glycosyltransferase (GT) family 5 (CAZy: Lombard et al., 2014). They
catalyze the transfer of the glucosyl moiety of ADPglucose to the non-reducing end (i.e.
the C4 position) of an existing glucosyl chain, creating an a-1,4 bond and elongating the
chain.
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Five classes' of starch synthases are involved in starch biosynthesis: four soluble, i.e. at
least partially stromal, SS for amylopectin synthesis (SSl, SS2, SS3 and SS4) and one
exclusively granule-bound SS for amylose synthesis (Granule-Bound Starch Synthase or
GBSS). There is an additional putative SS class named SS5 that is related to SS4. In
Arabidopsis, this SS lacks both a chloroplast transit peptide and the GTl domain that is
present in all other SS (Figure 4).
Starch synthases consist of a highly conserved C-terrninal catalytic domain and a variable
N-terminal extension (Figure 4). The catalytic domain is conserved between starch
synthases and bacterial glycogen synthases, which also use ADPglucose as substrate, and
contains a GT5 and a GTl domain (CAZy: Lombard et al. , 2014; Leterrier et al. , 2008) .
According to the crystal structures of Agrobacterium glycogen synthase (GS) , E.coli GS,
rice GBSSl and barley SSl , the catalytic domain adopts a GT-B fold (Buschiazzo et al.,
2004; Sheng et al. , 2009; Momma and Fujimoto, 2012; Cuesta-Seijo et al. , 2013).
Binding of ADPglucose probably involves one or more conserved Lys-X-Gly-Gly motifs
(Furukawa et al., 1990, 1993; Edwards et al. , 1999a) and other conserved charged/polar
residues (Inlparl-Radosevich et al., 1999; Nichols et al., 2000; Buschiazzo et al., 2004;
Yep et al., 2006; Busi et al. , 2008).
The N-terminal extensions of starch synthases are dissimilar. In the case of SS3 and SS4,
these contain conserved coiled-coil motifs and were implicated in interactions with other
proteins (Hennen-Bierwagen et al., 2008, 2009; Gamez-Arjona et al., 2014). The Nterminal part of SS3 furthermore confers starch binding through three conserved
carbohydrate-binding modules (Senoura et al., 2007; Valdez et al., 2008; Wayllace et al.,
2010).
Several isoforrns exist for each class in cereals, except for SS 1. These isoforrns arose
either from whole genome duplications, segmental duplications, or single gene
duplications, and are highly homologous to each other but often differentially expressed
(Yan et al., 2009). The "a" isoforrns of SS2 and SS3 appear as the relevant isoforrns in the
cereal endosperm as no mutants for the other isoforrns have been obtained in screens and
reported repressor mutants (Zhang et al., 2011) did not show any mutant phenotype. SS2
and SS3 therefore refer to the "a" isoform (or just SS2/SS3 if there is only one isoform as
1

Unfortunately, no common nomenclature for their differentiation exist, and some
research groups, in particular those working with cereals, use Roman numerals for the
differentiation between SS classes, while others, in particular those working with
Arabidopsis, prefer Arabic numerals (e.g. SSI vs. SSl). For consistency, I use the Arabic
numerals here.
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is the case for potato and Arabidopsis). Similarly, the GBSS gene underwent duplications
and is present as two (or three) isoforrns is several species, which are differentially
expressed (Cheng et al., 2012; Yan et al., 2009; Vrinten and Nakamura, 2000). If several
isoforrns are present, GBSS refers to GBSSl , the isoformpredominantly expressed in the
endosperm
Classes of starch synthases are likely to vary in their contribution to starch synthesis
within different tissues and species. In the cereal endosperm of maize, SSl and SS3
constitute the major apparent soluble SS activities (Cao et al. , 1999). This is probably
different in the leaves of this species, as no transcript of SSl could be detected there
(Knight et al., 1998). In contrast, SS2 and SS3 are the major apparent soluble SS in the
tuber potato and pea seed (Abel et al., 1996; Marshall et al. , 1996; Tomlinson et al.,
1998). Transcripts of potato SS 1 were almost exclusively detected in leaves (Kossmann et
al., 1999). In Arabidopsis leaves, SSl is the major soluble SS, as judged by activity and
transcript levels, followed by SS3 and SS2 (Szydlowski et al. , 2011 ; Roldan et al. , 2007).
SS4 appears to contribute only little to starch synthase activity. It is, however, important
to note that the apparent contribution of a starch synthase may be biased. For instance,
suppression of SS3 is often accompanied by an upregulation of SSl and/or GBSS
(Section 1.3 .2.4), so that the comparison of synthase activities in the presence or absence
of SS3 does not only reflect the contribution of SS3. Furthermore, a starch synthase could
be not fully active in the used in-vitro assay, leading to an underestimation of its activity.
1.3.2.1

Granule-Bound Starch Synthase (GBSS)

Mutants with reduced or no GBSS were characterized in several species, e.g. in maize
(Sprague et al. , 1943; Shure et al. , 1983), rice (Sano, 1984; Wang et al. , 1995), wheat
(Nakamura et al. , 1995), barley (Patron et al. , 2002), amaranth (Konishi et al. , 1985),
cassava (Ceballos et al., 2007), potato (Hovenkamp-Hermelink et al. , 1987; Jacobsen et
al., 1989), pea (Denyer et al., 1995), Arabidopsis (Ortiz-Marchena et al. , 2014; Seung et
al., 2015) and Chlamydomonas reinhardtii (Delrue et al., 1992; Ral et al. , 2006). In all
these so-called waxy lines, the reduction/loss in GBSS was accompanied by a reduction or
complete loss of amylose, the primarily linear component of starch (Section 1.2.3). This
suggests that GBSS is responsible for the synthesis of amylose and that no other SS can
replace this function.
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Figure 4. Domain Structure of Glycogen Synthases and Arabidopsis Starch Synthases.
ScGsy2p and EcGlgA are glycogen synthases from budding yeast and E. coli, respectively. All
other synthases are from Arabidopsis (At). Shown are plastidial transit peptides [N-terminal blue
boxes], carbohydrate-binding modules of type 25 [dark grey boxes, CBM], coiled-coil domains
[green boxes, C], glyosyltransferase-5 domains [grey boxes, GT5] and glycosyltransferase-1
domains [black boxes, GTl]. Transit peptides were predicted with ChJoroP (Emanuelsson et al.,
1999), coiled-coil motifs with Paircoil2 (p-value <0.05, 21 amino acids minimal length;
McDonnell et al., 2006) and all other motifs with SMART (Letunic et al., 2014). Whereas
ScGsy2p is a GT3 family glycosyltransferase and uses UDPglucose as substrate, EcGlgA and
AtSSl-SS4 are GT5 family glycosyltransferases and use ADPglucose as substrate. The region of
SS3 containing the CBMs and coiled-coil motifs is highly conserved among various orthologs. The
long coiled-coil motif of SS4 was also predicted in maize, rice and wheat SS4, but not in potato
SS4 (XP_006353746.l). Orthologs of GBSS and SS2 often showed weaker or no coiled-coil
predictions. Arabidopsis SS5 lacks a chloroplast transit peptide and the GTl domain and is of
unknown function . Bar= 100 amino acids (AA).

It is likely that GBSS synthesizes amylase within the granular matrix formed by
amylopectin. In low-amylase mutants, amylase is usually more apparent toward the
center of the starch granule. Monitoring the distribution of amylase in such mutants over
time suggested that this area of amylase grows together with the granule (Tatge et al.,
1999). GBSS acts in a processive rather than distributive manner in vitro, i.e. it
preferentially adds glucose units to the same chain instead of switching between chains
(Edwards et al., 1999a; Denyer et al., 1999). It was furthermore noted that GBSS activity
strongly increased when assayed in an1ylopectin concentrations higl1 enough for glucan
re-crystallization to occur (Edwards et al., 1999a). Thus, GBSS may synthesize amylase
by elongating (few) glucan chains in the surrounding of crystalline or crystallising
amylopectin - where its product probably is well protected from branching activity before becoming entrapped in the granule.
The nature of the primer for amylase synthesis 1s controversial. Radio-labelling of

Chlamydomonas reinhardtii starch granules suggested that GBSS first elongates
19

Introduction

amylopectin chains and then releases these chains to the amylose :fraction (Van Wal et al.,
1998). This is, however, probably different in vascular plants, as no transfer of
radioactive label from amylopectin to amylose was observed in Arabidopsis (Zeeman et
al. , 2002). Another primer could be malto-oligosaccharides (MOS), which were shown to
specifically increase GBSS activity and furthermore increased its specificity toward
amylose synthesis (as opposed to the elongation of amylopectin chains) in vitro (Denyer
et al., 1996a).
Although being completely granule bound (Denyer et al. , 1993), GBSS does not contain
any predicted starch-binding domains (Figure 4). Recently, a conserved starch-binding
protein equipped with a carbohydrate-binding module (CBM48) and a coiled-coil motif
(Lohmeier-Vogel et al. , 2008) was shown to interact with Arabidopsis GBSS via the
coiled-coil motif from GBSS (Seung et al. , 2015). This interaction was required both for
efficient granule-binding of GBSS and for amylose synthesis.
Evidence suggests that GBSS may be involved in amylopectin synthesis. In some waxy
mutants, amylopectin structure was reported to be slightly altered (Yeh et al., 1981 ;
Klucinec and Thompson, 2002; Reddy et al., 1993; Ahuja et al. , 2014; Konishi et al.,
1985), whereas it appeared normal in others (partially on the same species; Inouchi et al.,
1987; Bertoft et al. , 2008; Crofts et al., 2012). Only in C. reinhardtii did lack of GBSS
alone cause a marked alteration in amylopectin structure: in these lines a :fraction of
amylopectin with a molecular weight and Amax intermediate between amylopectin and
amylose was missing (Delrue et al. , 1992). In addition, the double mutant deficient in SS3
and GBSS was much more affected than each single mutant: It produced only small
amounts of mostly water-soluble glucan that was almost devoid of chains longer than DP
40 (Maddelein et al. , 1994; Ral et al. , 2006). The different function of C. reinhardtii
GBSS compared with others may be explained by its rather distant relation, the presence
of a unique C-terminal tail and the several-fold higher specific activity of C. reinhardtii
GBSS compared with those from vascular plants (Wattebled et al., 2002) .
1.3.2.2

Soluble Starch Synthase 1 (SSl)

Loss of SSl activity causes distinct alterations on A and Bl chains, i.e. the short chains
that make up the clusters of amylopectin. Amylopectin of ssl mutants from rice (Fttjita et
al., 2006) and wheat (McMaugh et al. , 2014) endosperm has more short chains of DP 6
and 7, fewer chains of DP 8-12 and more chains around DP 15, and similar changes have
also been observed in Arabidopsis leaf starch from ssl mutants (Delvalle et al. , 2005).
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It is striking that the chains that are depleted in the mutants have the same lengths as

those that are preferentially synthesized by SSl in vitro. SSl from maize, kidney bean
and rice favorably elongated short chains (usually DP <10) (Commuri and Keeling, 2001;
Senoura et al., 2004; Fujita et al., 2006). Furthermore, SSl from Arabidopsis was more
active on glycogen than on amylopectin (Delvalle et al., 2005). Together with the mutant
phenotype, this strongly suggests that SS 1 elongates the short glucan chains derived from
branching enzyme action (mostly DP 6) by a few glucan units (to a DP of around 8-10).
These chains are then probably further elongated by other SS.
While this hypothesis explains the depletion of chains around DP 10 in ssl mutants, it
does not explain why there is a consistent increase in longer chains around DP 15 in these
lines. In fact, it is somewhat counterintuitive that a mutant of a chain-elongating enzyme
overall has longer chains. Using modified glycogen substrates, Commuri and Keeling
showed that the activity of maize SSl drastically decreases with external chain length,
while its substrate binding strongly increases (Commuri and Keeling, 2001). The authors
suggested a scenario where these characteristics would stick SS 1 to elongated glucan
chains as an inactive enzyme, thus preventing the elongation by other synthases. The
entrapment of SS 1 within the granule is consistent with the common observation of SS 1
being granule-bound to some extent (Mu-Forster et al., 1996; Cao et al., 1999; Fttjita et
al., 2006; Senoura et al., 2004). However, in cereals, the extent of granule binding ofSSl
appears to be also dependent on the starch binding of its interaction partner SS2 (Section
1.3 .5).

Other data showed that SS 1 can actually synthesize also longer chains. Recombinant SS 1
from Arabidopsis produced chains up to DP 15 when incubated with maltoheptaose as
primer (Brust et al., 2013) and Arabidopsis SSl and a BE were able to produce a whole
polymodal distribution of the chains normally present within one crystalline amylopectin
layer in vitro, i.e. A and Bl chains (Brust et al., 2014). The reasons for the different
observations are not clear.
Arabidopsis SS 1 is redox-sensitive and requires reducing conditions for activity (Glaring
et al., 2012). According to the crystal structure of barley SSl, it was proposed that a
disulfide bridge between cysteines 126 and 506 can be formed and that this linkage
disorders and blocks the active site (Cuesta-Seijo et al., 2013). Single mutation of each of
these cysteine residues did not render SSl completely redox-insensitive and the C506S
mutant protein even lost most of its activity, suggesting that there are more cysteine
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residues involved in redox regulation and that some cysteines are also important for
catalysis.
1.3.2.3

Soluble Starch Synthase 2 (SS2)

Mutants in SS2 have been characterized in potato (Edwards et al., 1995; Kossmann et al.,
1999; Edwards et al. , 1999b; Lloyd et al., 1999), pea (Craig et al. , 1998), wheat
(Yamamori et al., 2000), barley (Morell et al., 2003), rice (Umemoto et al., 1999, 2002),
maize (Zhang et al. , 2004) and Arabidopsis (Zhang et al. , 2008). The observed
phenotypes are remarkably similar and include a distinct change in amylopectin fine
structure: increased abundance of chains around DP 8 and decreased abundance of those
around DP 18, i.e. a shift toward shorter chain lengths. In addition, ss2 mutants often have
more amylose, altered granule morphology and reduced crystallinity of starch. Due to the
alterations in CLD, it was proposed that SS2 elongates chains around DP 8 (i.e. the chains
elongated by SSl) to lengths around DP 15, probably in a competing fashion with SSl
(Zhang et al. , 2008).
This model is challenged by the fact that, at least in cereals, SS2 interacts with SSl and
class II branching enzymes (Section 1.3 .5) . Since the lack of SS2 possibly has pleiotropic
effects on these enzymes, it is currently difficult to assess how much of its phenotype is
indeed caused by loss of catalytic activity from SS2. In the light of the high amylose
content of mutants lacking BEII activity (Section 1.3.3), the modest increase in amylose
in ss2 mutant could also be attributed to altered BEII activity. On the contrary, the
changes in amylopectin fine structure are likely to be indeed caused by abolished SS2
activity. First, reduced SSl or BEII activity usually has the opposite effect and results in
longer chains rather than shorter ones. Second, loss of SS 1 activity in an ss2 mutant
background caused ssl-typical alterations, indicating that SSl was active (Fqjita et al.,
2006; Szydlowski et al., 2011). Third, when a recombinant rice SS2 was incubated with
amylopectin from a rice ss2 mutant, it specifically elongated the aberrantly short chains
so that the modified glucan now appeared more wild-type like (Nakamura et al. , 2005) .
1.3.2.4

Soluble Starch Synthase 3 (SS3)

Compared with SS 1 and SS2, the fimction of SS3 is less clear. Its suggested fimctions
include the synthesis of long B chains, the elongation of cluster-filling chains (partly
redundant fimction with SS2) and the regulation of other starch-biosynthetic enzymes.
Furthermore, SS3 is important during initiation of starch granules in the absence of SS4
(Section 1.3.2.5).
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Consistent with the view of a versatile role, SS3 appears as a major soluble SS activity in
all plants and tissues (Section 1.3 .2). It also harbors the longest N-terminal extension
among all SS, part of which is homologous within all plant species and carries starchbinding domains and predicted coiled-coil domains (Figure 4). This extension was
suggested to be involved in protein-protein interactions (Hennen-Bierwagen et al., 2008,
2009).
Probably the best characterized function of SS3 lies in the synthesis of long, clusterspanning B chains (B2, B3 etc.). Fewer of these chains were observed in ss3 mutants of
maize (Inouchi et al., 1987; Wang et al. , 1993; Gao et al., 1998) , potato (Lloyd et al. ,
1999), rice (Fujita et al. , 2007) , possibly in Arabidopsis (Figure 6 in Zhang et al. , 2005)
and C. reinhardtii (Ral et al., 2006). From all ss3 mutants characterized, only the barley
amol mutant did not display this phenotype; the nature of this mutation, however, is not

clear and does not to abolish SS3 activity (Li et al. , 2011) .
Alterations in the short-chain profile of amylopectin from ss3 mutants (Lloyd et al. , 1999;
Edwards et al. , 1999b; Fujita et al., 2007; Lin et al. , 2012; Zhang et al., 2005) indicate
that SS3 is also involved in the synthesis of short A and B chains. Nevertheless, these
changes are subtle when compared to those caused by the lack SS 1 or SS2. In the absence
of SS2, however, additional lack of SS3 clearly enhances the mutant phenotype in rice
(Zhang et al. , 2011) , potato (Lloyd et al. , 1999; Edwards et al., 1999b) and Arabidopsis
(Zhang et al. , 2008) , suggesting partially redundant functions between these two SS. The

ss2/ss3 double mutant of Arabidopsis produced only little amounts of glucans, which had
drastically shortened chains (Zhang et al. , 2008). In potato, the combined repression of
SS2, SS3 and GBSS resulted in amylose-free starch with short-chained amylopectin that
did not undergo retrogradation - a preferred characteristic for the food industry (Jobling
et al., 2002).
Arabidopsis ss3 mutants were reported to have increased total soluble starch synthase
activity (Zhang et al. , 2005) and to produce more starch during the day (Zhang et al. ,
2005; Szydlowski et al., 2009) , indicating a negative regulatory function of SS3. Others,
however, observed slightly reduced soluble SS activity (Szydlowski et al., 2009, 2011)
and slightly reduced starch levels (Szydlowski et al., 2011). An increase in SSl and/or
GBSS levels was observed in ss3 mutants from maize (Cao et al., 1999), rice (Fujita et
al., 2007), barley (Li et al., 2011) and C. reinhardtii (Ral et al., 2006). It is therefore
possible that some of the alterations in amylopectin fine structure are caused by increased
SSl levels (Fltjita et al. , 2007). Furthermore, the observed increase in amylose content in
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ss3 mutants from maize (Boyer and Preiss, 1981 ; Wang et al., 1993), barley (Li et al.,
2011) and rice (Fujita et al., 2007; Crofts et al. , 2012) may be due to enhanced GBSS
activity. GBSS is also likely to be the cause for other ss3 phenotypes such as an increased
number of extra-long amylopectin chains and fissured granules (Fulton et al. , 2002; Fujita
et al. , 2007), as a ss3/gbss double repressor of potato did not show these anymore (Fulton
et al., 2002).
1.3.2.5

Soluble Starch Synthase 4 (SS4)

To date, mutants with reduced SS4 activity have been described only in rice (Zhang et al.,
2011) and Arabidopsis (Roldan et al., 2007). Arabidopsis ss4 null mutants display no
significant changes in amylopectin structure, amylose content or total soluble starch
synthase activity (Roldan et al. , 2007), although SS4 is an active starch synthase when
recombinantly expressed (Szydlowski et al. , 2009; Brust et al., 2014). Instead, this mutant
has remarkable alterations in the number and shape of starch granules: Whereas an
average wild-type chloroplast contains around five discoid-shaped granules, chloroplasts
from these mutants mostly have only a single enlarged and spherical granule with a less
electron-dense center (Roldan et al. , 2007; Crumpton-Taylor et al. , 2013) . Young,
immature leaves do not contain any starch granules (Crumpton-Taylor et al. , 2013).
Accordingly, SS4 has been proposed to have a special role in initiating granule formation
and determining granule size and shape (Roldan et al. , 2007; Crumpton-Taylor et al.,
2013).
Analyses of multiple starch synthase mutants indicated that SS3 (but not SS 1 or SS2) is
required to achieve at least some starch synthesis in the absence of SS4: Double mutants
of SS3 and SS4 almost completely fail to synthesize starch and display an extremely
stunted growth (Szydlowski et al. , 2009; Ragel et al., 2013). Interestingly, these mutants
accumulate around 102 times elevated levels of ADPglucose (the substrate for SS) , which
probably unbalances the adenylate pool, explaining the pleiotropic defects observed
(Ragel et al., 2013).
How SS4 establishes the normal number and shape of granules remains elusive. A
possible function of SS4 could be self-glucosylation similar to bacterial glycogen
synthases (Ugalde et al. , 2003) or eukaryotic glycogenins (Lomako et al. , 1988; Pitcher et
al. , 1988). Attempts to confirm this activity in recombinant SS4 (and SS3), however, were
not successful (Szydlowski et al. , 2009) . Furthermore, SS3 but not SS4 was found to
catalyze unprimed glucan formation in the presence of ADPglucose (Szydlowski et al.,
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2009) and recently it was reported that all four soluble SS from Arabidopsis are able to
elongate maltose and longer MOS (but not glucose , Brust et al., 2013) . If ideas about de
nova synthesis of maltose during photosynthesis prove to be true (Linden et al. , 1975;

Szecowka et al. , 2013) , an autoglucosylation function may not be required to explain the
initiation of starch polymers.
Recently, it was reported that SS4 interacts with two plastoglobule-associated proteins,
the fibrillins FBNla and FBNl b (Gamez-Arjona et al., 2014). This interaction was
dependent on the presence of the N-terminal, non-catalytic extension of SS4 that is
predicted to contain one or several coiled-coil motifs (Figure 4). In contrast to a
previously reported stromal localization (Szydlowski et al. , 2009), SS4 was also found to
be associated to thylakoid membranes. As SS4 localizes to distinct spots at the edge of
granules, it is possible that this specific positioning determines the location and indirectly
also the number of starch granules.
In rice, repressor lines of SS4a (the isoform predominantly expressed in tissues other than
the leaf) or SS4b (which is similarly expressed in all tissues) did not show any alterations
in starch content, amylase content or starch structure (Zhang et al., 2011). This may be
due to functional redundancy between the two SS4 isoforrns and/or other SS classes ,
insufficient repression, a more subtle phenotype or a different function of SS4 in this
species or during the synthesis of storage starch.
1.3.3

Branching Enzymes (BE)

Starch-branching enzymes (E.C. 2.4.1.18) are 1,4-a-glucan: 1,4-a-glucan 6-glucosyl
transferases belonging to the a-amylase superfamily of enzymes (also termed glycoside
hydrolase [GH] family 13) (Tetlow and Emes, 2014; CAZy: Lombard et al. , 2014). They
cleave a 1,4-a-glucan chain and transfer it to the C6 position of a glucose unit from the
same or another chain, creating an a-1 ,6 linked branch. Branching enzymes share a
common three-domain structure: an N-terminal domain containing the carbohydratebinding module 48, a central catalytic a-amylase domain characteristic for GH13 family
members and C-terminal domain present in several a-amylases (Figure 5; SMART:
letunic et al., 2014).
According to sequence homologies, branching enzymes are classified into class I ( or
family B) and class II (family A) enzymes. Class I exists as a single isoform in planta,
with the exception of Arabidopsis, which does not contain a class I BE (Dumez et al. ,
2006). Class II is also represented by a single gene in potato and pea, but has diverged
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into BEila and BEilb in the cereals. These two BE isoforrns have distinct expression
patterns: In maize, rice and barley, the expression of BEilb is restricted to the grain, while
BEila is found in all tissues but at often lower levels (Gao et al., 1996, 1997; Yamanouchi
and Nakamura, 1992; Sun et al., 1998). Arabidopsis has two type II branching enzymes
(BE2 and BE3), which are both expressed in the leaves (Dumez et al. , 2006).
In-vitro studies of branching enzymes from various sources indicated that the two classes
exhibit different enzymatic properties. BEI from maize (Takeda et al. , 1993 ; Guan and
Preiss, 1993; Guan et al., 1994, 1997), rice (Nakamura et al. , 2010) and potato (Rydberg
et al. , 2001) was more active on amylose than on amylopectin, while the corresponding
BEII(s) had the opposite substrate preferences. Through monitoring of the changes
introduced into amylopectin, maize BEI was also assigned to have a slightly higher
"minimal" chain length requirement for a substrate chain (DP of 16 compared with 12 in
the case of BEIIa and b) and to preferentially transfer longer chains (DP 11 compared
with DP 6 in the case of BEila and b) (Guan et al., 1997). In addition, BEI but not BEII
from rice was able to modify a phosphorylase-limit amylopectin, suggesting that this BEI
can act on branched chains (Nakamura et al., 2010; Sawada et al. , 2014). However, it
must be noted that a glucan with such short chains represents a rather artificial substrate
which is unlikely to be encountered by a BE in vivo.
Maize branching enzymes BEI and BEilb were expressed in E. coli (Guan et al. , 1995)
and BEI, BEila and BEilb in budding yeast (Seo et al. , 2002). All enzymes were able to
complement the lack of the endogenous BE, except for BEI in yeast, which - at least
when being the only BE - was found to be inactive. In each case, however, the glucans
produced were more similar to glycogen than to amylopectin, as they were enriched in
short chains of DP 6 and 7. This suggests that BE is not the sole determinant of
amylopectin structure.
Mutants of BEI have been analyzed in maize (Blauth et al., 2002; Xia et al. , 2011), rice
(Satoh et al., 2003 ; Abe et al. , 2014) , wheat (Regina et al., 2004) and potato (Safford et
al., 1998), but reduction or deletion of BEI resulted in no or only minor changes on starch
structure/amount, so that its in-vivo role remains unclear.
In stark contrast, reduction of most or all BEII activity causes marked alterations in starch

and the well-known amylose-extender (ae) phenotype. This phenotype is observed in
bellb mutants of maize (Hedman and Boyer, 1982) and rice (Mizuno et al. , 1993), in
bella mutants of durum wheat (Sestili et al., 2010), in mutants of the only BEII (SBE A)
m pea (the wrinkled-seed mutants studied by Gregor Mendel;
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Bhattacharyya et al. , 1990) and in double repressor lines of BEila and BEilb in wheat and
barley (Regina et al., 2006, 2010).
The maize ae phenotype is characterized by altered amylopectin structure with longer
external and internal chains, increased levels of amylase and the presence of short-chain
amylose with a low molecular weight (Klucinec and Thompson, 2002; Boyer et al.,
1980). Due to its special swelling and gelatiniza.tion properties and reduced digestibility
in the digestive tract, this starch is of special interest both for industry and human health
(Santelia and Zeeman, 2011; Raigond et al., 2014).
Similarly, ae rice lines ( carrying mutations in BEilb or repressing its expression) have
altered amylopectin with longer chains (fewer chains of DP 6-12 and more chains DP
>13; Nishi et al. , 2001; Butardo et al., 2011), and this change in amylopectin fine
structure was accompanied by a change from A to C to B polymorph (Tanaka et al., 2004;
Butardo et al., 2011). Upon overexpressio n of BEilb, glucans with low crystallinity and
far more soluble glucans were observed (Tanaka et al., 2004). An increase in relative
amylose content in ae rice lines was reported by some (Abe et al., 2014; Asai et al.,
2014), but not other (Butardo et al., 2011) groups.
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Figure 5. Domain Structure of Branching Enzymes.
Branching enzymes from budding yeast (ScGlc3p), E. coli (EcGlgB), Arabidopsis (AtBEl-3) and
maize (ZmBEI) share common domains. Depicted are plastidial transit peptides [N-terminal blue
boxes], carbohydrate-binding modules of type 48 [grey boxes, CBM] , catalytic a-amylase domain
[black boxes, AMY] and the all-beta domain typically found in the C terminus of ex-amylases
[blue boxes, AMY_C]. Domain predictions were obtained as described in Figure 4. No coiled-coil
domains were predicted with the settings described in Figure 4. AtBEl is a putative branching
enzyme which lacks the CBM48. AtBE2 and AtBE3 belong to class II branching enzymes. As
Arabidopsis does not have a class I branching enzyme, maize BEI (ZmBEI) is included for
comparison. The domain structure of class I and class II branching enzymes is conserved between
maize, rice, wheat, barley, potato and (for class II) Arabidopsis, although the length of the
catalytic a-amylase domain varied. Bar = 100 amino acids (AA).
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In potato tubers, repressing the expression of the only BEII gene (SBEA) resulted in

amylopectin with longer chains (Jobling et al., 1999), but a high amylose content required
suppression of both class I and II BE genes (SBEB and SBEA) (Schwall et al., 2000).
This high-amylose starch also had higher phosphate levels, which is a feature of
considerable industrial interest; however, the overall starch yield was severly reduced
(Schwall et al. , 2000). Consistent with the proposed function of BEII, overexpression of
BEII in potato was recently reported to increase the abundance of short amylopectin
chains (mostly DP 6). In addition, this starch had a lowered gelatinization temperature
and phosphate content (Brummell et al., 2015).
Some mutations in BE affect leaf starch metabolism Maize mutants of BEIIa display no
alterations in endosperm starch, but replace leaf starch mostly by a glucan of low
molecular weight (Blauth et al., 2001; Yandeau-Nelson et al., 2011). This glucan has a
lower degree of branching, is not completely metabolized during the night and is
associated with premature leaf senescence. Although BEIIa is the predominant BE in
maize leaves, the presence of other BE cannot be ruled out as the transcript of BEI was
found in the leaf (Yandeau-Nelson et al., 2011). In Arabidopsis, mutants disrupted in both
BE2 and BE3 exhibited a complete loss of BE activity and completely failed to produce
starch. Instead they accumulated high amounts of maltose and exhibited stunted growth
and chlorosis (Dumez et al., 2006). It was hypothesized that this water-soluble glucan was
generated during the instantaneous degradation of linear chains by the plastidial aamylase AMY3 ; a be2/ be3/amy3 mutant, however, showed no reduction in these (Devin,
2010).
Protein-sequence homology revealed a putative third class of BE. Genes belonging to this
class III were found in Arabidopsis (BEl ; Dumez et al., 2006), rice, poplar and maize
(BEIII; (Han et al. , 2007; Yan et al. , 2009). Despite the high homology among the genes
of this class of around 60%, they share only around 30% identity with BEs from class I
and II (Han et al., 2007). To date, functional analysis on this putative BE was only done
in Arabidopsis, where knock-out mutants were reported to either have a wild-type
phenotype (Dumez et al. , 2006) or to be inviable (Wang et al., 2010) . Branching activity
was not detected by either group. Further work is required to reveal the catalytic activity
and function of these proteins.
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1.3.4

Debranching Enzymes (DBE)

There are two main classes of debranching enzymes: "direct" debranching enzymes,
which directly hydrolyze a-1,6-linkages and release linear chains, and "indirect"
debranching enzymes, which first hydrolyze the last a-1,4-linkage and transfer the chain
stub to another chain (creating a new a-1,4-linkage) before hydrolyzing the residual a1,6-linked glucose. Whereas glycogen metabolism in eukaryotic cells usually involves
indirect debranching enzymes, starch-debranching enzymes are direct debranching
enzymes.
Plant debranching enzymes belong to the glycoside hydrolase family 13 (CAZy; Lombard
et al., 2014) and share the central a-amylase domain and a starch-binding domain with
branching enzymes (Figures 5 and 6). They can be further divided into isoamylases (E.C.
3.2.1.68) and limit-dextrinase (also called pullulanase; E.C. 3.2.1.41). Plant genomes
encode three isoamylase isoforms - Isoamylasel (ISAl), ISA2 and ISA3 - and one
Limit-Dextrinase (LDA, also named PUl). The two subclasses can be distinguished by
protein sequences and substrate specificity, as only limit-dextrinase can efficiently
degrade pullulan, a glucan consisting of a-1,6-linked maltotriosyl units (Zeeman et al.,
2010; Hizuk:uri et al., 2006). ISAl and ISA2 are involved in debranching during the
synthesis of amylopectin and are thus in the focus here. They act together as a
heteromultimeric enzyme, and ISAl additionally forms active homomultimers in some
species (here I use the term ISA to refer to both homomeric and heteromeric activities). In
contrast, ISA3 and pullulanase primarily debranch starch during its degradation and
mutants of these enzymes often have starch-excess (sex) phenotypes (Dinges et al., 2003;
Wattebled et al., 2005; Delatte et al., 2006; Yun et al., 2011). Although ISA3 and LDA
influence the glucan made in the absence of ISA (described below), they cannot replace
its specific function (Kubo et al., 1999; Fujita et al., 2009; Wattebled et al., 2005, 2008;
Streb et al., 2008).
Mutants lacking ISA partly replace starch by a water soluble polysaccharide in maize
(Pan and Nelson, 1984; James et al., 1995), rice (Nakamura et al., 1996), barley (Burton
et al., 2002), potato (Bustos et al., 2004), Arabidopsis (Wattebled et al., 2005; Delatte et
al., 2005) and C. reinhardtii (Mouille et al., 1996). In terms of branching level,

Amax

after

complexion with iodine and molecular weight, this water soluble glucan is reminiscent of
glycogen and is hence called phytoglycogen. In most cases, starch, although with small
structural alterations, is still made. Only in C. reinhardtii and injaponica rice (i.e. rice
with an ss2 background), do isal mutants completely fail to produce starch (Mouille et
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al. , 1996; Nakamura et al., 1996); in the latter, this is dependent on the mutated ss2 allele
(Fujita et al. , 2012).
A common model to explain the accumulation of phytoglycogen is the "trimming" model
(Ball et al., 1996). According to this model, isoamylase would remove excess branches
from a newly created amorphous zone in "pre-amylopectin" so that only the appropriate
chains are elongated by SS. In the absence of isoamylase, the high number of branches
would result in steric limitations, abolishing regular structures and the synthesis of further
lamellae. Consistent with this, Arabidopsis phytoglycogen is indeed enriched in branches
separated by short distances (Delatte et al., 2005).
However, while this model regards debranching by ISA as a mandatory step, careful
observation of mutants impaired in that enzyme suggest that this is not strictly essential
for making a crystallization-competent glucan: Not only do most ISA-deficient mutants
make some starch, often both starch and phytoglycogen are made within the s·ame plastid
and some cell types/tissues appear to be only little affected, e.g. bundle-sheath cells from
Arabidopsis and maize leaves (Zeeman et al., 1998; Delatte et al., 2005; Lin et al. , 2013).
Streb et al. (2008) showed that Arabidopsis leaf starch is completely replaced by
phytoglycogen in the quadruple debranching mutant isal/isa2/ isa3/lda . This suggested
some functional overlap between the debranching enzymes - a result consistent with
previous observations in Arabidopsis (Wattebled et al., 2005 , 2008), maize (Dinges et al.,
2003) and rice (Kubo et al., 1999; Fujita et al. , 2009). Even though, the additional
mutation of the starch degrading enzymes a-Amylase3 (AMY3) in the quadruple
debranching background partly restored starch granule synthesis (Streb et al., 2008),
showing that debranching, while part of the starch biosynthesis process, is not an absolute
requirement. This result was in-line with the observation that phytoglycogen is prone to
degrading enzymes (Delatte et al., 2005), and suggested that the modifications made by
degradative enzymes also served to prevent nascent molecules from forming insoluble
starch granules. Accordingly, it seems that debranching may accelerate the crystallization
of glucans rather than formally enabling it. The crystallization itself in solid granules may
then protect the glucans from premature degradation (Delatte et al., 2005; Streb et al.,
2008).
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Figure 6. Domain Structure of Debranching Enzymes.
Shown are the indirect debranching enzyme from budding yeast (ScGdblp) and the direct
debranching enzymes from E. coli (EcGlgX) and Arabidopsis (AtISAl, AtISA2, AtISA3, AtLDA).
ScGdblp contains three Pfam glycogen-debranching enzyme (GDE) domains (hGDE_N,
hGDE_central and GDE_C, from N to C terminus). These are characteristic for eukaryotic GDEs,
which combine oligo-cx- l ,4➔ cx- l,4-glucanotransferase (EC. 2.4.1.25) and cx-1,6-glucosidase (EC
3.2.1 .33) within a single enzyme and debranch glycogen in a two-step mechanism described in
the text. Other depicted domains are plastidial transit peptides [N-terminal blue boxes],
carbohydrate-binding modules of type 48 [grey boxes, CBM], catalytic a-amylase domains [black
boxes, AMY] and a Pfam domain of unknown function, DUF3372 [red box, DUF]. Domain
predictions were obtained as described in Figure 4. No coiled-coil domains were predicted with
the settings described in Figure 4. The domain structure of the isoamylases ISAl, ISA2, ISA3 and
puUulanase (limit-dextrinase; LDA) were conserved between rice, wheat, barley, maize, potato
and pea, with the exception of wheat ISA2, rice ISA3 and pea LDA of which only partial or no
sequences could be found in NCBI. Bar= 100 amino acids (AA).

In Arabidopsis, isal, isa2 and isall isa2 mutants show identical phenotypes (Delatte et al.,

2005). Moreover, AtISAl and AtISA2 have a high native molecular mass and levels of
AtISAl were reduced in isa2 mutants, suggesting reduced stability of AtISAl alone
(Delatte et al., 2005). Catalytic activity was only observed when both AtISAl and AtISA2
were present (Facon et al., 2013). Together this strongly suggests that ISAl and ISA2
form a multimeric enzyme in which both subunits are required for its activity. ISA2
carries substitutions in residues important for catalysis, which probably render it noncatalytic. This suggests that ISAl is the catalytic subunit and that ISA2 is required for the
enzyme's stability, and possible for its specificity and/or regulatory properties (Hussain et
al., 2003; Deschamps et al., 2008).
Similarly, in potato only a heteromultimeric complex of ISAl and ISA2 was found
(Utsumi and Nakamura, 2006). Still, potato ISAl was active on its own when
recombinantly expressed as an S-tagged protein in E. coli (Hussain et al., 2003) and only
repressor lines of ISAl but not of ISA2 accumulated some phytoglycogen (Bustos et al.,
2004).
31

Introduction

Alternatively, ISAl may also act as a homomultimer. In rice, maize and C. reinhardtii,
ISAl indeed forms one or several homomeric complexes, in addition to one or more
ISA1/ISA2 complexes (Utsumi and Nakamura, 2006; Kubo et al. , 2010; Sim et al., 2014).

In a recent crystal structure, C. reinhardtii ISAl had an elongated structure and paired
with another ISAl in a tail-to-tail fashion, although the existence of higher multimers
could not be excluded (Sim et al., 2014). In maize and rice, isa2 mutants, which have
only the ISAl homomer, were similar to WT, suggesting that it is sufficient for
endosperm starch synthesis (Kubo et al., 2010; Utsumi et al., 2011). However, in a ss3
mutant background, loss of ISA2 resulted in the accumulation of phytoglycogen in maize
(Lin et al., 2012). The ISA1/ISA2 heteromultimer was also more stable at elevated
temperatures and showed a higher affinity toward phytoglycogen compared with ISAl
alone in vitro (Utsumi and Nakamura, 2006). Accordingly, the catalytic properties of
ISAl may be modified by ISA2, and both homomeric and heteromeric isoamylases may
be required for optimal amylopectin synthesis, at least in some conditions.
1.3.5

The Role of Complex Formation Between SS and BE and Phosphorylation of
Starch-Biosynthetic Enzymes

In an early study investigating the complex formation between starch-biosynthetic
enzymes, co-immunoprecipitation indicated that wheat BEIIb interacts with BEI and with
starch phosphorylase (Tetlow et al., 2004). Treating the protein extract with alkaline
phosphatase abolished these interactions, while ATP had the opposite effect. This
indicated that phosphorylation was a prerequisite for complex formation, which is
consistent with the observation that all wheat branching enzymes can be phosphorylated
(Tetlow et al., 2004).
Later size-exclusion experiments with maize amyloplast extracts showed that SS2, SS3,
BEIIa, BEIIb occur to varying extents as non-monomeric forms and pair-wise interaction
tests suggested a phosphorylation-dependent complex of SS3, SS2, BEIIa, BEIIb (and
possibly SSl) and a second, similar complex without SS3 (Hennen-Bierwagen et al.,
2008, 2009).
Meanwhile, Tetlow and coworkers reported other phosphorylation-dependent complexes
in wheat, among them one between SS 1, SS2 and BEIIa or BEIIb (Tetlow et al., 2008).
This observation was based on pair-wise co-immunoprecipitation, similar elution profiles
obtained using SEC, and subsequent western-blotting of cross-linked fractions. It is
interesting to note that this complex occurred only later in kernel development (not before
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1O days after pollination) - a stage close to the onset of B-type granule production
(Tetlow et al., 2008).
The association of SSl , SS2 and a class II branching enzyme appears to be conserved at
least within the cereal endosperm as evidence for it was also found in maize (Liu et al.,
2009), barley (Ahmed et al. , 2015) and in rice (Crofts et al., 2015). In the endosperms of
wheat and barley, where BEIIa and BEIIb have redundant functions, this complex
contains either of them and in barley possibly both (Tetlow et al., 2008; Ahmed et al.,
2015). In the endosperm of maize and rice, where BEIIb is the dominant branching
enzyme, BEIIa normally is not associated with the complex (Liu et al., 2009; Crofts et al.,
20 15).
Knowing about its existence, the question of the significance of complex formation arises.
In particular, it is important to understand the function of enzymes in complex compared

to that of their monomeric forms: This information affects the interpretation of mutant
phenotypes, i.e. our understanding of the role of individual enzymes. If the lack of a
single enzyme abolished formation of a whole complex and the remaining now solely
monomeric enzymes displayed different kinetics, the phenotype would not be a direct
result of the lack of a single enzyme activity. Additionally, new aberrant complexes could
be formed that alter the function of previously monomeric enzymes.
In ss2 mutants, SSl and the interacting BEII(s) consistently appear less in the granule-

bound protein fraction (Yamamori et al. , 2000; Morell et al., 2003 ; Luo et al., 2015) and
this was also observed in a starch-binding mutant of SS2 (Liu et al., 2012b). Furthermore,
in the absence of BEIIb in maize, a modified complex is formed : SSl and SS2 now
interacted with BEI, BEIIa and phosphorylase instead (Liu et al., 2009, 2012a). Similarly,
repressed BEIIa or BEIIb was replaced by BEI and phosphorylase in the complex in
barley (Ahmed et al. , 2015). In both species, this replacement was accompanied by a
change in the profile of granule-bound proteins as the newly complexed enzymes were
now granule bound, in addition to the other complex partners and GBSS (Liu et al., 2009;
Ahmed et al., 2015). This suggests that proteins in the complex have a higher affinity for
starch. Nevertheless, it is worth noting that both BEIIb and SS 1 can bind starch on their
own (Liu et al., 2012a; Liu et al. , 2012b; Commuri and Keeling, 2001) and it remains
unclear whether a tight association or even entrapment is required for optimal activity.
One useful means to address the issue of unwanted pleiotropic effects is the use of
multiple mutants. In Arabidopsis and rice, mutation of SS 1 in an ss2 background
provoked the typical alterations in starch fine structure (Szydlowski et al. , 2011 ; Fujita et
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al. , 2006), suggesting that SS 1 is active in the absence of SS2. These species may,
however, not be indicative as there is no evidence for a SS-BE complex in Arabidopsis
yet and the rice ss2 generally has a relatively weak phenotype compared to other ss2
mutants (Luo et al. , 2015). In addition, mutant ss2 alleles where SS2 is still active but not
able to form a complex could help defining the role of the complex.
Another function of complex formation could be substrate channeling. For instance, a
newly created branch from BE action could be directly elongated first by SS 1 and then by
SS2, probably increasing the efficiency. It is also possible that the complex confers
enzymatic specificity, e.g. steric limitations of the whole complex could define the length
of a chain that is transferred by a BE or where the new branch is placed. Tetlow and Ernes
(2011) further suggested that complex formation could regulate enzyme activity
allosterically and/or could protect a growing glucan from degrading enzymes. Still, none
of these hypotheses has been tested yet.
Similarly, the role of phosphorylation of branching enzymes and some starch synthases
(e.g. SS2, Tetlow et al. , 2004) remains enigmatic. Besides promoting complex formation,
phosphorylation also increased the activity of stromal BEIIa and BEIIb in wheat (Tetlow
et al., 2004). Mutating conserved phosphorylation sites of maize BEIIb to serine
drastically reduced the activity of the recombinant protein in vitro (Makhmoudova et al.,
2014). Since this activation happened in the absence of its interaction partners, it shows
that phosphorylation does not necessarily increase BE activity through complex
2

formation. Interestingly, the authors presented evidence for the involvement of Ca +_
dependent protein kinases in phosphorylation of BEIIb. The search for the identity of
these kinases and the mechanism of activity regulation represent interesting topics for
future research.

1.4 The Reserve Carbohydrate Glycogen
The glucose polymer glycogen is the major reservoir of rapidly available energy and
carbon compounds in bacteria, fungi and animals. Despite the energetic cost of its
biosynthesis and degradation, glycogen, like starch, has striking advantages over free
glucose as a storage product: Although being soluble, glycogen molecules have little
influence on the cell ' s osmotic pressure, which allows far more carbohydrate to be stored.
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Humans synthesize glycogen in several tissues, e.g. in the brain and adipose tissue, and its
main sites of deposition are muscles and the liver. In the muscle and the brain, glycogen
provides fuel during extended exercise or high brain activation, respectively. In the liver,
glycogen metabolism balances the blood glucose level, since glucose is stored as
glycogen when its level in the blood is high and is systematically released when its level
is low. The significance of glycogen is revealed in the various diseases and metabolic
disorders that are associated with the dysregulation of its metabolism These include
glycogen storage diseases, neurodegeneration, cardiac myopathies and diabetes of type II
(l.eqiraj et al., 2014; Zois et al. , 2014). Glycogen metabolism is also deregulated in
cancer cells, and increased allocation of energy through glycogen may contribute to their
high proliferation rate (Zois et al. , 2014).
Similarly, yeasts and bacteria store glycogen to overcome temporary shortcomings in
energy or increases in energy demand, for instance during sporulation of diploid yeast,
and glycogen synthesis in these microorganisms is highest when a limitation of nitrogen,
phosphorous or sulfur is accompanied by an excess of energy (Wilson et al., 2010b).

1.4.1

Glycogen Structure

From a superficial perspective, glycogen has similar characteristics to amylopectin: It is
entirely made of a-1 ,4-linked glucose units with a-1 ,6-linked branches, has a molecular
weight of ca. 10 5, a branching level of 7-10%, corresponding to an average chain length
of 10-14, a ~-arnylolysis limit of 45% and a ratio of A to B chains between 0.7 and 1.0
(Manners, 1991). However, their overall structures differ: whereas amylopectin glucan
chains crystallize, glycogen does not form secondary structures and is water soluble.
The reasons for this are thought to lie in chain length and in the arrangement of chains.
Glycogen glucan chains show a wide distribution, but usually have their peak at around

DP 7 (e.g. in glycogen from Saccharomyces cerevisae, E. coli and oyster; own
observations), in contrast to a peak maximum at DP 12 or 13 in amylopectin. Also the
calculated average external chain length, i.e. the length of the part carrying no further
branch, is 6-8 in glycogen compared with 13-16 in amylopectin (Manners, 1991). In in-

vitro crystallization experiments, linear chains shorter than DP 10 did not crystallize,
except when provided with longer chains for co-crystallization (Pfannemuller, 1987;
Gidley and Bulpin, 1987). This suggests that the linear parts of glycogen chains mostly
are too short for sufficient crystallization. In addition, the branch points in glycogen
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appear to be distributed more evenly than in amylopectin, thus no clusters of linear chains
for co-operative crystallization are formed.
Overall, glycogen is thought to adopt a tree-like structure where the branch points are
arranged in tiers (Figure 7, right-hand side; Meyer and Fuld, 1941; Manners, 1991). Due
to multiple branching, each tier contains twice as many branches as the previous one, and
a space limit for further synthesis is reached after around 12 tiers (Melendez et al. , 1997).
This limitation to a molecule size of around 40 nm is another striking difference to
amylopectin, which theoretically could grow endlessly.
Nevertheless, greater glycogen particles have been isolated. These so-called a-particles
are found in liver tissues, consist of several adhered particles and reach sizes up to 200
nm (Ryu et al., 2009) . In addition, altered glycogen metabolism may cause the
accumulation of even water-insoluble glycogen inclusions, as is the case in Lafora disease
(Raththagala et al., 2014).
1.4.2

The Biosynthesis of Glycogen

Glycogen and amylopectin do not only share chemical and structural similarities, their
synthesis pathways also involve similar enzyme activities: Glycogen synthase (GS) adds
glucose units to the growing chain by creating a-1 ,4-linkages, and branching enzyme
introduces a-1 ,6-linked branches. The two major differences in the synthesis of glycogen
and amylopectin concern 1) the priming, which involves self-glucosylation in glycogen
biosynthesis and an unknown mechanism in the case of amylopectin, and 2) the role of
debranching, which is confined to catabolism in glycogen. In addition, eukaryotic - but
not prokaryotic - glycogen synthesis uses UDPglucose as the activated glucosyl donor,
compared with ADPglucose in starch biosynthesis.
Glycogen biosynthesis begins with a self-glucosylation event (Figure 7 A). In eukaryotic
cells, this is performed by glycogenin - an enzyme initially identified as a protein
covalently attached to the center of glycogen molecules (Lomako et al. , 1988).
Glycogenin glycosylates itself at, depending on the species, one or more tyrosine residues
and elongates this chain until a length of around 5-10 glucose units is reached (Rodriguez
and Whelan, 1985; Mu et al. , 1996; Pitcher et al. , 1988). Both eukaryotic glycogenin and
GS use UDPglucose as substrate and produce a-1 ,4 linkages, but glycogenin has a much
lower Km value for UDPglucose than has GS (Pitcher et al. , 1988; de Paula et al. , 2005).
Glycogenin furthermore forms homodimers or higher multimers (Lomako et al. , 1988;
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Pederson et al., 2000) , and can also interact with GS (Cheng et al. , 1995 ; de Paula et al.,
2005; Zeqiraj et al. , 2014) .
Budding yeast has two glycogenins, Glgl p and Glg2p, which have redundant function as
only the double mutant lacks glycogen (Cheng et al. , 1995). Still, a few glgllglg2 cells
produced glycogen, and in the presence of overactive GS, glycogen synthesis appeared to
be only little impaired (Torij a et al. , 2005 ; Wilson et al. , 201 Oa). It was suggested that this
glycogen synthesis may be a stochastic event facilitated by an alternative primer of
unknown identity (Torija et al. , 2005).
No glycogenin-like proteins have been found in prokaryotes. Instead prokaryotic
glycogen synthase has self-glucosylating activity by itself (Ugalde et al. , 2003). This
bacterial glycogen synthase is a GT5 family protein, similar to starch synthases, whereas
eukaryotic GS belong to the GT3 family of glycosyltransferases (Figure 4; CAZy:
Lombard et al. , 2014). Another difference is that only eukaryotic glycogen synthesis is
tightly regulated at the protein level : eukaryotic GS is inhibited by reversible
phosphorylation (probably exerted through a set of kinases) and furthermore allosterically
regulated, with Glc-6-P being an activator while ATP and other ligands act as inhibitors
(Palm et al., 2013; Zeqiraj et al., 2014) . In budding yeast, binding of Glc-6-P overruled
phosphorylation, activating glycogen synthase irrespective of its phosphorylation state
(Pederson et al., 2000). Budding yeast has two glycogen synthases (Gsylp and Gsy2p), of
which Gsy2p is the major GS activity at stationary phase (Farkas et al. , 1991).
Once the chains elongated by GS have reached a certain length, they become substrate for
the branching enzyme. The placement of branches is important as it increases the number
of non-reducing ends both during synthesis (for the action of GS) and degradation (for the
action phosphorylase ), accelerating both reactions. Thus, it is not surprising mutants
lacking BE in yeast were essentially glycogen-free (Cannon et al. , 1994).
Glycogen and starch branching enzymes share a common domain structure (Figure 5), but
display a great variation in preference of the chain length to be transferred and the
position of the new branch (Sawada et al. , 2014). In particular BE from£. coli was shown
to preferentially place branches in very short distance from each other (Sawada et al. ,
2014), and its expression in rice endosperm caused excessive branching (Kim et al. ,
2005). In contrast, the budding yeast BE Glc3p displayed similar preferences to rice BEII

in vitro (Sawada et al. , 2014) .
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Figure 7. Eukaryotic Glycogen Metabolism Exemplified on Budding Yeast.
(A) Eukaryotic glycogen biosynthesis starts with autoglucosylation of glycogenin multimers
(Glglp and Glg2p in budding yeast). Glycogen synthases (Gsylp and Gsy2p) elongate the glucan
primers and branching enzyme (Glc3p) introduces branches. The substrate for eukaryotic
glycogen biosynthesis is UDPglucose, in contrast to ADPglucose in bacterial glycogen synthesis
and plant starch biosynthesis. Bacterial glycogen biosynthesis also does not involve glycogenins,
but self-priming of glycogen synthases. The right hand side shows the current model of glycogen
structure with branches arranged in tiers. (B) Degradation of glycogen involves phosphorilysis by
phosphorylase (yielding glucose-I-phosphate) and debranching by a debranching enzyme. The
minor pathway via vacuolar glucoamylase Sgalp is depicted on the right-hand side (broken
arrow). All given genes are from the yeast S. cerevisiae. Composite figure using figures from
Wilson et al. , 2010 (pathway) and Tagliabracci et al. , 2007 (model of glycogen, top right).

1.4.3

The Degradation of Glycogen

The degradation of glycogen is accomplished by the sequential action of two enzymes:
glycogen phosphorylase and debranching enzyme (Figure 7B). Phosphorylase releases
Glc-1-P from the non-reducing end, but cannot pass branch points and stops when being
three or four glucose units away (Wilson et al., 2010b). In eukaryotes, phosphorylase is
regulated in an opposite manner to glycogen synthase to prevent simultaneous synthesis
and degradation (Hwang et al., 1989). Debranching of the remaining chain stub is then
performed either by direct debranching enzymes (in prokaryotes) or indirect debranching
enzymes (in eukaryotes) (Figure 6). While direct debranching enzymes hydrolyze the a·
1,6-linked branch directly, indirect debranching enzymes first hydrolyze the a-1,4-linkage
after the branch point and re-attach the chain to a non-reducing end of another chain,
before hydrolyzing the branch point itself (Wilson et al., 2010b). Budding yeast has one
phosphorylase (Gphlp) and one debranching enzyme (Gdblp), and loss of either enzyme
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was shown to result in increased glycogen accumulation or incomplete glycogen
degradation, respectively (Hwang et al., 1989; Teste et al. , 2000) .
Genetic studies suggested an alternative way of glycogen degradation via the vacuolar
glucoamylase Sgal p after autophagy of cytosolic glycogen (Figure 7B; Wang et al. ,
2001). Autophagy is thought to be a non-selective process that is generally induced upon
depletion of nutrients and during the transition from exponential growth to stationary
phase (Cebollero and Reggiori, 2009; Wang et al. , 2001). Sgalp was originally identified
as a sporulation-specific enzyme (Clancy et al., 1982), but the glycogen-accumulating
phenotype of its mutants indicates that its expression is not confined to sporulation (Wang
et al., 2001). It was suggested that the (random) autophagy of glycogen may initially
protect it from phosphorolytic breakdown until severe starvation or sporulation triggers

its degradation via Sgalp (Wang et al. , 2001).

1.5 Aim of this Work
Several approaches have been taken to understand the functions of the individual
activities and isoforrns of starch-biosynthetic enzymes. These include analyses on
mutants with reduced activity or complete lack of specific isoforrns, determination of
expression patterns within sink and source tissues, in-vitro studies on recombinantly
expressed enzymes and complementation of mutants of plants, bacteria or yeast with
plant genes and subsequent analyses of the glucans made. Each of these approaches has
limitations; e.g. results from in-vitro studies depend on the substrates and conditions used,
may therefore not reflect the native enzyme activity or may be influenced by an unwanted
co-purification of other enzymes or glucan primers. In plant mutants, also non-mutated
enzymes may be affected on several levels, impeding a correct interpretation of a
phenotype. This is an often underestimated problem; in fact, every enzyme alteration that
changes glucan structure possibly affects other enzymes already through the alteration in
their substrates. This implies that a complete understanding of starch synthesis will
require systematic approaches to identify such functional interdependencies.
The present work aimed to increase our understanding of starch synthesis by combining
two approaches, namely the analysis of multiple starch mutants of Arabidopsis and the
heterologous expression of starch-biosynthetic genes. First, I systematically characterized
multiple Arabidopsis mutants involving two enzyme activities: starch synthases and
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ISA1 /ISA2 debranching enzyme (Chapter 2). The rationale behind the first approach was
that 1) effects of the lack of an enzyme activity may be covered by :functional redundancy
or compensation by other enzymes, demanding multiple mutants, and that 2) the analysis
of multiple mutants is a useful means to reveal :functional and physical interactions
between enzymes.
Second, I aimed to investigate enzyme :function in heterologous systems smce the
analysis of enzymes in a different context may offer a new view on its :functions. To study
the :function of ISA1/ISA2 when confronted with glycogen instead of amylopectin, I
participated in the heterologous expression of ISA1/ISA2 in E. coli (Chapter 3).
Encouraged by the interesting outcome, I set out to express a series of starch-biosynthetic
enzymes in budding yeast to create a versatile system that allows the systematic study of
starch biosynthesis in unpreceded detail and with great reduction in labor-intensive plant
work (Chapter 4).
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Genetic Evidence That Chain Length and Branch Point
Distributions Are Linked Determinants of Starch Granule
Formation in Arabidopsis 1 [WHOPENl
Barbara Pfister 2, Kuan-Jen Lu 2, Simona Eicke, Regina Feil, John E. Lunn,
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The major component of starch is the branched glucan amylopectin. Structural features of amylopectin, such as the branching
pattern and the chain length distribution, are thought to be key factors that enable it to form sernicrystalline starch granules. We
varied both structural parameters by creating Arabidopsis (Arabidopsis thaliana) mutants lacking combinations of starch
synthases (SSs) SSl, SS2, and SS3 (to vary chain lengths) and the debranching enzyme ISOAMYLASE1-ISOAMYLASE2 (ISA;
to alter branching pattern). The isa mutant accumulates primarily phytoglycogen in leaf mesophyll cells, with only small
amounts of starch in other cell types (epidermis and bundle sheath cells). This balance can be significantly shifted by
mutating different SSs. Mutation of SSl promoted starch synthesis, restoring granules in mesophyll cell plastids. Mutation of
SS2 decreased starch synthesis, abolishing granules in epidermal and bundle sheath cells. Thus, the types of SSs present affect the
crystallinity and thus the solubility of the glucans made, compensating for or compounding the effects of an aberrant branching
pattern. Interestingly, ss2 mutant plants contained small amounts of phytoglycogen in addition to aberrant starch. Likewise,
ss2ss3 plants contained phytoglycogen, but were almost devoid of glucan despite retaining other SS isoforrns. Surprisingly,
glucan production was restored in the ss2ss3isa triple mutants, indicating that SS activity in ss2ss3 per se is not limiting but that
the isoamylase suppresses glucan accumulation. We conclude that loss of only SSs can cause phytoglycogen production. This ~
readily degraded by isoarnylase and other enzymes so it does not accumulate and was previously unnoticed.

Starch, the major storage carbohydrate in plants, is
composed of two a-1,4- and a-1,6-linked glucan polymers: moderately branched amylopectin and predominantly linear amylose. Amylopectin, which constitutes
approximately 80% of most starches, is synthesized by
three enzyme activities. Starch synthases (SSs) transfer the
glucosyl moiety of ADP-Gk to a glucan chain, forming a
new a-1,4 glucosidic linkage, extending the linear chains.
Branching enzymes (BEs) cleave some a-1,4 linkages and
reattach chains of six Gk units or more via a-1,6 linkages,
creating branch points. Debranching enzymes (DBEs)
hydrolyze some of these branches, tailoring the structure
of the polymer. However, the way in which the individual enzymes work together to create crystallizationcompetent amylopectin remains unclear.
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The coordinated actions of SSs, BEs, and DB& are
thought to produce a glucan with a tree-like architecture
in which the branch points are nonrandomly positioned.
According to models of amylopectin, clusters of unbranched chain segments are formed. Within these clusters, adjacent chains form double helices, which align in
parallel giving rise to crystalline lamellae. These alternate
with amorphous lamellae containing the branch paints
and chain segments that span the clusters (Zeeman et al.,
2010). In the context of this amylopectin model, glucan
chains can be categorized according to their length and
connection to other chains. The A chains are external
chains that do not carry other branches. The B chainS
carry one or more branches (either an A chain or another
B chain) and have both external and internal segments.
The B chains can span one or more clusters (e.g. a~
chain spans one cluster). The C chain is the single chain
that has a reducing end (Manners, 1989). The A chall\5
tend to be the shortest, having an average chain length
(ACL) of 12 to 16, depending on the species (Hizukull,
1986). Together with the B1 chains, the A chains are
thought to make up the crystalline clusters. Longer chall\5
such as B2 chains (ACL 20-24) or B3 chains (ACL 42-48) are
presumed to connect clusters (Hizukuri, 1986). Amylase
is a distinct polymer synthesized within the amylopectll1
matrix by granule-bound SS (Tatge et al., 1999). Mutants
lacking granule-bound SS also lack amylose but still
make starch granules, showing that amylose synthesIB
is not required for this (Zeeman et al., 2010).
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The structural properties of amylopectin contrast
with those of glycogen, the Glc polymer synthesized in
organisms such as fungi, animals, and most bacteria.
Glycogen also consists of a-1,4-linked Glc chains with
a-1,6-linked branches, but differs in three major ways
from amylopectin. First, its external branches are considerably shorter (6----8 Glc units compared with 12-16 in
amylopectin). Second, the branch frequency (10%) is
twice as high as in amylopectin. Third, its branch points
are assumed to be distributed homogeneously, whereas
branching in amylopectin is thought to be nonhomogeneous. These differences prevent the formation and parallel alignment of double helices in glycogen, rendering
it soluble. Glycogen synthesis requires only a single glycogen synthase enzyme and a single glycogen BE,
whereas several SS and BE isoforms are involved in
amylopectin synthesis. In Arabidopsis (Arabi.dopsis thaliana), there are four SSs (SS1-SS4) and two BEs (BE2
and BE3; Li et al., 2003; Streb and Zeeman, 2012). In
addition, Arabidopsis has three DBEs. ISOAMYLASE1ISOAMYLASE2 (hereafter referred to simply as ISA), a
heteromultimeric enzyme composed of the two subunits
ISAl and ISA2, is implicated in amylopectin synthesis
(Delatte et al., 2005). The other two DBEs, ISA3 and
LIMIT DEXIRINASE (LDA), are implicated in starch
degradation (Delatte et al., 2006).
Loss of specific SS isoforms has different effects on the
starch amount, amylopectin chain length distribution
(CLO), and starch granule morphology, suggesting distinct functions for each isoform. For example, amylopectin from SS1-defident mutants of Arabidopsis (Delvalle
et al., 2005; Szydlowski et al., 2011) and rice (Oryza sativa;
Fujita et al., 2006) has fewer chains with a degree of polymerization (DP; i.e. chain length) between 8 and 12 and
m?re chains with a DP between 17 and 20 compared
with the wild-type starches. This is consistent with in
Vltro data for the maize (Zea mays; Commuri and Keeling,
2001) and rice SSI enzymes (Fujita et al., 2006), which
preferentially elongate short chains of DP 6 or 7 up to a
length of DP 10. This indicates that SSI functions to
elongate the short chains created by BEs by a few Glc
uruts (Commuri and Keeling, 2001; Delvalle et al., 2005).
Comparable studies in SS2-deficient mutants reveal
amylopectin with more chains with DP 6 to 11, but depletion in chains with DP 13 to 20 compared with the
corresponding wild-type amylopectins. Thus, SS2 is suggested to elongate shorter chains (e.g. those made by
SSl) to a length of between DP 13 and 20 (Edwards et al.,
l999; Yamamori et al., 2000; Umemoto et al., 2002; Morell
al., ~003; Zhang et al., 2004, 2008). SS3 was proposed
so be _unportant for the generation of long, clusterlannmg chains CTeon et al., 2010; Tetlow and Emes,
OU), as well as contributing to A chain and B1 chain
;~ngation (Edwards et al., 1999; Zhang et al., 2005,
rol 8)_. By ~?n~ast, SS4 appears to have a specialized
Re m Jrutiatmg or coordinating granule formation
~O~ldan et _al., 2~07; Crumpton-Taylor et al., 2012,
3). Arab1dops1s ss4 mutants have just one round
. or more
starch
. granul e per chl oroplast rather than five
1enticular granules observed in the wild type.

t
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Partial loss of BE activity in maize (Stinard et al., 1993),
rice (Mizuno et al., 1993), and potato (Solanum tuberosum;
Schwall et al., 2000) leads to starches with high apparent
amylose, most likely caused by the accumulation of less
frequently branched amylopectin. A total lack of branching activity in Arabidopsis be2be3 mutants, however,
abolishes starch production. Instead, maltose accumulates, suggesting that linear glucans are produced, but
degraded by a- and /3-amylases (Dumez et al., 2006).
Loss of DBE of the ISAl class causes a dramatic phenotype, with production of a soluble glucan (phytoglycogen) in place of starch. This has been observed in
starch-synthesizing tissues of several species, including
Chlamydomoruzs reinhardtii cells (Mouille et al., 1996),
Arabidopsis leaves (Delatte et al., 2005; Wattebled et al.,
2005), and the endosperms of maize (Zea Mays; James
et al., 1995), rice (Oryza sativa; Nakamura et al., 1997),
and barley (Hordeum vulgare) seeds (Burton et al., 2002).
Phytoglycogen has structural similarities to glycogen in
that both are water soluble and have a higher branch
frequency than amylopectin. Accordingly, it was proposed that the trimming of glucans produced by SS and
BE isoforms by ISAl removes branches that interfere
with the formation of secondary and tertiary structures
(i.e. organized arrays of double helices), thereby facilitating amylopectin biosynthesis and crystallization (Ball
et al., 1996). Compared with ISAl, the other two DBEs
(LDA and ISA3) have different substrate specificities,
both preferring substrates with short outer chains, such
as /3-limit dextrins, suggesting that their role is primarily
in starch degradation. Consistently, mutating these genes
in Arabidopsis causes a starch-excess phenotype rather
than phytoglycogen accumulation (Delatte et al., 2006).
Although it is now widely accepted that a degree of
debranching occurs to control branch number and positioning in amylopectin, the importance of this for crystalline starch production is still uncertain. Several studies
have shown that some cell types in isa1-defident mutants
still produce some starch (e.g. epidermal and bundle
sheath cells in Arabidopsis mutants; Delatte et al., 2005),
indicating that other factors can also affect the partitioning between phytoglycogen and starch.
No starch granules are made in the Arabidopsis isalisa2isa3lda quadruple mutant, which lacks all three DBEs
(Streb et al., 2008). Although suggestive of redundancy
between the DBEs, the loss of each enzyme has distinct
effects on amylopectin or phytoglycogen structure, consistent with their different substrate specificities. Furthermore, the loss of starch granules in isalisa2isa3lda
was shown to be at least partly due to the actions of
a-amylase; typical a-amylolytic products (short maltooligosaccharides) accumulated alongside phytoglycogen.
Mutation of the gene encoding the chloroplastic
a-AMYLASE3 (AMY3) eliminated these short maltooligosaccharides and restored starch granule biosynthesis in all cell types examined. This unexpected result
showed that crystalline glucans can be produced in the
absence of DBE activity, despite an altered branching
pattern. Streb et al. (2008) proposed that AMY3 shortens
external chains of the glucans made by SSs and BEs so
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that they cannot form double helices with their neighbors.
This idea is consistent with models for amylopectin, in
which a suitable CLD is a critical factor in the formation
of the secondary and higher-order crystalline structures
(Gidley and Bulpin, 1987; Pfannemiiller, 1987). Thus,
factors that affect the CLD, such as a failure to sufficiently
elongate new branches or concomitant chain degradation
by amylases, should also affect crystallinity. Indeed, early
studies of maize mutants (that were subsequently shown
to be affected in DBE and SS activities) reported that loss
of SS in a DBE mutant background altered the ratio of
starch to phytoglycogen compared with the DBE mutants
alone (Cameron and Cole, 1954; Creech, 1965).
The aim of this work was to use genetics to systematically vary both branch point position and chain lengths
and determine the impact on glucan amount, structure,
and starch granule formation in Arabidopsis. We analyzed
mutants lacking combinations of SSs (to vary chain
lengths) in the absence of the debranching enzyme ISA1ISA2 (to change branch point distribution/ frequency).
This revealed that the length of external chains is a key
factor in the production of a crystallization-competent
glucan. Remarkably, our results also provide evidence
for phytoglycogen production due to mutations just in
SSs. Our results indicate that this phenomenon is largely
masked by the presence of ISA1-ISA2, which degrades
the aberrant glucan instead of trimming it to amylopectin.

RESULTS
Isolation of Homozygous Mutants

We crossed the mutant lacking SSl, SS2, and SS3

(ss1ss2ss3; Szydlowski et al., 2011) with the mutant lacking
ISAl and ISA2 (isalisa2; Delatte et al., 2005). Mutants of
SS4 were not included in this study because SS4 has a
special role in granule initiation and has not been implicated in the control of chain lengths per se (Roldan et al.,
2007; Szydlowski et al., 2009). All multiple mutants were
selected using PCR-based genotyping (see the "Materials
and Methods"; Supplemental Table Sl). Because isal, isa2,
and isalisa2 mutants were previously shown to be phenotypically identical due to the lack of the ISA1-ISA2 enzyme activity (Delatte et al., 2005), we selected mutants
lacking either ISAl or both ISAl and ISA2 and assigned
them hereafter as isa mutants for simplicity (Supplemental
Table S2). The absence of the corresponding SS and ISA
enzyme activities was confirmed using native PAGE and
in-gel activity assays (zymograms; Supplemental Fig. Sl;
Supplemental Methods Sl), with the exception of SS2,
which was not detectable on our gels. We observed small
changes concerning the activity of SS1 and the migration of
BE2 and PHOSPHORYLASEl through our set of mutant
lines. This variability, however, was also visible in the two
wild types (ecotype Wassilewskija of Arabidopsis [WS]
and ecotype Columbia-0 of Arabidopsis [Col-OJ) and is
likely due to an ecotype effect. In addition, there was variation in the activity of a /3-AMYLASES apparent on our
gels. The expression of this enzyme is known to be variable
and responds to fluctuation in sugar levels (Caspar et al.,
Plant Physiol. Vol. 165, 2014
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1989; Fulton et al., 2008). However, the enzyme is nonchloroplastic and does not appear to be involved in starch
metabolism (Wang et al., 1995; Laby et al., 2001).
Phenotypes of ssisa Mutants

Previous studies have shown that isa mutants have
lower starch levels than wild-type plants, but accumulate
soluble phytoglycogen instead. To investigate whether
the additional loss of SSs affects this phenotype, we analyzed our newly isolated set of ssisa mutants for glucan
content and structure, as well as their growth phenotypes.
For comparison, it was necessary to grow and reanalyze
the parental ss and isa mutants in parallel.
Among the ss mutants, ss1ss3, ss2ss3, and ss1ss2ss3
were smaller than the respective WS or Col-0 wild type
(Fig. 1). In the case of sslss3, this contrasts with a previous
report in which no growth phenotype was observed, although no quantitative data were presented (Szydlowski
et al., 2011). The sslss2ss3 triple mutant had the strongest
retardation in growth, together with pale and hyponastic
leaves. The isal, isa2, and isalisa2 mutants grew slightly
slower than the wild type (Col-0). The ssisa mutants also
grew slowly, displaying a lower average fresh weight
(FW) than the wild types. Among the multiple mutants,
ss1ss2ss3isa was the smallest and was similar in appear·
ance to sslss2ss3.
Iodine staining at the end of a normal 12-h day
revealed that all single ss mutants (ssl, ss2, and ss3) and
the sslss2 and ss1ss3 double mutants stained similarly to
the wild type (Fig. 1). The ss1ss2ss3 plants stained only
slightly and ss2ss3 plants hardly stained at all, indicating
a very low starch content. The isa mutants had an altered,
more reddish-brown staining, reflecting their phytoglyc·
ogen accumulation and low starch content. These observa tions are in agreement with previous reports
(Delatte et al., 2005; Zhang et al., 2008). Iodine staining of
sslisa and ss1ss3isa resulted in a darker, more bluish color
than the isa parental line, suggesting the presence of
considerably higher levels of starch. No major alteration
in staining was observed in the other ssisa mutant com·
binations compared with isa.
Starch and Soluble Glucan Content

Iodine straining gives a rapid indication of starch content and/ or structure, but is largely qualitative. Therefore,
we harvested plants at the end of the day and measured
starch and phytoglycogen. Extraction was done using
perchloric acid to inactivate enzymes and prevent changes
in starch amount/ structure (Delatte et al., 2005). Previous
work showed that isa mutants contain a spectrum of
glucans ranging from insoluble starch granules to soluble
phytoglycogen. Here, we define insoluble glucans (1!1·
eluding starch) as that pelleted by centrifugation at 3,00)g
for 10 min. Phytoglycogen in the supernatant was precipitated using 75% (v /v) methanol. Both insoluble glucans and phytoglycogen were quantified after digestion to
Glc (see the "Materials and Methods").
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Figure 1. Iodine staining of ssisa mutants. Plants were harvested at the end of the day, decolorized in hot ethanol, stained for
starch with iodine solution, rinsed in water, and photographed. FW (in grams) of whole rosettes at the time of harvest is given as
the mean ± SE (n = 6, except n = 10 for ss1ss2ss3 and ss1ss2ss3isa). Starch stains dark and bluish, whereas phytoglycogen stains
weakly with an orange-brown color. WT, Wild type.

As expected from the iodine staining and previous
studies, all ss single and double mutants except for
ss2ss3 had considerable amounts of starch (Fig. 2A).
However, reduced levels were found in ss1ss3 and, to a
smaller extent, in ss2 mutants compared with the wild
type. Interestingly, in ss2, small amounts of phytoglycogen were found. The ss2ss3 mutant had a much
lower glucan content, part of which was also in the
phytoglycogen fraction. This was also observed in
two additional ss2ss3 lines of different ecotype backgrounds (Supplemental Fig. S2B). The sslss2ss3 mu(ants had a very low glucan content, all of which was
msoluble.
The isal, isa2, and isalisa2 mutants were indistinguishable from each other, displaying a strong shift toward
phytoglycogen accumulation (Fig. 2A; Delatte et al.,
2005; Wattebled et al., 2005). All combined ssisa mutants
a~ contained phytoglycogen, except for sslss2ss3isa, in
which essentially no glucan was measurable. However,
the amount of insoluble, soluble, and total glucans varied
strongly from line to line. Calculation of the percentage
of insoluble glucans from total glucans showed that there
was a specific impact for the loss of each individual SS
(Fig. 2B). The loss of SSl increased the amount of insoluble glucan in the absence of ISA activity, both in absolute terms and when expressed as percentage of the
total glucan (sslisa and sslss3isa). Remarkably, the loss of
SS2 had the opposite effect, decreasing the insoluble
glucan contents in the absence of ISA activity (ss2isa and
ss2ss31sa). The effect of losing SS3 was smaller, tending to
mcrease_ th~ percentage of insoluble glucans (compare
ss3zsa with zsa mutants and sslss3isa with sslisa). In the
sslss2isa mutant, which produced low amounts of total
glucan'. the percentage of insoluble glucans was similar
ti the zsa mutants. This suggests that the opposite effects
o served when losing SSl or SS2 are balanced when
both are lost.
1460

We also analyzed our mutant set for starch and
phytoglycogen levels at the end of a normal night. At
this point, all lines were essentially free of phytoglycogen and contained only low levels of insoluble glucans (Supplemental Table S3).
Chain Length Profile Differences in ssisa Mutants
Correlate with the Synthesis of Insoluble Glucans

Loss of SSs often results in changes in starch structure,
particularly the lengths of the glucan chains. We obtained
the CLD profiles from insoluble glucans and, where appropria te, phytoglycogen from the ssisa mutants. The
amylopectin CLD profiles from the WS and Col-0 wild
types were indistinguishable, indicating that there was no
ecotype background effect (Fig. 3A). The loss of ISA activity (in isal, isa2, and isalisa2) resulted in an increased
number of chains from DP 3 to 8 and a decreased number of chains from DP 10 to 16 in the insoluble glucans
(Fig. 3A), in line with earlier results (Delatte et al., 2005).
We sorted the CLDs of insoluble glucans from the ssisa
mutants, examining the impact of the loss of individual SS
isoforms in the isa background. For the ss mutants, our
data generally confirmed earlier reports (Zhang et al.,
2008; Szydlowski et al., 2011). The CLD from the ss3
mutant was comparable to that of the wild type (Fig. 3B).
Similarly, the CLD of ss3isa was almost identical to the
CLD of isa, suggesting that loss of SS3 alone has only little
measurable effect on CLD.
The loss of SS1 resulted in sigrtificant changes in the
amylopectin CLD, showing a shift toward longer chains.
There were fewer chains from DP 7 to 12 and more chains
of DP 14 to 23 compared with the wild type (Fig. 3C).
A similar trend was observed for the loss of SS1 in the isa
background (Fig. 3D), in which sslisa displayed a comparable shift toward longer chains compared with isalisa2.
Notably, sslisa had sigrtificantly more insoluble glucans
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Figure 2. Starch and soluble glucan content from 55i5a mutants at the
end of the day. Whole rosettes from plants were harvested at the end of
the day and immediately frozen in liquid nitrogen. Starch and soluble
glucans (phytoglycogen) were extracted using perchloric acid, and
glucans were quantified after enzymatic digestion to Cle. Each value is
the mean ± SE (n = 6, except n = 10 for 55/55255J and 55/55255Ji5a).
A, Starch (black bars) and phytoglycogen (gray bars) content from the
wild types and 55, i5a, and 55i5a mutant lines. B, Insoluble glucans
given as a percentage of the total glucan measured in selected lines.
Different letters correspond to values that are statistically different
(tested with one-way A OVA !Tukey test! , P s 0.01). WT, Wild type.

compared with isa (Fig. 2). The opposite was observed in
mutants lacking SS2: Insoluble glucans from ss2 were
enriched in short chains (particularly around DP 8) and
had fewer chains in the region of DP 10 to 18 (Fig. 3E). The
same trend toward shorter chains was also visible in the
ss2isa mutant (Fig. 3F), in which a decrease of insoluble
glucans was measured compared with isa (Fig. 2).
Next, we examined the impact of the loss of multiple SS
isoforrns. The CLD of ss1ss3 was quite similar to that of ssl
in having a shift toward longer chains compared with the
wild type (Fig. 3C). The sslss3isa triple mutant had CLD
Plant Physiol. Vol. 165, 2014
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changes that were comparable to sslisa compared with~
(Fig. 3D). We also observed more insoluble glucans than in
isa (Fig. 2). The CLD of ss2ss3 had a shift toward shorter
chains compared with the wild type, although the profile was not quite identical to that of the ss2 single mutant
(Fig. 3E). The double mutant had fewer chains between
DP 8 and 17 than ss2. Zhang et al. (2008) also reported a
difference between these mutants, although the previously reported CLDs and those presented here are not
directly comparable. Despite the differences between ss2
and ss2ss3, the ss2ss3isa triple mutant had a comparable
CLD to the ss2isa (Fig. 3F). As with ss2isa, ss2ss3isa had
fewer insoluble glucans than isa (Fig. 2).
The CLDs from ss1ss2 and ss1ss2isa mutants had
features resulting both from the loss of SSl (i.e. more
chains from approximately DP 17-23 relative to ssl
and ss2isa, respectively) and from the loss of SS2 (i.e.
more chains around DP 8 relative to ssl and ss1isa,
respectively; Fig. 3G). Similarly, the CLDs from ss1ss2ssl
and ss1ss2ss3isa display characteristics from the loss of
both SSl and SS2. These profiles also reveal an impact
of the additional lack of SS3 (Fig. 3H). For further comparisons of the changes in CLD profiles (difference
plots) upon the loss of individual SSs, see Supplemental
Figure S3. Overall, these data reveal an important
relationship between the lengths of glucan chains and
the production of insoluble and soluble glucans.
Within the DP range associated with cluster-forming
A chains and B1 chairis, longer chairi lengths correlate
with an iricreased production of irisoluble glucans
and shorter chairis correlate with an iricreased production of phytoglycogen.
We also obtairied the CLDs from phytoglycogen,
where present. It is worth noting that phytoglycogen
is susceptible to modifications duririg its synthesis by
glucan-degrading enzymes (e.g. amylases; Delatte et al.,
2005; Streb et al., 2008). Consequently, the structme
obtained does not only result from the action of synthesizing enzymes, but also from degradirig enzymes,
and should thus be interpreted with caution. The specific
changes in chain lengths observed upon the loss of 5.51
and SS3 in insoluble glucans were also visible in the
CLDs of phytoglycogen (Fig. 4, B and C; Supplemental
Fig. S4, A-C. and G-I). Loss of SS2 again resulted ma
prominent increase of chains around DP 8, but the d~
crease of DP 10 to 18 was less pronounced than in the
insoluble glucans (Fig. 4, D and E; Supplemental Fig. 54,
D-F). Thus, the impact of losing SS1, SS2, or SS3 ?n_the
structure of both insoluble and soluble glucans is similar.
Interestingly, the phytoglycogen CLDs exhibited a d~
crease in the number of chains between DP 8 and 17
compared with the insoluble glucans from the same line
The lines ss2isa and ss2ss3isa were exceptions, because
the CLDs from the soluble and insoluble glucans were
almost identical (compare Figs. 3F and 4E).
Branch Point Distribution Is Altered in ssisa Mutants

Normal CLDs do not give irlforrnation about hoW
chairis are connected to each other. Therefore, we
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Figure 3. Influence of ssisa mutations on CLO of insoluble glucans. A to H, Insoluble glucans from the given mutants were
debranched and the resultant linear chains analyzed using high-performance anion-exchange chromatography with pulsedamperometric detection (HPAEC-PAD). Peak areas from DP 3 to 50 were summed and the rel ative peak area for each chain
length was calculated. Values are the means± SE from three or four biological repli cates . 8 to H, The CLD of the wild type 0NS,
in black) or isa 1isa2 (i n cyan), or both are shown for ease of comparison. Further comparisons (difference plots) are presented in
Supplemental Figure 53 . wr, Wild type.

generated CLDs of ,B-limit dextrins in which the
g~ucans are. first digested with ,B-amylase prior to
t e enzymatic debranching and separation by HPLC.
~-Amylase removes maltose units from the nonreucmg ends of all chains until reaching a branch
pomt. It leaves A-chain stubs of 2 or 3 Glc units and
whe
·
'
the acting on_ B chains, stops 1 or 2 Glc units from
ranch pomt. Accordingly the length of the
rem· ·
.
'
att = g B chams reflects the distance between their
a ent to another chain and the outermost branch

t
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they carry (plus 1 or 2 Glc units). When B chains carry
two branches, this method gives only the distance to
the outermost branch.
The ,B-limit dextrins of amylopectin from isa1, isa2,
and isa1isa2 have an increase in chains from DP 4 to
17, with slightly fewer chains above this length (Fig. SA;
Delatte et al., 2005), showing that the branch point
distributions are altered. In particular, the increase in
short residual B chains (which unlikely carry additional
branches themselves) suggests that the branch points are
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Figure 4. Influence of ssisa mutations on CLO of phytoglycogen. A to F, Phytoglycogen from the given mutants was debranched
and the resu ltant linear c hai ns were analyzed using HPAEC-PAD. Peak areas from DP 3 to 45 were summed and the relative
peak area for each chain length was ca lcu lated. Values are the means :t SE from four replicates (except n = 2 for sslss3isa, n = 3
for ssl isa and ss2isa, and n = 5 for ss2 and ss2ss3,). For ease of comparison, the CLO from the w ild-type (WS) starch is shown in
A and D, whereas the CLO for isa 1isa2 phytoglycogen is shown in B, C, E, and F. Further comparisons (difference plots) are
presented in Supplemental Figure S4. The data for ss2 and ss2ss3 (marked by asterisks) were obtained from a separatel y grown
batch of plants and the corresponding CLO from wild-type starch is included (S upplemental Fig. S2 contai ns further anal yses of
ss2ss3). WT, Wild type.

closer together than in the wild type (Delatte et al.,
2005). Similar tendencies were found in all ss mutant
combinations lacking SSl (Fig. 5, C, G, and H), in
which chains of DP 4 to 12 were increased relative to
the wild type. In the ss2 and ss3 single mutants, the
/3-limit CLD was almost like that of the wild type,
Plant Physiol. Vol. 165, 2014
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indicating that the branch point distribution is essen·
tially unaltered in these mutants. These results from
the ss mutants are mostly in accordance with data
published in Szydlowski et al. (2011). Interestingly, the
/3-limit CLD of the ss2ss3 double mutant differed
considerably from the wild type and had more short
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Figure 5. /3-Limit CLO of insoluble glucans. A to H, Insoluble glucans of the given lines were first treated with /3-amylase
to obtain
digest the exterior chains until a branch point was reached. The resultant /3-limit glucan was then debranched
6 was excluded
linear chains that were analyzed by HPAEC-PAD. Peak areas for chains of DP 2 to 45 were summed. DP
for each
because it showed variable inconsistent abundances (Delatte et al., 2005). Relative peak areas were calculated
comparison, the
chain length. Values are the mean ± SE (n = 4, except n = 3 for ss1 isa, ss3isa, and ss1 ss2ss3isa). For ease of
by asterisks)
/3-CLD from wild-type (WS) and/or isa 1isa2 starch is shown in each graph. The data for ss2 and ss2ss3 (marked
is included.
were obtained from a separately grown batch of plants and the {3-CLD from the corresponding wild-type starch
WT, Wild type.

· 1arly DP 4. These alterations were even
chains, particu
more pronounced in ss1ss2ss3.
_The ,8-limit dextrins of insoluble glucans from the
mutants all had an increased number of chains of
to around 12 (Fig. 5). In ss2isa and ss3isa, in
no change was observed in the correspondin g
I'
5
(:. m~ the CLD was almost identical to the isa CLD
ig. , B and F), again suggesting little influence of

~;a
whi!
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SS2 or SS3 on the branching pattern in these backgrounds. Surprisingly, the f:l-limit CLD of ss2ss3isa
was also very similar to the isa mutant, indicating that
the individual effects from loss of SS and ISA do not
sum up. Similarly, the f:l-limit CLDs from sslisa,
sslss3isa, and sslss2ss3isa were only slightly different
from those of ssl, slss3, and ss1ss2ss3, respectively.
Only in the case of sslss2isa did we obtain a clear
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additive effect from the loss of SSl and SS2 and ISA.
Together, these data show that branching patterns of
insoluble glucans from all ssisa mutants are altered. It
should be noted that these distributions only provide
an average picture, so similar distributions may arise
from different structures. This might explain why no
additive effects were observed upon loss of SS and
ISA in some cases.
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the distribution of isa mutants, with more short chains of
DP 4 to 13 (Fig. 6, A and D). This suggests that for some
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figure 7. Production of starch in the
mesophyll is restored by loss of S51 in
the isa background. Leaves from the
indicated lines were harvested close to
the end of day, fixed with glutara ldehyde, and embedded in resin, and
plastids in different cell types were
visualized by TEM. Starch granu les (black
arrowheads), phytoglycogen (white arrowheads), and intermediate structures
between starch and phytoglycogen
(gr?.y arrowheads) are indicated. Epi,
Epidermal cell; Pal, palisade cel l; wr,
wild type. Bars = 1 µ,m.

Mesophyll

reason the branching is distorted in phytoglycogen from
not in its insoluble glucans.

552 , but

Form
. aIi on of Starch Granules Is Restored in the Mesophyll
in sslisa Mutants, But Is Abolished in All Cell Types in
sslisa Mutants

hWe analyzed rnesophyll, epidermal, and bundle
eath cells from leaves by transmission electron micr~scopy (IBM) to observe the appearance of the soluble
an lllSOluble glucans in the ssisa mutants. The wild type
~ntams starch granules in all of these cell types (Fig. 7).
zsa mutants, only phytoglycogen-like particles were
8

1466

Epidermis

Bundle Sheath

detected in most mesophyll chloroplasts, but starch
granules were present in all epidermal and bundle sheath
cell plastids (Fig. 7), as previously observed (Delatte et al.,
2005; Streb et al., 2008).
The ss3isa mutant, in which we had measured silnilar glucan levels as in isa, was phenotypically very
similar to isa with phytoglycogen in the mesophyll
but starch granules in other leaf cell types (Fig. 7). By
contrast, the chloroplasts from all mesophyll cells of
the sslisa mutant contained several starch granules,
together with structures that appeared intermediate
between starch and phytoglycogen (Fig. 7). The plastids from epidermal and bundle sheath cells all had
starch granules and were free of phytoglycogen, as in
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Mesophyll

Epidermis

the wild type and the isa mutants. Thus, the increase in
insoluble glucans measured in this mutant is due to the
appearance of starch granules in the mesophyll. In the
mesophyll cell chloroplasts of sslss3isa, we observed
structures that were clearly distinct from phytoglycogen,
appearing as discrete, well-defined particles. However,
they did not resemble normally shaped starch granules
as in the sslisa mutant; rather, they appeared as small
cracked granules (Fig. 7). Epidermal and bundle sheath
cell plastids contained starch granules, which were similar in appearance to the wild type and the isa mutants.
Thus, the cracked particles in the mesophyll probably
represent the increased insoluble glucan measured in this
line relative to isa.
Remarkably, we did not find any starch granules in
different sections of mutants lacking both SS2 and ISA
activity (ss2isa, sslss2isa, ss2ss3isa, and sslss2ss3isa),
neither in the mesophyll nor in the other leaf cell types
examined (Fig. 8). Again, some glucans, particularly in
the epidermal and bundle sheath cells, appeared as
intermediate between starch and phytoglycogen. The
sslss2ss3isa mutant generally contained only few glucans (Fig. 8), which is consistent with our measurements
Plant Physiol. Vol. 165, 2014
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Bundle Sheath

Figure 8. Production of starch is abolished in plants lacking SS2 and ISA.
Electron micrographs of leaf cell plastids of the indicated plant lines were
obtained as described in Figure 7. No
starch granu les were observed, but
phytoglycogen (whi te arrowheads) and
intermediate (gray arrowheads) structures are indicated. Bars = 1 JLm.

(Fig. 2). These rnicrographs strengthen our initial finding that SS activities present influence whether starch
or phytoglycogen is produced in the isa background.
Whereas loss of SSl promotes the formation of starch
granules or other insoluble glucans, loss of SS2 seems
to prevent it, suggesting that it has a particularly important role in establishing the structures required for
starch granule formation in the isa backgro~d.

Evidence for Phytoglycogen Synthesis and Turnover in
Mutants Lacking SS2

We analyzed the ultrastructure of leaf cell plastids of
the ss2, ss2ss3, and sslss2ss3 mutants in which we had
detected soluble glucans despite the presence of the
ISA1-ISA2 activity (Figs. 2 and 9). Remarkably, mesophyll cells from ss2 contained irregularly shaped and
unusually big granules together with particles resembling phytoglycogen and intermediate structures (Fig. 9).
In epidermal cell plastids, the glucans appeared as mostly
insoluble, but cracked and uneven particles. In the bundle sheath cells, we observed small, intermediate particles.
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Figure 9. Plants lacking 552 produce
altered granules and phytoglycogen.
Electron micrographs of leaf cell plastids
of the indicated plant lines were obtained
as described in Figure 7. Starch granules
(black arrowheads), phytoglycogen (white
arrowheads), and intermediary structures (gray arrowheads) are indicated.
Bars = 1 µ,m.

Mesophy/1

The ss2ss3 mutant displayed an even stronger phenotype: In all cell types examined, we detected only
phytoglycogen and intermediate particles but could
not find any starch granules. This was confirmed in the
other two ss2ss3 lines with different ecotype backgrounds (Fig. 9; Supplemental Fig. S2). The phytoglycogen content in the mesophyll cell chloroplasts
was generally low (Fig. 9; Supplemental Fig. S2). By
contrast, ss1ss2ss3 contained a few small starch granules
in the mesophyll and intermediate structures in the epidermal and bundle sheath cells (Fig. 9).
We measured very low levels of glucans in ss2ss3,
ss1ss2ss3, and ss1ss2ss3isa (Fig. 2). It is possible that
there is too little SS activity remaining in ss1ss2ss3 to
catalyze normal rates of glucan synthesis (only SS4
remains). However, this is unlikely to explain the low
glucan levels in ss2ss3, because both SSl and SS4 remain. Furthermore, ss2ss3isa has a total glucan content
(predominantly phytoglycogen) comparable to the isa
parental line (Fig. 2), indicating that SS activity is not
limiting. To obtain direct evidence for a possible limitation
in SS activity, we measured ADP-Gk levels in selected
mutant lines at the end of the day. The ADP-Gk levels
were 35-fold higher in ss1ss2ss3 (151.3 ± 23.5 nmol g -l FW)
1
than in the wild type (4.1 ± 0.8 nmol g- FW), consistent
with a limitation of SS activity to consume it. However, in ss2ss3 (14.0 ± 0.7 nmol g- 1 FW), the levels
were only slightly elevated compared with the wild
type and were comparable to the levels found in
ss2ss3isa (9.5 ± 3.7 nmol g- 1 FW). Thus, in both ss2ss3
and ss2ss3isa, ADP-Glc is being consumed by SSs,
1468

Epidermis

Bundle Sheath

but only in the latter line does the glucan product
accumulate.
An explanation for the low level of glucans in ss2ss3 is
that they are subject to turnover (i.e. degradation occurring concomitantly with synthesis), and that the ISA1ISA2 enzyme is partially responsible for this. To obtain
further information about turnover in these lines, we
measured maltose levels at the end of the day. Maltose is
a major intermediate of starch degradation (Niittyla
et al., 2004; Zeeman et al., 2007) and has been used as an
indicator for soluble glucan turnover in isa mutants, as
maltose levels increase during the day, correlating with
the accumulation of phytoglycogen (Delatte et al., 2005;
Fig. 10). Interestingly, maltose levels were similarly elevated in the ss2 mutant and were even higher in ss2ss3,
despite being normal or dose to normal in the other ss
mutants. These data suggest that in ss2 and ss2ss3, a
proportion of the produced glucans is subject to degradation by enzymes including chloroplastic {:!-amylases.
Among the ssisa mutants, most lines had maltose levels
comparable to the isa parental line, or higher. Notably,
maltose levels were highest in ss2isa and ss2ss3isa, in
which we had measured the lowest proportion of insoluble glucans and observed only phytoglycogen particles but no starch granules with TEM (Figs. 2B and 8).
DISCUSSION

Isoamylase activity has long been considered as the
most important determinant for producing semicrystalline starch granules, with isa mutants accumulating
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Figure 1O. Leaf maltose content at the
end of the day. Whole rosettes were
harvested at the end of the day and
immediately frozen in liquid nitrogen.
Maltose in the soluble fraction after
perchloric-acid extraction was measured using HPAEC-PAD. Values are
mean ± SE (n =4, except n =5 for wildtype Col-0, 551, and 552553 and n = 3
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soluble phytoglycogen in what would normally be
starch-storing tissues such as Arabidopsis leaves, potato tubers, cereal endosperms, and C. reinhardtii cells
Garnes et al., 1995; Mouille et al., 1996; Nakamura et al.,
1997; Burton et al., 2002; Bustos et al., 2004; Delatte et al.,
2005; Wattebled et al., 2005). Mutations of the other
starch biosynthetic enzymes have not been reported to
cause phytoglycogen accumulation. Despite the importance of ISA, the phytoglycogen-accumulating phenotype was shown to be incomplete in many cases (e.g.
starch granules in epidermal and bundle sheath cells of
Arabidopsis isa mutants). Even when all debranching
activity was lost from Arabidopsis, the formation of
starch granules was still possible under some circumstances (Streb et al., 2008).
Here, we have demonstrated that the balance of specific SS activities is an equally important factor for the
formation of starch granules. Our analysis of the set of
mutants deficient in SSl, SS2, and SS3 and the ISA1-ISA2
isoarnylase showed that by determining the lengths of
glucan chains, SSs influence the extent to which a glucan
with an aberrant branching pattern will crystallize.
When SS activity is biased in favor of producing short
external chains, it promotes phytoglycogen biosynthesis,
whereas when SS activity is biased in favor of producing
longer external chains, it promotes starch granule biosynthesis. Although this effect is most apparent in the isa
background, it also appears to be the case when ISA is
present, because mutation of SS2 alone results in small
amounts of phytoglycogen production. Furthermore, our
data suggest that ISA activity does not always promote
granule synthesis. Instead, it can suppress glucan accumulation altogether, presumably by debranching a precursor glucan that lacks the chain-length characteristics
needed for granule formation.
Modulation of the ISA-Deficient Phenotype by SSs

In the isa background, loss of each of the three SSs has
a distinct effect. Loss of SSl (ss1isa) partially suppresses
the isa phenotype, allowing increased starch granule
formation. This is shown by an increase of iodine staining intensity of whole rosettes (Fig. 1), higher quantities
of insoluble glucans (Fig. 2), and the frequent occurrence
of starch granules in sslisa mesophyll cell chloroplasts,
Plant Physio!. Vol. 165, 2014
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compared with isa (Fig. 7). By contrast, the loss of SS2 in
the isa background (ss2isa) enhances the isa phenotype.
Lower quantities of insoluble glucans were measured
compared with isa (Fig. 2) and only phytoglycogen and
small intermediate particles were observed using TEM,
but no starch granules (Fig. 8). It is likely that some of
the intermediate particles partition into the insoluble fraction during extraction, explaining why we still measure
small amounts of insoluble glucan in this line (Fig. 2).
In ss1ss2isa, the ratio of soluble to insoluble glucan was
similar to the isa mutant. However, in some ways, the
effect of losing SS2 appeared to dominate over the effect of losing SSL For example, in the epidermal and
bundle sheath cells, we did not find any starch granules in the plastids (Fig. 8).
Loss of SS3 in the isa background (ss3isa) did not cause
measurable changes in the starch and phytoglycogen
content compared with isa (Figs. 2 and 7). The effect of
losing SS3 was more apparent when other SSs were also
missing. For example, although ss1ss3isa had similar
amounts of starch and phytoglycogen to sslisa, the appearance of the insoluble glucans by TEM differed. The
loss of SS3 in this background resulted in granules with a
more fractured appearance, a feature also observed upon
suppression of SS3 expression in potato (Marshall et al.,
1996). Interestingly, the ss2ss3isa mutant was very similar
to ss2isa in having no starch granules, despite the fact
that the ss2 and ss2ss3 phenotypes are quite distinct (see
below).
Some of the observed effects of ss mutations in the isa
background are in line with other studies. Early reports
from maize showed that deficiencies in SSIIa and ISAl
resulted in fewer insoluble glucans than isa1 single
mutants (Cameron and Cole, 1954; Creech, 1965). More
recently, expression of an active SS2 isoform in the
endosperm of a japonica rice cultivar (which itself expresses
an inactive SS2) increased the proportion of insoluble
glucans (Fujita et al., 2012). However, other results appear
to differ from our findings. For example, an enhanced
accumulation of soluble glucans was reported for maize
mutated in SSID and ISA1 compared with isa1 single
mutants (Creech, 1965). A recent analysis showed that,
surprisingly, phytoglycogen accumulates in maize lacking
SSIII and ISA2, even though both single mutants contain
only small amounts of soluble glucans (Lin et al., 2012).
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This is intriguing because isoamylase activity is still pre-sent in this line in the form of the ISAl homomultimeric
complex (a form thus far found only in cereal endosperms). These differences between Arabidopsis and
maize might reflect variation in the properties of a given
isoform between the two species, variation in the relative activities of the isoforrns of starch biosynthetic enzymes, or variation in other, as-yet unidentified factors.

External Chain Length as a Determinant for
Glucan Insolubility

There is a strong correlation among ssisa mutant lines
between the phenotypes in terms of insoluble versus
soluble glucan accumulation and their CLDs. Glucans
from both sslisa and sslss3isa have fewer short chains
(DP 7-10) but more longer chains (DP 13-21), whereas
the glucans from both ss2isa and ss2ss3isa show contrary
changes with more short chains (DP 5-9) and fewer
longer chains (DP 11-18) compared with isa (Figs. 3 and 4).
The lack of SSl or SS2 function, respectively, is likely
to directly cause these changes. The differences upon
losing these SS isoforrns were consistent in all backgrounds analyzed and were also similar in the insoluble
and soluble glucans (Supplemental Figs. S3 and S4).
Moreover, the observed changes are consistent with the
reported functions of SSl and SS2 orthologs in other
organisms and from in vitro studies (see introduction).
The differences in chain length described above
mostly concern chains from DP 5 to 20. Notably, these
chains constitute the A chains and B1 chains, which are
proposed to form the secondary and tertiary structures
and make up the crystalline domains of amylopectin
(Hizukuri, 1986). Analyses of crystallization properties
of linear malto-oligosaccharides in aqueous solution
have shown that chains of DP < 10 do not crystallize
(i.e. do not form double helices) unless mixed with
longer chains (Gidley and Bulpin, 1987). It has also been
shown that longer chains (DP 14-20) crystallize more
rapidly than shorter ones (DP 10-13; Pfannemilller,
1987). It therefore seems likely that the different crystallization capacities of the glucans from the ssisa mutants are caused by the observed differences in exterior
chain length, with longer exterior chains made by SS2
and SS3 enhancing crystallization and shorter chains
made by SSl preventing it.
Branch point distribution has also been proposed as a
critical factor in the formation of a glucan structure capable of crystallization and is altered in the isa mutants in
addition to the CLDs (Delatte et al., 2005; this work).
Altered branch point distributions were also detected in
a number of the SS mutants (ss1, ss1ss3, ss2ss3, sslss2,
and ssl ss2ss3; Szydlowski et al., 2011) . An altered
branching pattern can be explained by the fact that SSs
generate the substrates for the BEs to act upon, so loss of
SS isoforrns could alter the available substrates. Interestingly, our data also show that an altered branch point
distribution typical of isa mutants is still visible in lines in
which starch biosynthesis is partially restored (e.g. sslisa;
1470

Figs. SD and 7), which suggests that longer chain lengths
can compensate for an imperfect branching pattern.
The question remains as to why different mutants
synthesize insoluble glucans with distinct structures,
whereas many of these mutants simultaneously accumulate soluble glucans that appear structurally quite
similar to their insoluble counterparts. Why do some
glucans crystallize, whereas other, apparently similar glucans do not? In all cases, the CLDs from phytoglycogen and insoluble glucans from a given ssisa
combination show comparable alterations toward shorter
or longer chains. However, the phytoglycogen generally has fewer chains between DP 8 and 17. Because
these are the chain lengths most likely to be involved in
double helix formation, this could help to explain the
difference in solubility (compare Figs. 3 and 4). Nevertheless, there were some genotypes in which no differences between the CLDs of the soluble and insoluble
glucans could be detected (e.g. ss2isa and ss2ss3isa) . In
most cases, the /3-limit CLDs were almost identical
(with the exemption of ss2, in which the /3-limit CLDs
from the soluble glucans are more altered than from the
insoluble ones; compare Figs. 5 and 6).
In general, it is possible that crystallization is a stochastic
event, such that alterations in chain length or branching
would not necessarily block crystallization but rather determine its frequency, explaining why soluble and insoluble glucans could appear structurally similar.
Alternatively, there may be structural features (e.g. arrangement of chains of different lengths relative to each
other) that vary between the soluble and insoluble glucans
but are not captured by our analytical methods. A further
possible explanation is that a defined centrifugation step
might not fully sediment glucans that are partially crystalline, especially if they form a range of particle sizes
(sedimentation rate is influenced by particle density,
shape, and size). Thus, centrifugation for 10 min at
3,000g might leave small particles of a partially crystalline glucan in the supernatant while pelleting larger
particles that have the same basic structure.

SS2 as a Determinant for Starch Granule Formation

Our data reveal that the effect of having longer external chains on crystallization is already visible in the
presence of ISA1-ISA2, albeit less obvious. Glucans from
ss2 mutants are enriched in short chains (DP 5-9) and
have fewer chains of DP 11 to 25. Notably, we measured
around 10% of the total glucans in this mutant to be
soluble (Fig. 2). In addition, TEM analysis of leaves
showed that the mesophyll contains a mixture of unusually big starch granules, intermediate particles, and
phytoglycogen. In the epidermis and vasculature, we
observed intermediate particles that are likely to be insoluble but are small and have an uneven surface (Fig. 9).
The altered starch granule structure and/ or morphology
is consistent with reports of ss2 mutants of other species
(Buleon et al., 1997; Craig et al., 1998; Edwards et al.,
1999; Yamamori et al., 2000; Umemoto et al., 2002; Morell
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et al., 2003; Zhang et al., 2008; Szydlowski et al., 2011);
however, the presence of a soluble polysaccharide was
not thoroughly investigated in these reports. To our
knowledge, soluble polysaccharides were only quantified in sugary2 (i.e. SSIIa-deficient) maize and in Arabidopsis ss2 mutants, in which it was reported that levels
were unchanged relative to the respective wild types
(Creech, 1965; Zhang et al., 2008).
Upon additional loss of SS3, the phytoglycogenaccumulating phenotype becomes clearer. Almost onehalf of the measured glucans in the ss2ss3 mutant were
soluble (Fig. 2) even though the total levels were
strongly reduced. No starch granules were observed
by TEM; only phytoglycogen or intermediate particles
(Fig. 8) were observed, consistent with the absence of
iodine staining of the rosettes (Fig. 1). Elevated levels
of water-soluble polysaccharides were noted in an earlier report of the same mutant line under some growth
conditions (Zhang et al., 2008), but the nature of this
glucan was not investigated in depth. We reproducibly
measured and visualized phytoglycogen accumulation
and confirmed its presence in two other ss2ss3 lines
with different ecotype backgrounds (Supplemental
Fig. S2).
The relative increase of very short external chains and
the depletion of longer external chains (Figs. 3 and 4) is
likely to be a major factor in the increased solubility of
glucans in ss2 and ss2ss3. That said, the CLD profiles
of ss2 and ss2ss3 did not differ very much from each
other, even though the two lines had contrasting starchand phytoglycogen-accumulating phenotypes overall. A
conspicuous difference was detected in the /3-limit CLDs,
however, with the ss2 mutant having a wild type-like
/3-limit CLD, whereas the ss2ss3 double mutant had a
/3-limit CLD enriched in short chains, indicating branch
points more close together. In this respect, the glucans
appeared more similar to those in the isa mutants. As
discussed above, the likely explanation for this is that the
loss of SS (in this case SS3) has a critical impact on the
production of substrates for the BEs. This is consistent
with the idea that SS3, which has tandem carbohydrate
binding modules, may preferentially synthesize longer
chains. Thus, we suggest that the strong impact on the
solubility of glucan in ss2ss3 is attributable to both CLD
and branch point distribution.
The fact that ss2 and ss2ss3 are phytoglycogenaccumulating mutants has been previously overlooked,
presumably because only small amounts of phytoglycogen are present. These low amounts are most likely
due to the turnover of the soluble glucans by starchdegrading enzymes including a- and /3-amylases and,
ironically, ISA1-ISA2 itself. The involvement of ISA1ISA2 is indicated by the fact that the ss2ss3isa triple
mutant has high glucan levels, implying that the low
levels in ss2ss3 are not due to an incapacity for synthesis
per se. This idea is supported by the low levels of the SS
substrate ADP-Gk: Despite being three times elevated in
ss2ss3 compared with the wild type, this increase is small
compared to other mutants, such as ss4 and ss3ss4 (ADPGk 60 and 170 times elevated, respectively; CrumptonPlant Physiol. Vol. 165, 2014
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Taylor et al., 2013; Ragel et al., 2013) or sslss2ss3 mutants
(35 times elevated; this work). Therefore, we argue that
in the ss2ss3 mutant, the combination of SSl and SS4
results in a glucan that ISA1-ISA2 can readily debranch
but without giving rise to a crystallization-competent
structure. This hypothesis is supported by the recent
expression of the ISA1-ISA2 enzyme in Escherichia coli,
which had the effect of suppressing glycogen production rather than promoting the synthesis of a more
amylopectin-like polymer (Sundberg et al., 2013).
Our measurements of maltose levels provide further
evidence for glucan turnover. Maltose is present at low
levels when starch is synthesized, suggesting that there
are relatively few soluble substrates for /3-amylase when
amylopectin synthesis proceeds efficiently. Presumably,
as glucans crystallize, they become relatively inaccessible.
A maltose pool is seen whenever soluble glucans accumulate (e.g. in all lines deficient in ISA1-ISA2). In the isa
lines, maltose levels tend to reflect the extent of soluble
glucan accumulation, probably because as the amount of
phytoglycogen increases, so does the number of accessible external chains (i.e. the /3-amylase substrate; Delatte
et al., 2005). However, ss2 and ss2ss3 represent exceptions, having high maltose levels despite the low levels of
soluble glucan. We propose that this is because ISA1ISA2-mediated debranching of the soluble glucans results in linear chains that can be degraded to maltose.
This may happen to an extent in ss2; however, because
this line still makes significant amounts of starch, it suggests that debranching still facilitates the crystallization
(or partial crystallization) of most of the glucans made by
the other SSs. However, if the product of SSl and SS4
cannot crystallize, ISA1-ISA2-mediated debranching may
happen to a much greater extent in ss2ss3. This would
explain why ss2ss3 has more maltose than ss2, yet accumulates so little glucan.
In summary, this study demonstrates that both the
lengths of external chains (influenced by the SS isoforms)
and branching pattern (influenced by ISA1-ISA2) determine whether a crystallization-competent glucan is produced. Our findings support conclusions derived from
observations made on Cecropia peltata, a plant that can
make both starch (in leaves) and glycogen (in specialized
myrmecophytic Miillerian bodies) depending on the
differential expression of SS, BE, and ISA (Bischof et al.,
2013). Together these data provide an important step
forward toward understanding how plants produce
semicrystalline starch granules.
Finally, many of the mutants analyzed here exhibit
growth defects. These defects may be caused by one or
more factors. First, the production of soluble glucans
rather than starch leads to turnover during the day and
thus to lower glucan levels. In extreme cases, this could
result in starvation at night. Second, the accumulation of
the ADP-Gk precursor (e.g. in ss1ss2ss3) can unbalance
the plastidial adenylate pool, causing impaired photosynthesis (Ragel et al., 2013). Third, the accumulation of
starch degradation intermediates such as maltose may
disturb the osmotic balance between the plastid and
cytosol, as observed when maltose or Gk export to the
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cytosol is impaired (Niittyla et al., 2004). Thus, our data
reinforce the importance of a normal glucan metabolism
on plant growth and vitality.
MATERIALS AND METHODS
Growth Conditions and Plant Material
Plants were grown in Percival growth chambeis (CLF Plant Climatics) under a
12-h dark/12-h light regime as described in Streb et al. (2008). Sown seeds were
stratified for 2 to 3 d at 4°C in the dark prior to light exposure. Multiple ssisa
mutants were generated by crossing the homozygous mutants ss1ss2ss3 (WS) and
isa1isa2 (Col--0). The alleles used were ssl-1, ss2-3, ss3-2, isal-1, and isa2-1, which
were all previously shown to be null mutants (Delatte et al., 2005; Szydlowski
et al., 2011). For ss2ss3, we analyzed three lines of different ecotypic backgrounds
(WS, Col-0, or a mix; Supplemental Tables 51 and 52). Unless otherwise indicated,
the results are from the ss2ss3 mutant with Col-0 background (ss2-1 and ss3-1;
Zhang et al., 2008). All mutations used, except for isa2-1, arise from transfer DNA
insertions. The isa2-1 allele is a single base-pair deletion that can be identified via
a specific cleavage of the PCR amplicon. Homozygous mutant alleles were selected in the segregating F2 to F4 generations by PCR-based and cleavedamplified polymorphic sequence-based genotyping. Detailed information about
the mutants used in this study concerning genotype, ecotype, a!Jeles, primers
used for their identification, and references is provided in Supplemental Tables 51
and 52.

Starch and Phytoglycogen Extraction and Quantification
Whole rosettes from 30-<l-old plants were harvested at the end of the photoperiod or at the end of the rught and immediately frozen in liquid rutrogen. The
plant material was homogeruzed in 1.12 M perchloric acid using an a!J-glass homogenizer. The homogenate was centrifuged for 10 min at 3,000g to separate the
insoluble fraction (containing starch and starch-like glucans) and the soluble
fraction (containing sugais and soluble glucans). The insoluble fraction was
washed once with water and lour times with 80% (v /v) ethanol, dried, resuspended in water, and stored at -20"C. The soluble fraction was neutralized to
pH 6 by adding neutralization buffer (2 M KOH, 0.4 MMES, and 0.4 M KO) to the
soluble fraction. Insoluble salts (KOO,.) were precipitated by centrifugation at
3,000g for 10 min. The remaining supernatant was subjected to phytoglycogen
precipitation by adding methanol until a final concentration of 75% (v/v) was
reached and incubation at -20"C for at least 2 h. Alter centrifugation at 3,000g
for 10 min, the pellet was washed once with 75% (v /v) methanol, dried, and
resuspended in water. Glucans in the insoluble fraction and the phytoglycogen
fraction were quantified as described in Hostettler et al. (2011).
The percentage of insoluble glucans from total glucans (i.e. insoluble and
soluble glucans) was calculated individually for each biological replicate.

Structural Analysis of Starch and Phytoglycogen
For iodine staining, whole rosettes of 30-d-old plants were harvested at the
end of the day, decolorized in hot 80% (v /v) ethanol, stained with Lugo!
solution (Sigma-Aldrich), and destained again in water.
For obtaining the normal and /J-limit CLDs from starch and phytoglycogen,
the insoluble and phytoglycogen fractions from the perchloric-acid extraction
(above) were used. In the case of starch, three or lour samples from individual
plants were processed individually in alJ lines, except for ss2ss3, sslss2ss3, and
sslss2ss3isa, in which two plants were pooled three or lour times to reach appropriate amounts. In the case of phytoglycogen, alJ mean values arise from three
or four samples from individual plants without pooling, except for ss2 and ss2ss3,
in which three plants were pooled. Further sample preparation and HP A EC-PAD
(Dionex) was performed as described by Streb et al. (2008).

Quantification of Maltose
The neutralized soluble fraction obtained from the perchloric-acid extraction (above) was spiked with 5 nmol cellobiose per 20 mg of original plant
material as an internal standard. Phytoglycogen was precipitated as described above, and the remaining methanol supernatant (containing sugars)
was dried and resuspended in water. Further sample preparation, including
columns of Dowex SOW and Dowex 1 (Sigma-Aldrich), chromatography
1472

(Dionex), and evaluation, was performed as described in Egli et al. (2010),
except for slightly modified gradients: 100% eluent A (100 mM NaOH) from
0 to 7 min; a concave gradient from 100% A to 20% (v/v) A and 80% (v/v)
eluent B (150 mM NaOH and 500 m M sodium acetate) from 7 to 26.5 min;
20% (v / v) A and 80% (v /v) B from 26.5 min to 32 min (cleaning of the
column); and 100% A from 32 to 40 min (equilibration of the column). A
standard con taining maltose was used to identify the maltose peak. All
mean va lues are from three to five biological replicates arising from individual plants.

Quantification of ADP-Gk
ADP-Ck was measured in methanol-chloroform extracts by high-performance
aruon-ecchange chromatography coupled to tandem mass spectrometry as described by Lunn et al. (2006). Plants were grown under a 12-h day /12-h rught
cycle for 4 to 5 weeks and were harvested after 11 h ollight. Mean values :!: so of
four to five replicate plant samples are given.

TEM
Mature leaves from 31-d-old plants were cut with a razor blade. The leaf
sections were fixed in 2% (v /v) glutaraldehyde in 0.05 M sodium cacodylate
buffer, pH 7.4, for 4 hat 4'C. After washing three times with 0.1 M sodium
cacodylate buffer, pH 7.4, the samples were incubated overrught in 1% (w/v)
osmium tetroxide in 0.1 Msodium cacodylate buffer, pH 7.4, at 4'C. Samples
were then washed three times in ice-cold 0.1 M sodium cacodylate buffer,
pH 7.4, and once with water. The samples were dehydrated in a series of
aqueous ethanol solutions from 50% (v /v) to 100% ethanol and were embedded in Spurr epoxy resin (Agar Scientific). Ultrathin sections were cut
with a diamond krule and stained sequentially with uranyl acetate and
Reynold lead citrate. Stained sections were photographed with an FE!
Morgagni 268 electron microscope. Images are representative pictures from
analyzing sections from two individual plants per genotype. Exceptions are
the wild type (WS) and th e isa1isa2 controls, in which only sections from one
plant were imaged.
Sequence data from this article can be fmmd in the GenBank/EMBL data
libraries under accession numbers At5g24300 (551), At3g01180 (552), Atlg11720
(553), At2g39930 (15Al), and Atlg03310 (15A2).
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Supplemental Figure Sl. Native PAGE of ssisa mutant extracts.
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Supplemental Figure S1. Native PAGE of ssisa Mutant Extracts.
Proteins extracted from the indicated lines were separated by native PAGE with different
substrates for hydrolytic activity (upper panels), branching activity (middle panels) or synthase
activity (lower panels)(see Materials and Methods). Note that BE2 and BE3 migrate slightly
differently depending on the ecotype background, with BE2 and BE3 from WS being slightly
faster. In addition, SS 1 activity appears stronger in WS than in Col-0. PHS 1 and PHS2 are the
plastidial and cytosolic isoforms of phosphorylase, respectively (Zeeman et al., 2004).
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Supplemental Figure S2. Three ss2ss3 Lines Have Identical Phenotypes.

The three ss2ss3 lines have different ecotype backgrounds (see Supplemental Table S2).
(A) Iodine staining of whole rosettes harvested at the end of the day.
(B) Insoluble and soluble glucan content at the end of the day (measured as described in

Figure 2). Values are means± SE (n=4 for W and n=5 for the ss2ss3 lines).
(C) Chain length distributions from insoluble glucans (obtained as described in Figure 3).

Shown are means± SE (n=4 for WT and ss2ss3 WS, n=5 for the ss2ss3 Col-0 and ss2ss3 WS/
Col-0). (D) Chain length distributions of soluble glucans (obtained as described in Figure 4).
Values are means± SE (n=4 for WT and n=5 for the ss2ss3 lines).
(E) Transmission electron micrographs (obtained as described in Figure 7) of the plastids in

the indicated lines and leaf cell types. Bars = 1 µm.
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Supplemental Figure S3. The Loss of lndividual Starch Synthases Results in Distinct Chain
Length Distribution Patterns.
Average CLDs of insoluble glucans (obtained as in Figure 3) from one genotype was subtracted
from the average CLD of another genotype to visualize the differences between them; i.e. in "ssl
- WT" the CLD of WT was subtracted from the CLD of the ssl mutant, revealing the effect of
loss ofSSl activity. Error bars show the summed standard errors of the lines compared. WT, WS
wild type;

(A-D) Loss of SS 1 results in a similar pattern in all available backgrounds: in all cases, chains
from DP 6/7 to 12/13 are decreased (with the minimum mostly at DP 8) and chains from DP 13
to approximately DP 23 are increased (with the maximum at DP 18). This suggests that SS 1 is
involved in producing short chains from DP 6 to 12.

(E-11) Loss of SS2 results in an increase of chains around DP 8 and in a decrease of chains from
DP 10/11 to approximately DP 18. This suggests that SS2 preferentially elongates chains of
approximately 8 glucose units to chains of around 11 to 18 units.

(I-L) For SS3, the situation is more complex. Lack of SS3 in the presence of all other starch
synthases does not result in a change of CLD (I). If SS 1 or SS2 are absent as well, an effect of
loss of SS3 is visible, but the nature of the changes depends on the background. For example,

sslss3 has even fewer short chains (DP 7-12) than ssl, indicating a partial overlap between SSI
and SS3 in production of these short chains. This effect, however, is not obvious when ISA
activity is also missing (i.e. in ssl ss3isa - ssl isa). In the ss2 or ss2isa background, additional
lack of SS3 enhances the phenotype of ss2, suggesting redundant functions here as well (see

ss2ss3 - ss2 and ss2ss3isa - ss2isa; also compare Figure 3E and 3F). Thus, when considering
these chain lengths, the role of SS3 seems to overlap with the functions of both SS 1 and SS2.
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Supplemental Figure S4. Effects of Losing SSI, SS2 or SS3 on Chain Length Distributions are
Similar in Phytoglycogen and Insoluble Glucans.
Average CLDs of phytoglycogen (PG, shown as black plots and obtained as described in Figure
4) from one genotype was subtracted from the average CLD of another genotype to visualize the
difference between them. The corresponding data from insoluble glucan (ins, shown as grey
plots and obtained as described in Supplemental Figure 3 online) are shown for direct
comparison. Upon loss of SSl (A-C), SS2 (D-F) or SS3 (G-I), respectively, the patterns from
phytoglycogen and insoluble glucans are similar, indicating that these starch synthases act in a
similar manner on both glucans.
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Supplemental Methods
Analysis of Enzymatic Activity by Native PAGE

Rosette material from five 24-day old plants per genotype was harvested at the middle of a 12-h
day, pooled and frozen in liquid N 2 • Proteins were extracted using an all-glass homogenizer in
100 mM Tris-HCI, pH 7.0, 1 mM EDTA, 5 mM OTT, 10% (v/v) glycerol containing protease
inhibitors (Complete EDTA-free; Roche). For isoamylase activity, 25 µg proteins were loaded
on a 7.5% native polyacrylamide gel containing 0.1 % potato amylopectin (Sigma-Aldrich) and
1
run at 10 V cm- for 3 hat 4°C. The gel was washed briefly in 100 mM Tris HCl, pH 7.0, 1 mM
MgCb, 1 mM CaCh, 5 mM DTT and then incubated in the same buffer for 2 hat 37°C.
For branching enzyme activity, 25 µg of proteins were separated on a 7.5% native
1
polyacrylamide gel containing 0.02% oyster glycogen (Sigma-Aldrich) and run at 10 V cm- for
3 hat 4°C. The gels were washed for 30 min at 4°C in 50 mM Hepes-NaOH pH 7.0 and 10%

(v/v) glycerol, then incubated overnight at 20°C with gentle shaking in 50 mM Hepes-NaOH,
10% (v/v) glycerol, 2.5 mM AMP (Sigma-Aldrich), 50 mM glucose I-phosphate and 28 U (per
gel) phosphorylase a (from rabbit muscle, Sigma-Aldrich).
For starch synthase activity, 70 µg of proteins were loaded on a 7.5% native polyacrylamide gel
1
containing 0.3% oyster glycogen (Sigma-Aldrich) and separated at 10 V cm- for 2 hat 4°C. The
gels were incubated overnight at 20°C with gentle shaking in 100 mM HEPES-NaOH pH 7.5, 2
mM DTT, 10% (v/v) glycerol, 0.5 mM EDTA, 0.5 M trisodium citrate and 1.5 mM ADPglucose. In all cases, protein activity was visualized by staining the gels with Lugol's solution.

Supplemental Literature Cited
Zeeman SC, Thorneycro ft D, Schupp N, Chapple A, Weck M, Dunstan H, Haldimann P,
Bechtold N, Smith AM, Smith SM (2004) Plastidial u-glucan phosphorylase is not
required for starch degradation in Arabidopsis leaves but has a role in the tolerance of
abiotic stress. Plant Physiol 135: 849-858
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Supplemental Table S1. Starch Synthase and Debranching Enzyme Genes, Respective
Mutant Alleles, and Primers Used for their Identification.WS, Wassilewskija; Col-0,
Columbia-0. To amplify the wild-type allele, the forward (fwd) and reverse (rev) primers
were used. To amplify the mutant allele, the primers in bold were used.
Gene
AGlcode

Mutation type,
position

Mutant allele, Line
identifier (other
name

Primers used to select mutant alleles
(shown 5' to 3')

Ecotype

Reference

SSJ
At5g24300

T-DNA
Insertion in intron I

ssl-1,
Genoplante_ 203C08

Fwd:TTTCCGTCCGATCGCCAGTCTC
Rev: TACGCCAAAGTCAGCCATTACAA
T-D A: CTACAAATTGCCTTTTCTTATCGAC

ws

Delvalle et
al., 2005

SS2
At3g01 I 80

T-DNA
Insertion in exon 8

ss2-3,
Genoplante_549AI I

Fwd: CCTAGTGGTGGAAAATTAGGGG
Rev: AACCGAGAATCCAACCCATC
T-DNA : CTACAAA TTGCCTTTTCTT ATCGAC

WS

Zhang et al. ,
2008

T-DNA
Insertion in exon 2

ss2-1 ,
Salk_065639

Fwd:GTTTCTTACCATGATTTGCCTTCTG
Rev: GCTGCTACCAATATCACATTCATGAC
T-DNA:TGGTTCACGTAGTGGGCCATCG

Col-0

Zhang et al.,
2008

T-DNA
Insertion in exon 12

ss3-3 ,
Genoplante_ I I 7H05

Fwd : TTACGCGCTT AACACACCAGAAG
Rev: ATTCATCTTAGAGCTTCCATTTTA
T-DNA: CT ACAAATTGCCTTTTCTT ATCGAC

WS

Szydlowski
et al., 2009

T-DNA
Insertion in exon 13

ss3-I ,
SALK_065732

Fwd: TTACGCGCTTAACACACCAGAAG
Rev: TCTTGCTCCATCACCGTCTT
T-DNA: TGGTTCACGTAGTGGGCCATCG

Col-0

Zhang et al.,
2005

JSAJ
At2g39930

T-DNA
Insertion in exon I 3

isal-1 ,
SALK_042704

Fwd :GGGACAGCCTATGTGATCTGCC
Rev: TGGGAAACCATGAGGGAAACA
T-DNA:GCGTGGACCGCTTGCTGCAACT

Col-0

Delatte et al. ,
2005

ISA2
Atlg033l0

X-ray
Single base pair
deletion in exon I

isa2-I
(dbe l-1 )

Fwd: GGTGACGTA TTTACCGATGGA
Rev: TGACACTTTGAGCAGCAACC
The isa2-I amplicon is cut by NlafV

Col-0

Delatte et al. ,
2005

8£2
At5g03650

T-DNA
Insertion in intron 19

be2-J
Genoplante_34 7B03

Fwd: TGAAGACTGGCAAATGGGCGACA
Rev: CCATTTCCAAGACCGGCCAGC
T-DNA:CTGATACCAGACGTTGCCCGCA TAA

ws

Dumez et al .,
2006

B£3
At2g36390

T-DNA
Insertion in exon 15

be3-2
Genoplante_456C03

Fwd: TCGCACCTAGCAGCCGCTTT
Rev: CGGTCTACACGCGGAGTGGC
T-DNA:CTACAAATTGCCTTTTCTTATCG AC

WS

Dumez et al. ,
2006

SS3
Atlgl 1720
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Used in this Study.
Supplemental Table S2. Genotypes and Ecotypes of the Mutant Lines
ound were obtained
WS, Wassilewskija; Col-0, Columbia-0. Lines with WS/Col-0 backgr
from the cross between sslss2ss3 (WS) with isalisa2 (Col-0).
Mutant name
isal
isa2
isal isa2
ssl
ss2
ss3
sslss2
sslss3
ss2ss3 or ss2ss3 (Col-0)
ss2ss3 (WS)
ss2ss3 (WS/Col-0)
sslss2ss 3
sslisa
ss2isa
ss3isa
sslss2is a
sslss3is a
ss2ss3isa
sslss2ss 3isa
be2
be3
be2be3

Genotype
isal
isa2
isal isa2
ssl
ss2
ss3
ssl ss2
ssl ss3
ss2ss3
ss2ss3
ss2ss3
sslss2ss 3
ss lisa Jisa2
ss2isali sa2
ss3isal
ss I ss2 isa 1isa2
ssl ss3isal
ss2ss3isal
ssl ss2ss3isal
be2
be3
be2be3

Underlying mutant alleles
isa/-1
isa2-l
isal-1; isa2-I
ssl-1
ss2-3
ssJ-3
ssl-1; ss2-3
ssl-1; ssJ-3
ss2- 1; ssJ-1
ss2-3; ssJ-3
ss2-3; ssJ-3
ss/-1; ss2-3; ssJ-3
ssl-1; isal-I; isa2-1
ss2-3; isal-1; isa2-l
ss3-3; isal-1
ssl-1 ; ss2-3; isal-1; isa2-l
ssl-]; ss3-3; isal-1
ss2-3; ss3-3; isal-1
ss/-1; ss2-3; ss3-3; isal-1
be2-1
be3-2
be2-1 ;be3-1

Ecotype
Col-0
Col-0
Col-0

ws
ws
ws
ws
ws

Col-0

ws

WS/Col-0

ws

WS/Col-0
WS/Col-0
WS/Col-0
WS/Col-0
WS/Col-0
WS/Col -0
WS/Col -0

ws
ws
ws

Reserved.
tphysiol.or g © 2014 American Society of Plant Biologists. All Rights
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Supplemental Table S3. Starch and Phytoglycogen Content of ssisa Mutants at the End of
the Night. Glucans were measured as described in Figure 2. Values are means± S.E. (n=4).
WS, Wassilewskija; Col-0, Columbia-0; FW, fresh weight.
Genotype
Wild type (WS)
Wild type (Col-0)

isal
isa2
isalisa2
ssl
ss2
ss3
sslss2
sslss3
ss2ss3
sslss2ss3
sslisa
ss2isa
ss3isa
sslss2isa
sslss3isa
ss2ss3isa
sslss2ss3isa

1
Starch content (mg g· FW)
0.79 ± 0.09
1.09 ± 0.23
0.13±0.05
0.16±0.03
0.60 ± 0.42
1.37 ± 0.02
1.38 ± 0.19
0.72±0.12
1.97 ± 0.16
0.29 ± 0.06
0.03 ± 0.02
0.01 ± 0.00
0.39 ± 0.08
0.01±0.01
0.15 ± 0.04
0.00 ± 0.01
0.03 ± 0.03
0.00 ± 0.00
0.00 ± 0.00

1
Phytoglycogen content (mg g· FW)
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.01±0.01
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.01 ± 0.01
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
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Abstract
lsoamylase-type debranching enzymes (ISAs) play an important role in determining starch structure. Amylopectin - a
branched polymer of glucose - is the major component of starch granules and its architecture underlies the semi-crystalline
nature of starch. Mutants of several species lacking the ISA 1-subclass of isoamylase are impaired in amylopectin synthesis.
Consequently, starch levels are decreased and an aberrant soluble glucan (phytoglycogen) with altered branch lengths and
branching pattern accumulates. Here we use TAP (tandem affinity purification) tagging to provide direct evidence in
Arabidopsis that !SA 1 interacts with its homolog ISA2. No evidence for interaction with other starch biosynthetic enzymes
was found. Analysis of the single mutants shows that each protein is destabilised in the absence of the other. Co-expression
of both !SA 1 and ISA2 Escherichia coli allowed the formation of the active recombinant enzyme and we show using sitedirected mutagenesis that !SA 1 is the catalytic subunit. The presence of the active isoamylase alters glycogen biosynthesis
in f. coli, resulting in colonies that stain more starch-like with iodine. However, analysis of the glucans reveals that rather
than producing an amylopectin like substance, cells expressing the active isoamylase still accumulate small amounts of
glycogen together with a population of linear oligosaccharides that stain strongly with iodine. We conclude that for
isoamylase to promote amylopectin synthesis it needs to act on a specific precursor (pre-amylopectin) generated by the
combined actions of plant starch synthase and branching enzyme isoforms and when presented with an unsuitable
substrate (i.e. E. coli glycogen) it simp ly degrades it.
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Introduction
Starch is the major storage carbohydrate in plants. It is
important for mankind as a source of nutrition but also as a
renewable industrial raw material. Amylopectin is the major
constituent of starch. It is a huge, branched polymer, containing
between 10 5 and 106 glucose residues. In amylopectin, linear
chains with an average length of 20-25 ct-1,4-linked residues are
connected to each ocher by ct-1,6-branch points, which account for
4-5% of the linkages. The combination of chain length
distribution and branching pattern results in a racemose or treelike architecture . This architecture enables clusters of unbranched
chain segments within the amylopectin molecules to form
secondary and tertiary structures, resulting in a semi-crystalline
matrix and conferring the insoluble nature of starch [I]. Glycogen
is the comparable storage polymer found in archaea, bacteria, and
many eukaryotes. Like amylopectin, glycogen is composed ofct-1,4
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linked glucose chains that are branched through ct-I ,6 linkages.
However, the ct-1,6 branches account for 7- 10% of the linkages
and are evenly distributed within the glycogen particle. This is
thought to prevent the fo1mation of secondary and tertiary
scructw·es, rendering glycogen soluble.
Amylopectin synthesis involves 1) the formation of the glucosyl
donor, ADP-glucose, 2) glucan chain elongation by the glucosyl
transferase reaction of starch synthases, 3) ct-1,6-branch point
formation by the glucanotransferase reaction of branching
enzymes and 4) a degree of ct-1,6-branch point hydrolysis by
debranching enzymes. While glycogen synthesis typically requires
only a single isoform of glycogen synthase and a single isoform of
branching enzyme, amylopectin bio;-ynthesis requires multiple
isoforms of these enzymes. The isoforms have distinct properties
and each contributes in a slightly different way to determining
amylopectin architecture (e.g. by preferentially elongating or
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transferring chains of a certain length). However, the loss of a
specific debranching enzyme (DBE) activity also leads to a striking
alteration in glucan structure causing the accumulation of a
soluble glucan, called phytoglycogen, instead of or as well as
insoluble starch granules. Phytoglycogen has both an altered
distribution of chain lengths and an altered distribution of branch
points, compared with amylopectin. This phenotype has been
observed in various plant tissues including the developing
endosperms of barley [2] , maize [3J and rice [4J, the green algae
Chlamydomonas reinhardtii [5J; Arabidopsis leaves [6J and potato
tubers [7]. The phytoglycogen-accumulating phenotype is explained with the idea that debranching removes wronglypositioned branch points that impede or delay the formation of
the semi-crystalline amylopectin structures. However, the way in
which debranching enzymes recognise wrongly-positioned branch
points is not fully understood.
Four genes encoding DBE proteins are conserved in plants [8J:
three isoamylase type (EC: 3.2.1.68, designated ISA!, ISA2 and
ISA3) and one limit dextrinase type (EC: 3.2.1.142, designated
LDA). Isoamylases and limit-dextrinase have different substrate
specificities. For example, LDA prefers the yeast glucan pullulan to
amylopecti.n or glycogen, and is often called pullulanase for this
reason [9J. The ISA! class of DBE is the one primarily associated
with amylopectin synthesis and its loss causes phytoglycogen
accumulation in all species studied so far. In the dicots Arabidopsis
and potato, loss of ISA2 causes the same phenotype as the loss of
ISA! and there is good evidence that the two proteins form a
heteromulti.meric enzyme [7 , I0-12J. Furthermore, protein sequence analysis suggests that the ISA2 subunit is not catalytically
active. This is due to the substitution of multiple amino acid
residues shown to be required for catalysis in other members of the
o:-amylase superfamily [I 3J. Interestingly, when constructs for
anti.sense suppression of JSAJ or ISA2 were transformed into
potato, the expression of both genes was suppressed [7]. In
Arabidopsis, mutation of ISA2 also caused the reduction of ISA!
protein [ I OJ. These data suggest that the expression of the genes
may be coordinated and/ or that the complex stability may be
dependent on the presence of both proteins. The situation differs
in the members of the Poaceae. In the starchy endosperm of both
maize and rice, ISA I is predominantly present and active as a
homomulti.mer, with only a small fraction forming a heteromulti.mer with ISA2 [I 4, I 5]. In both cases, loss of ISA2 does not
affect the expression of the ISA I protein and does not result in
phytoglycogcn accumulation [16,l 7J. Mutant analysis in maize
suggests that either the homomultimer or the heteromultimer can
promote starch synthesis [I 6J. However, in rice, it is intriguing
that over-expression ofISA2 promotes the formation of the ISA lISA2 heteromul ti.mer and impairs starch synthesis, suggesting that
tl1e homomulti.mer is critical [I 7J.
Loss of the other DBEs, LDA and ISA3 docs not result in
phytoglycogen accumulation [I 1,18], although when combined
with mutations in JSAJ and JSA2, tile phytoglycogen-accumulating
phenotype in Arabidopsis is enllanced [19J. LDA and ISA3 have
their highest activities on P-limit dextrins - amylopectin in which
tile outer chains have been digested with the exo-acting P-amylase
[9,12,13J. This probably resembles tile substrate of the enzymes
in vivo, as they are responsible for the dcbranching that occurs
during starch degradation.
Herc, we furtller investigated the functions of tile ISA! /ISA2
enzyme in Arabidopsis botll in vivo and in vitro. We demonstrate
through affinity tagging that the two proteins do indeed form a
complex, that the subunits are interdependent for their stability,
and that ISA! is the catalytic subunit. Furtl1ermore, we provide a
first indication of tile structure of the enzyme multi.mer and,
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through expression of tile complex in E. coli, show that it is capable
of modifying glucan structure.

Results
Further Evidence for the ISA 1-ISA2 Complex
Previous experiments provided indirect evidence that ISA I and
ISA2 form a complex in Arabidopsis. First, mutation of either gene
abolishes the activity and results in tile same phenotype and
second, using native-PAGE metllods, Delatte et al. [I OJ observed
that the native enzyme has a high molecular weight (tile activity
co-eluted with ribulose-1 ,5-bisphophate carboxylase/ oxygenase
(Rubisco), known to have a native mass of around 500 kD). We
performed a series of experiments to provide direct evidence for
the complex.
Using a calibrated Sephacryl column for gel filtration chromatography, we separated proteins in crude extracts of wild-type
leaves according lo their native molecular weight. The eluted
proteins were collected in fractions and analysed by SDS-PAGE
and immunoblotti.ng witll anti.bodies raised against peptide
sequences specific to either ISA I or ISA2 [ I OJ (sec also Materials
and Methods). Both ISA! and ISA2 proteins co-eluted in fractions
corresponding to the 428 kDa marker (Fig. IA). ·ext, we
investigated how tile loss of ISA 1 affects the gene expression and
protein abundance of ISA2 and vice versa. Microarray studies
revealed that JSAJ and ISA2 expression is highest at tile end of the
day [20J . Therefore, we harvested leaves of the wild type and tile
mutant lines isal- 1 (hereafter referred to as isal) and isa2-I
(hereafter referred to as isa:!) at this ti.me point and prepared
cDKA from extracted mRKA. Quantitative RT-PCR revealed
tllat ISAJ expression was sinlilar to the wild type in isal-1 (Fig. I B).
This was not unexpected, as the primers used for RT-PCR amplify
a sequence upstream of the insertion site of the T-DNA that
disrupts tile gene [I OJ. Thus, e,q,ression from tile ISAJ promoter
appears to be unchanged. In isa2, ISAJ expression was also
unchanged. ISA2 expression was significantly decreased in isa2,
suggesting tllat tile non-sense mutation decreases rnRNA stability.
However, JSA2 expression was unaltered in isal . Therefore, there
is no evidence tl1at the transcription of tl1e two genes is linked in
Arabidopsis, as was suggested for potato [7J.
We extracted soluble proteins from the leaves of the wild type
and tile mutants and probed SDS-PAGE gel blots with the specific
anti.bodies. As previously reported, ISA! was missing in isal and
reduced in abundance in isa2 (Fig. 1C). Interestingly, our analysis
also revealed that ISA2 was undetectable botll isa2 and isal
mutants. Thus, in each isa mutant, the gene encoding the oilier
ISA gene is expressed, but the protein fails to accumulate to normal
levels. This observation is consistent witll the idea that tile proteins
form a complex and that each subunit (particularly ISA2) is less
stable in tl1e absence of its partner.

Tandem-Affinity-Purification (TAP)-tagging of ISA2
To confirm tl1e interaction between ISA I and ISA2 and to
identify furtller potential interaction partners, a tandem-a[finitypurificati.on (TAP) approach was employed [2 l ,22J. 111e coding
region of ISA2 was fused to a sequence encoding a C-terminal
TAP-tag (Fig. 2A) and tl1e construct was expressed in tl1e isa2
mutant line under the 35S CaMV promoter.
We used native PAGE in amylopect:i.n-containing gels to check
if tile isoamylasc activity missing in the isa2 mutant was restored in
JSA2-TAP transformed plants. Indeed, iodine staining of the gels
revealed a band of activity at tile top of the gel for the wild type,
which was missing in tl1e isa2 mutant but present in tile ISA2-TAP
lines (Fig. 2B). The activity in the ISA2-TAPextract showed slightly
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Figure 1. ISA 1 and ISA2 co-elutes in a high molecular weight
complex. A. Gel filtration chromatography of extracts of wild-type
Arabidopsis leaves. Fractions from a Sephacryl Hiload 200 prep grade
column were collected, concentrated and separated by SDS-PAGE. ISA 1
and ISA2 were detected by immunoblot analysis probed with specific
antibodies. For comparison crude extracts of the wild type and the
isa1isa2 double mutants are in the left two lanes. Molecular masses
based on the elution positions of known standa rds are indicated. B.
RNA was extracted from 20-day old plants harvested at the end of day,
reverse-transcribed to cDNA and transcript levels were analysed by realtime PCR. The expression of /SA 1 and ISA2 in wild-type and the different
mutants are shown relati ve to that of the housekeeping gene PP2A. C.
Soluble proteins in extracts of wild-type and isa mutant Arabidopsis
leaves were analysed by SDS-PAGE followed by immunoblotting with
specific antibodies. 50 µg of total protein was loaded into each lane.
doi:10.1371 /journal.pone.0075223.g00l

lower mobility on the gel, presumably caused by presence of the
-20 kDa tag on the ISA2 subunits. This was also visible by SDSPAGE followed by immunoblotting (Fig. 2C). The native
molecular weight of the isoamylase activity found in ISA2 -TAP
transformed plants was analysed by gel filtration chromatography
followed by immunoblotting. Both ISA! and ISA2-TAP co-eluted
in a high molecular weight complex of circa 530 kDa compared to
428 kDa in wild-type plants (not shown).
We investigated whether the activity restored by transformation
with ISA2-TAP was functional in starch biosynthesis by analysing
the phenotype of the transformed lines. The isa2 mutant
accumulated both starch and phytoglycogen, as previously
reported [6,IO](Fig. 3A). Starch levels were restored in ISA2TAP plants almost to the level seen in wild-type plants (Fig. 3A).
There was no measurable phytoglycogen in the ISA 2-TAP plants.
Structural analyses using high performance anion exchange
chromatography with pulsed amperometric detection (HPAECPAD) revealed that the starch synthesised in the ISA2-TAP plants
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had an amylopectin chain-length distribution similar to the wild
type and distinct from the abnormal distribution seen in the isa2
mutant (Figs. 3B and C). These results show that the TAP-tagged
ISA2 protein is able to restore a functional isoamylase activity and
to complement the isa2 phenotype.
The ISA2 -TAP tagged protein was purified from crude extracts
of leaves with a two-step affinity purification procedure (see
Materials and Melhods). The fractions eluted from each purification step were analysed using native PAGE. The purified fraction
from ISA2-TAP extracts retained isoamylase activity with an
electrophoret.ic mobility comparable to the activity in crude
extracts (Fig. 4A). Purifications using extracts of the wild type
showed trace amounts of isoamylase activity after the frrst affinity
purification step and none after Lhe second (Fig. 4A). Proteins
eluted from the second affinity-purification step were concentrated, separated and visualised by SDS-PAGE (Fig. 4B). From the
ISA 2-TAP extracts, two bands were reproducibly observed
corresponding in size to ISA2-T AP itself and to ISA! . In addition,
there was a high molecular weight band of around 150 kD found
only in the ISA2-TAP extracts, and a two smaller bands (40 and
50 kD respectively) Lhat were variable in abundance in different
preparations and also observed in extracts of the wild type.
Gel slices containing the protein bands were cut out, subject to
in-gel digestion with trypsin, and the peptides analysed by liquid
chromatography and tandem mass spectrometry (LC-MS/MS; see
Dataset SI ). The resulting MS / MS spectra were searched with
Mascot version 2.2.04 (Matrix Science) against the Arabidopsis
TAIRI0 protein database. This confrrmed the identities of ISA2TAP it~elf and ISA!. The 150 kD band released peptides
corresponding to both ISA! and ISA2, suggesting the formation
of a stable dimer. The nature of this dimer remains unclear, as it
was not disrupted by the reducing conditions of the SDS-sample
buffer and by boiling at 95°C (which sho uld both denature
proteins and break any intermolecular disulphide bonds). Analysis
of the gel region containing the smaller proteins revealed peptides
corresponding to Rubisco, Rubisco activase, and other chaperones. Peptides corresponding to the chloroplast.ic ex-amylase
A.\1Y3 were detected in the gel slice containing TAP-ISA2,
although Al\1Y3 was not observed in subsequent analyses. We
conducted a further two experiments on proteins extracted from
batches of independently-grown ISA2-TAP plants (see Table S I).
Wild-type leaf extracts were treated the same way to serve as
controls and identify non-specific contaminants (e.g. very ab undant proteins, or proteins interacting with the two affinity resins).
In this case, tl1e extracted proteins were initially subject to SDSPAGE, but only until tl1ey reached the resolving gel, whereupon
all the proteins in tl1e sample were analysed by in-gel tryptic
digestion followed by LC-MS /MS. These experiments confrrmed
the enrichment of ISA! with ISA2-TAP, which were the most
abundant proteins with comparable numbers of peptides derived
from each. No other protein was consistently detected as enriched
in the ISA2-TAP samples. These data suggest that the ISAI - ISA2
enzyme does not form stable associations wiili other proteins.
As the TAP-ISA complex was nearly pure, albeit low in yield,
we analysed its molecular structure witl1 transmission electron
microscopy. Rod-shaped particles approximately 30 nm lengtl1
and globular particles approximately 10 nm in diameter were
observed in the micrographs (Fig. 5). The globular particles
appeared similar to the known protein structure of Rubisco [23].
The rod-shaped part.ides probably represent the ISA I- ISA2
complex. Some of tl1e rod-shaped particles had a dumbbell-like
appearance, suggesting that the native enzyme may be a dimer of
dimers.
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The ISA 1-ISA2 Enzyme Shows Distinct Branch Specificity
during a-polyglucans Hydrolysis
To explore the chain-length specificity of tandem affinity
purified ISAI - ISA2, the enzyme from the first affinity step was
incubated with potato amylopectin, oyster glycogen and maize ~limit dextrin and the liberated chains were analysed by HPAECPAD. Amylopectin and glycogen were debranched by the purified
enzyme into linear chains with typical chain-length distributions
(Fig. 6, A and B). Interestingly, we earlier provided indirect
evidence with crude extracts of amy3/isa3//da mutants that, when
faced with a ~-limit dextrin, ISAI - ISA2 releases predominantly
branched oligosaccharides [24]. This was confirmed by analysis of
the products of hydrolysis of ~-limit dextrin by the tandem affinity
purified ISA1-ISA2. Major and minor peaks were observed in the
HPAEC-PAD chromatograms, corresponding to a mixture of
linear oligosaccharides and branched oligosaccharides, with the
latter containing up to 16 glucose residues (Fig. 6C). The
experiment was also performed with elution sample from the
second affinity purification step with comparable results (not
shown).
Expression of Recombinant ISA 1 and ISA2 in f. coli
Recombinant ISA! and ISA2 from potato were previously
expressed in E. coli, as S-tagged proteins and StISAl shown to
have isoamylase activity [13]. Encouraged by these reports, we
expressed Arabidopsis ISA! and ISA2 proteins individually,
purified them, and mixed them togetl1er to try and reconstitute
the complex. Several expression vectors were tried, of which
p0GWA yielded ISA proteins in the soluble fraction (not shown).
However, using native PAGE, no activity was detectable for the
individual isoforms, nor when mixing the two partially purified
recombinant proteins (not shown). Therefore, we tested if coexpression from separate vectors in the same E. coli cells would
produce an active complex. For this, the vector pair p0GWA
(containing the ampicillin resistance gene) and pET29A (containing the kanamycin resistance gene), each of which contained either
ISA! or ISA2 was co-transformed into E.coli BL21 Codon-Plus.
Both combinations (pOGWA-ISAl:pET29a-ISA2 and p0GWAISA2:pET29a-ISAl ) resulted in DBE-activity on native PAGE
gels, with the recombinant proteins migrating in a similar way to
PLOS ONE
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the native enzyme in Arabidopsis leaf extracts (Fig. 7A). Gel
filtration chromatography revealed that the recombinant ISA!
and 1SA2 eluted together in fractions con-esponding to molecular
weights ranging from 800-520 kDa but with a peak for both
proteins at 750 kDa (fig. 7B). This is significantly larger that the
native ISAJ - ISA2 complex found in Arabidopsis of 430 kDa
(Fig. 2C). The reason for this apparent difference, despite the
comparable mobility in the native PAGE is unclear.
Important amino acid residues were identified by aligning ISA!
and ISA2 sequences from various plant species with the
Pseudomonas amyloderamosa isoamylase (PaISO), for which a crystal
structure is available (PDB ID: 1BF2) [25]. Eight residues reported
to be absolutely conserved in all active members of the ex-amylase
family lie within the active-site: Asp-292, Val-294, His-297, Arg373, Asp-375, Glu-435, His-509 and Asp-510 (numbering
according to PaISO, minus its 26 amino acid signal peptide).
The three carboxylic acid residues Asp-375 , Glu-435 and Asp-510
are essential for catalytic activity [26] . ISA! has been proposed to
be the catalytic subunit of the ISA complex [I 3] and all eight
residues are conserved in the Arabidopsis ISA! sequence (Fig. SI).
In the Arabidopsis ISA2 sequence, only Val-294 and His-297 are
conserved. The remaining six residues differ from ISA! as follows;
Asp-292-> Glu, Arg-373-> Cys, Asp-375-> Ile, Glu-435-> Asp,
His-509 -> Asn, and Asp-5 IO -> Ser. Interestingly, the ISA2
sequences from maize and rice share the exact same substitutions.
Based on comparable substitutions in the potato ISA2 protein,
Hussain et al. (2003) proposed that ISA2 is a hydrolytically
inactive. To test the role ofISA 1 as the catalytically active subunit,
site-directed mutagenesis was performed to substitute the predicted catalytic nucleophile Asp-367 in ISA! with an alanine (D367A,
according to the ISA! sequence after removal of its predicted
transit peptide, equivalent to Asp-375 in the Pseudomonas
enzyme). The D367 A mutant protein was co-expressed witll
non-mutated ISA2. SDS-PAGE confirmed that the D 367A
protein was present in comparable amounts as the non-mutant
version (hereafter called active ISA). As expected, tl1e mutation
abolished catalytic activity on native gels (hereafter called i11activ.
ISA).
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Impact of the Recombinant ISA 1-ISA2 Complex on
Glycogen Structure
When grown to stationary phase in minimal media in the
presence of an excess of carbohydrate, E. coli produces glycogen
[2 7). Therefore, we tested whether the expression of the active ISA
altered the glycogen structure in a way that would help to explain
its role starch biosynthesis. First, cells were grown on solid
Kornberg medium and stained with iodine: those expressing the
active ISA were dark blue-green whereas those expressing the
inactive ISA stained red-orange (Fig. 8A), comparable to the
staining of wild-type glycogen (not shown). These initial data
suggested that the presence of the active ISA does indeed alter
glycogen structure, resulting in a glucan that stains more like

starch. vVhen the same clones were grown in liquid Kornberg
medium the staining pattern was even more distinct (Fig. 8A).
We used several techniques to further investigate the structure
of these glucans. First, cells were fixed, embedded in resin, and
analysed by transmission electron to determine whether any
starch-like insoluble glucan could be observed. However, the cells
expressing either the active or the inactive ISA were indistinguishable and did not contain any starch-like structures (Fig. S2).
Next, the quantity of soluble and insoluble glucans was determined
in cell extracts. Essentially all of the glucans were found in the
soluble phase in cells expressing either the active or the inactive
ISA, and in non-transformed cells. The highest glucan levels were
observed in the non-transformed cells, in which no protein

protein was spotted onto carbon grids, negatively
Figure 5. Molecular structures the affinity purified ISA2-TAP complex. Purified ISA2-TAP
abundant particles were rod-like, or in some cases
stained with uranyl acetate and analysed by transmission electron microscopy. The most
presence of some residual RUBISCO contamination
dumbbell-like (upper images). In additional globular particles were observed, consistent with the
(lower images). In each case the field of view is 80 nm x 80 nm.
doi:10.1371 /journal.pone.0075223.gOOS
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biosynthesis was induced. Interestingly, despite the intense staining
of the cells expressing the active ISA, there was a major reduction
in glucan content compared with cells expressing the inactive ISA
(Fig. 8B). This is possible as the iodine-binding capacity and
staining intensity of glucans is highly dependent on the secondary
structures that they adopt.
Most of the glucan in the soluble extracts of all three lines could
be precipitated by the addition of methanol. We redissolved the
precipitated glucans and obtained absorption spectra for each
when complexed with iodine. The glucans from both the nontransformed cells and from the line expressing the inactive ISA
had a peak absorption (Amax) of 460 nm, typical of glycogen. In
contrast, the glucan from the line expressing the active ISA had a
A.nax between 550 and 600 nm (Fig. 8C). We analysed the chain
length distribution (CLDs) of these precipitated glucans by
HPAEC-PAD after debranching them with commercial debranching enzymes. CLDs typical of glycogen were obtained for all three
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lines (Fig. 9A). Swprisingly, the distributions differed only slightly,
with the line expressing the active ISA slightly enriched in longer
chains with a degree of polymerization (d.p.) of between 20 and
50.
We repeated tl1e analysis omitting the debranching enzyme pretreatment. No glucans were detected in the non-treated glucan
samples of untransformed E. coli, or the line expressing the inactive
ISA (intact glycogen is too large to be detected by HPAEC-PAD).
In contrast, the line expressing the active ISA contained a
population of oligosaccharides between d.p. 20 and 50 (Fig. 9B).
We speculated that these oligosaccharides may be separated from
glycogen by size. Therefore, we subjected them Lo ultraftltration
using a 50 kD cut-off filter - a pore size small enough to retain
glycogen, but large enough to allow malto-oligosaccharides to pass
through. We stained botl1 the retentate and the filtrate with iodine.
Red-staining glycogen was retained in all three samples
().,,,,ax= 460 nm: Fig. 8D). The filtrate of the sample from
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untransformed E. coli and the line expressing the inactive ISA did
not stam, whereas the filtrate of the line expressing the active ISA
stained blue (A.nax = 580 nm: Fig. 8E). We re-analysed the CLO of
the filter-retamed glycogen from the line expressing the active ISA.
It was similar to that of the untransformed E. coli and the line
expressing the inactive ISA, and was not enriched in chains
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between d.p. 20 and 50. This suggests that the ISA1 - ISA2 enzyme
releases oligosaccharides from glycogen. These oligosaccharides
may themselves be fu1ther elongated by glycogen synthase to form
a population of long, linear or lightly branched chains.
We also examined the cham length distribution after pretreating tl1e glucans with ~-amylase to degrade external,
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unbranched glucan chains (~CLDs). Subsequent debranching of
the resultant ~-limit dextrin gives a measure of the branch point
distribution of the glucan ([28]. However, no differences were
observed between the ~CLDs of the glucans from the three strains
(not shown).
Together, these data show that the presence of the ISA1 - ISA2
enzyme does not in fact have a major impact on glycogen chain
length distribution, but rather causes its partial degradation,
resulting in the accumulation of low molecular weight malto-
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oligosaccharides which stain intensely with iodine, presumable
after adopting a single helical conformation comparable to that
taken by amylase.

Discussion
This work provides valuable insight into the nature of the
isoamylase enzyme involved in starch biosynthesis in Arabidopsis.
Our data are consistent with the idea that the isoamylase is present
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in vivo only as a heteromultirner. This is based on several
observations. Firstly, comparable amounts of ISA! and TAPISA2 proteins were recovered after tl1e affinity purification
experinlents, suggesting a stoichiometry of I: I, as reported for
tile potato enzyme [15]. Secondly, aliliough tile native size
(approximately 430 kDa) of the wild-type enzyme is slightly larger
than that predicted for a tetramer of two ISA I and two ISA2
subunits, tl1e electron microscopy in1ages of negatively-stained,
affinity-purified enzyme suggests tl1at it adopts an elongated
'dumbbell' -like structure. This might migrate more slowly in a gelfiltration medium ilian a globular protein of comparable
molecular weight. We speculate that tile complex is made up of
a dinler of ISA l- ISA2 heterodinlers. If ISA l- ISA2 heterodinlers
are iliemselves active, it might explain the appearance of the
second, faster migrating band when boili proteins are together
expressed as recombinant proteins in E. coli (Fig. 7A). We cannot
exclude the possibility that tl1e enzyme is a heteroc:limer of ISA I
and ISA2 homoc:limers, altl1ough we do not favour this idea
because we were unable to detect any activity when expressing
ISA! alone. However, ISA! from oilier species has been
successfully expressed as a recombinant fusion protein [15], so
further experinlents will be needed to resolve this question. The
fact that the TAP-tagged ISA complex can be enriched to near
purity, albeit in small amounts, will allow further electronmicroscopy-based approaches to an inlproved structure of tl1e
complex.
Our TAP-tagging approach also allowed us to search for
potential interaction partners amongst tl1e other starch metabolic
enzymes. The near-complete complementation of the isa2- l
mutant phenotype showed tl1at tl1e tagged ISA2 protein was
functioning normally in starch biosyntl1esis. Despite this, we found
no evidence for djrect interaction between the isoamylase and any

PLOS ONE

I www.plosone.org

starch biosynilietic or degradative enzymes. This is consistent wiili
oilier studies. Complexes between starch syniliases and starch
branching enzymes have been reported in the developing
endosperms of maize and wheat, but in neiilier case has
interaction wiili isoamylases been reported [29,30].
Our results suggest strongly that ISA! and ISA2 are mutually
dependent on each otl1er for stability in vivo, as well as for activity.
Our results confinned the previous observation iliat ISA! protein
is decreased in absence ofISA2, and no activity is detectable [IO].
Furthermore, we were unable to detect tile ISA2 protein in the isal
mutant. The fact iliat each gene was sLill expressed normally when
in plants mutated for tl1e oilier gene, suggests that tl1e translated
proteins are degraded when iliey cannot form a complex. This
situation differs from tl1at in tile endosperms of several Poaceae
species. In maize and rice, ISA! is able to form botl1
homomultirners and multiple heteromultinlers wiili ISA2
[I 6, 17]. The homomultirners are stable in tile absence of ISA2
and are believed to be most active in starch biosyniliesis [16, 17].
However, tile heteromulLimer was reported to be more stable at
lugher temperatures [I 7] , and it is interesting to note iliat only
heteromultimeric forms were observed in rice leaves. The basis for
these differences in suburut composition and function in starch
biosyniliesis between isoamylases from different species sLill needs
to be resolved.
The expression oftl1e ISAI - ISA2 enzyme has a marked inlpact
on tile formation of glycogen in E. coli. Initial iodme staining
suggested that tl1e enzyme's presence resulted ma darkcr-struning
and perhaps more amylopectin-like polymer, railier ilian glycogen. Tlus was also seen for tl1e expression of tl1e potato ISA!
protein alone [13]. However, furtl1er analysis revealed tl1at tl1is
dark s[ain;ng is due to tl1e presence of long malto-oligosaccharides,
which are presumably able to adopt a single helical structure iliat
September 2013

I Volume

8

I Issue

9

I e7S223

83

Arabidopsis Debranching Enzyme Function

Arabidopsis Debranching Enzyme Function

tightly binds iodine, as would amylose. This explains tl1e intense
staining despite the overall reduction in glucan amount. Chains of
d.p. 20 to d.p. 50 are relatively rare in glycogen. Thus, tl1e ISA1 ISA2 isoamylase probably removes shorter chains from glycogen,
resulting in a pool of linear or lightly branched oligosaccharides
iliat are elongated by glycogen synilieses. This hypoiliesis is
consistent wiili ilie fact that glycogen was also present in cells
expressing ISA1 -ISA2 at lower amounts than in ilie oilier lines,
but mat its structure is sin1ilar to mat made by untransformed
E. coli cells or cells carrying the catalytically dead enzyme. It is
in1portant to note mat tl1ese experin1ents were carried out in me
presence of me endogenous glgX gene, which encodes an
isoamylase. This enzyme is prin1arily involved in degradation, as
mutants lacking me GlgX protein accumulate more glycogen than
wild-type cells. However, it also affects glycogen structure as the
glycogen from mutant cells is enriched in very short chains of d.p.
3 and d.p. 4, for which mis enzyme is specific [31]. However,
overexpression of GlgX [3 I] was not reported to cause a sinillar
phenotype to mat resulting from ilie expression ofilie !SAI- ISA2
enzyme reported here. GlgX is probably more sin1ilar in its
function to me ISA3 isoform of higher plants, which also
preferentially removes short chains [12,18].
Our data raise an in1portant question about me function of the
ISAI-ISA2 isoamylase. !SAi-deficient plants have a marked
change in glucan structure, in1plicating me enzyme in biosyniliesis.
However, genetic studies show that me ISAI-ISA2 enzyme is
seemingly ineffective in contributing to starch breakdown: Streb
et al. [24] showed that mutants lacking me three enzymes
isoamylase 3, limit dextrinase and a.-amylase 3 are unable to
degrade any starch, despite me presence of ISAI-ISA2. Yet the
recombinant ISA1-ISA2 enzyme is clearly active and able to
degrade glycogen, solubilised amylopectin and, to some extent, ~lin1it dextrin. In E. coli, tl1e enzyme seems prin1arily to degrade
glycogen railier man modify its structure. This suggests mat for
ISA1 - ISA2 to fulfil its role in starch biosynthesis, it needs to be
active in me right context. For example, tl1e branched glucan on
which it acts in a plant cell is the product of multiple biosynthetic
enzymes (starch syniliase and branching enzyme isoforms), wim
which it has co-evolved. Thus, ISAI - ISA2 may be able to
debranch this 'pre-amylopectin' effectively to promote its crystallization into a starch granule. However, when faced with glycogen
in E. coli, its debranching action may not result in a crystallizationcompetent structure - railier it just serves to decrease glycogen
accumulation by counteracting the glycogen biosyntl1etic enzymes.
A comparable concept has been suggested to explain the
in1portance of me ISA! homomultimers in rice endosperm,
relative to the ISAI- ISA2 heteromultimers. In the endosperm,
ISA2 is present, but not required for normal starch biosyntl1esis,
which can be mediated by ISA! homomultin1ers alone. Overexpression ofISA2 titrates out the ISA!, but me resulting ISA1 ISA2 heteromultimers cannot mediate normal starch syniliesis.
One proposed explanation is mat the homomultimers and the
heteromultimers have differing specificities and only the specificity
of me homomultin1ers matches the synthase/branching enzyme
combinations expressed in the endosperm [! 7].
Although we feel this is me most plausible explanation, others
exist: the enzyme in plants may be subj ect to post-translational
modifications, not replicated in E. coli, that influence its activity.
However, no such modifications have been reported to date.
Anoilier possibility is that the stoichiometry of the respective
enzymes is in1portant. The right balance of elongating, branching
and debranching activities may be in1portant as well as - or more
than - their specificities. Thus, it is possible that too much ISA1 ISA2 protein is expressed in our E.coli experin1ents. We feel this is
PLOS ONE
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unlikely to be the full explanation, since one would still expect a
change in glycogen structure in addition to me decrease in
glycogen amount we observed. However, furtl1er work witl1
combinations of expressed enzymes, eiilier in vitro or in a
heterologous system, should allow both stoichiometry and
specificity to be evaluated as determinants of glucan structure.

Materials and Methods
Plant Material and Growth Conditions
Arabidopsis thaliana (Col-0 accession) plants used for metabolite
measurements and tandem alfmity purification were grown in a
Percival AR95 growili chamber (Percival Scientific Inc., Perry
USA), with a 12-h light/1 2-h dark diurnal cycle, a uniform light
intensity of 150 µmo! quanta m - 2 s- 1 , 70% relative humidity,
and a constant temperature of20°C. Seeds were sown out on finegrade soil and stratified at 4°C in the dark for two days. Ten-day
old seedlings were transferred to individual 200-mL pots filled wiili
nutrient-rich, medium-grade, peat-based soil.

Protein Native Molecular Weight Determination by Gel
Filtration Chromatography
An AK.TA Explorer equipped with a Sephacryl HiLoad 200
prep grade column (GE Healthcare, Glattbrugg, Switzerland) was
used for molecular weight determination. The column was
calibrated wiili a Gel Filtration HMW Calibration Kit (GE
Healthcare) according to me manufacturer's instructions. Soluble
proteins were extracted from Arabidopsis leaves or E. coli cells in
an ice-cold medium containing 100 rru\11 Tris-HCI, pH 7.5,
300 mM KC!, 5 rru\1 DTI. All subsequent steps were performed
at 4°C. Five hundred microliter protein sample was injected with a
sample loop onto the column, and proteins were eluted in me
same buffer at a llow of 0.5 mL min - I. Fractions (2 ml) were
collected, divided into 200-µL aliquots, frozen in liquid N 2 and
stored at -80°C. Prior to SDS-PAGE and in1munoblot analysis,
proteins were concentrated by methanol precipitation at -20°C .

Native PAGE
Soluble proteins from Arabidopsis leaves were extracted in
50 m.\1 2-amino-2-hydroxymethyl-propane-1 ,3-diol (fris)-HCl,
pH 7.25, 10% (v/v) glycerol, I nu\11 ethylenedinitrilo-tetraacetic
acid (EDTA) and 5 m.\1 diiliiothreitol (DTI'). Proteins produced
in E. coli were extracted in 50 rru\11 Tris-HCl pH 7.25, 150 mM
NaCl, 5 mM DTI. Aliquots ofilie supernatants were mixed with
loading buffer (50% [v/v] glycerol, 0.05% [w/v] Bromophenol
Blue) in a ratio of 5:1 prior to loading onto 6% (w/v)
polyacrylamide gels, containing 0.1--0.2% (w/v) potato amylopectin (Sigma-Aldrich) or maize ~-lin1it dextrin (Sigma-Aldrich), and
separated at 100 V for 3 hat 4°C. After electt·ophoresis, gels were
incubated in 100 nu\1 Tris-HCl, pH 7.2, I mM MgC1 2 and
I rru\1 CaCl2 for 2 h at 3 7°C. Amylolytic activities were visualised
by staining ilie gels in Lugo! solution (Sigma-Aldrich, Buchs,
Switzerland) followed by destaining in cold water.

General and Molecular Methods
Plant DNA was extracted using the GenElute Plant genomic
DNA miniprep kit according to tl1e manufacturer's instructions
(Sigma-Aldrich). Bacterial DNA was extracted and purified with
NucleoSpin® Plasmid QuickPure (Macherey-Nagel, Oensingen,
Switzerland). Purified DNA was quantified using a NanoDrop
ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, USA).
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Quantitative PCR (qPCR)
Leaves from 3 individual 20-day old plants were haivested at
the end of night, pooled and immediately frozen in liquid N 2 •
RNA was extracted using Spectrumn , Plant Total RNA kit
(Sigma-Aldrich) according to the manufacturer's instructions.
Following on-column DNase treatment (Roche, Rotkreuz, Switzerland), RNA was reverse-transcribed to cDNA using SuperScript® III Reverse Transcriptase (Invitrogen, Basel, Switzerland)
according to the manufacturer's instructions. For qPCR, Fast
SYBR Green Master Mix (Applied Biosystems, Rotkreutz,
Switzerland) was used on a 7500 Fast Real-Time PCR system
(Applied Biosystems). PP2A (At lg 13320) was use as a constitutively
expressed control. Primer sequences for qPCR were as follows:
PP2A, forwards 5'-TAA CGT GGC CAA AAT GAT GC-3'
reverse 5'-GTT CTC CAC AAC CGC TTG GT-3'· ISA!,
fo1wards, 5'-GATCAGATACGCAT CAGCA-3', reve:se /
TCCATGATTACCTCAA TTCCTC-3'. ISA2, forwards 5'5 '-GACGreverse
GCAAATGACCAAACAACTCC- 3' ,
CAGTITCCTCTTCC-3 ' .
Creation of the ISA2-TAP Tag, Plant Transformation and
Complementation Ana lysis
The ISA2 coding sequence of without its stop codon was fused to
a sequence encoding a 20 kDa C-terminal tandem affinity
purification (TAP) tag, comprising a calmodulin-binding peptide
(CBP), a tobacco etch virus (TEV) protease cleavage site and two
IgG binding domains of Protein A from Staphylococcus aureus, based
on the construct from Rigaut et al. [22J . The ISA2-TAP sequence
was cloned into the multiple cloning site of the binary vector
pGreenII 0 I 79 [32J behind the cauliflower mosaic virus 35 S
promoter. The construct was transformed into Arabidopsis isa2- l
mutants using Agrobacterium [33]. Transformants were selected
on Yiurashige and Skoog (MS) plates containing I% agar and
25 mg/I hygromycin. For complementation analysis, several
independent transformed lines were germinated on selective MSplates alongside the respective wild-type and mutant controls (on
non-selective plates). After transplantation onto soil, plants were
haivested and extracted with perchloric acid as described
previously [I OJ . Starch in the insoluble fraction and phytoglycogen
in the soluble fraction were determined as described previously
[34]. Structural analysis of starch and phytoglycogen by HPAECp AD was performed as described previously [ I OJ.
Tandem Affi nity Purificat ion Procedu re
Tandem affinity purification was performed as previously
described [2 l ,22J with minor modifications. Wild-type and
ISA2-TAP leaf material harvested at the end of the day was
pulverised in liquid N 2 with a mortar and pestle, then homogenised in glass homogenisers with ice-cold extraction buffer (5 0 rn.vf
Tris-HCI, pH 7.25; 150 mi.vi NaCl, 5% [v/vJ glycerol, 5 rn.vf
EDTA, 5 mM DTT and I xProtease Inhibitor [Rochel). Homogenates were clarified by centrifugation (20 000 g, 4cc , 15 min) and
the supernatant filtered through 0.45 µm filters. The tagged
protein and associated components were recovered by incubation
of the extract with 500 µL IgG-Sepharose 6 Fast Flow beads (GE
Healthcare) per 5 g starting material for 2 hat 4cc. After washing,
1
100 unfrs Tobacco Etch Virus protease (AcTEVTh Protease,
Invitrogen) in TEV buffer (50 mM Tris-HCI, pH 8.0, 0.5 m:vl
EDTA, 1 rn.vf DTT) was added and the suspension was agitated
gently for I h at 25 cc to cleave off the bound proteins. The
supernatant was incubated with Calmodulin Sepharose 4B (GE
Healthcare) in the presence of 2 mM CaCl 2 for 16 h at 4 cc with
gentle agitation to remove the TEV protease and trace contamPLOS ONE
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inanes remaining after the first affinity selection. Afrer washing, the
bound proteins were released by chelating the calcium with
EGTA. As a negative control, extracts of the wild-type were
processed through all stages of the tandem affinity purification
procedure.

Mass-spectromet ric Analyses of Tandem-affin ity-pu rified
Protein Samples
Protein samples obtained from TAP-tagging experiments were
subjected to SDS-PAGE on 10% (w/v) gels. Gels were fixed for
I h at 25 cc in 12 % (v Iv) trichloroacetic acid and stained for 16 h
with 0.1% (w/v) Coomassie Blue G-250 in 20% (v/v) methanol,
IO mM ammonium sulphate, 2 rn.vf orthophosphoric acid,
followed by destaining in distilled water. Bands of interest were
cut out and tl1e gel slice was diced into small pieces. In-gel
digestion was performed as described previously [35J with
modifications. Details of the peptide analytical procedure are
given in Dataset SI.
Electron Microscopy
Protein samples from the second TAP-elution were concentrated in 500-µL Vivaspin columns (Sartorius, Tagelswangen,
Switzerland) and 4 µL were applied to 400 :v!ESH carbon grids.
The grids were washed several times on a water-droplet, then
negatively stained with uranyl acetate and analysed in a Philips
CY! 12 transmission electron microscope coupled to a CCDcamera.
E. coli cells were fixed directly in the culture medium with 2 %
(v/v) glutaraldehyde for I h at 20°C. Samples were washed three
times in ice-cold 0. 1 M sodium cacodylate buffer, pH 7.4. The
pellets were post-fixed in I% (w/v) aqueous osmium tetroxide,
0.1 YI sodium cacodylate buffer, pH 7.4 for 2 h at 4cc, then
washed three times in sodium cacodylate buffer and once in water.
After wash, the cells were dehydrated in an ethanol series and
infiltrated and embedded in epoxy resin (Spurr's, Agar Scientific,
Stansted, UK) using gelatin capsules. The capsules were centrifuged ( 1000 g, 5 min) to collect the cells at the bottom of tile
capsules. Ultra-thin sections were cut witll a diamond knife and
stained sequentially witll uranyl acetate and Reynold's lead citrate.
Stained sections were examined using a FEI Morgagni 268
electron microscope.
Hydrolysis of cx-polyglucans with Tandem-affinitypurified ISA 1-ISA2
Tandem affmity purified ISAI-ISA2 was incubated witll
200 µg glucan (potato amylopectin, maize, fl-limit dextrin, or
oyster glycogen, all purchased from Sigma-Aldrich), in 50 mL
Tris-HCL, pH 7.2, 5% (v/v) glycerol, 5 mM DTT, I mM CaCl 2 ,
I mJvf MgCh at 30cc. At different time points, aliquots were
witlldrawn and 0.1 M NaOH was added to stop the reaction.
Samples were clarified by centrifugation (16,000 g, 5 min, 20cC)
prior to high-pe1formance anion-exchange chromatography on a
Dionex Carbopac PA-200 column with pulsed anion amperometric detection (HPAEC-PAD). Gradient conditions were as
described previously [I OJ.
Recombinant Expression of ISA 1 and ISA2 in E. coli
The ISA I and ISA2 cD As witllout their transit peptide
sequences were obtained witll gratitude from Professor Alan
Myers (Iowa State University, Ames, Iowa, USA). The cDNAs
were transferred into pDONR22 l by Gateway recombinant
cloning (Invitrogen), according to the supplier's instructions. The
cDNAs were cloned into Gateway-compatible expression vector
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and introduced into chemically competent DH5G! or BL2 l cells by
heat-shock transformation. Positive clones were selected on solid
LB medium containing the appropriate antibiotics. Co-expression
of the following vector combinations was performed in BL21 cells;
active ISA=P0GWA-ISAI and pET29a-ISA2 or pET29a-ISAl
and P0GWA-ISA2; inactive ISA= P0GWA-ISAD367A and
pET29a-ISA2. Primers for the creation of the D367 A mutant of
ISA! were as follows: forward 5'-CAT GTI GAG GGC TIC
CGC TTI GCT CTI GGT TCA ATC ATG-3', reverse 5'CAT GAT TGA ACC AAG AGC AAA GCG GAA GCC GTC
AAC ATG-3'. The altered bas,;-;s underlined.

off pore size and spun with 4000 g for 10 to 15 min. The filtrate
was collected, freeze dried and resuspended in water. The
retentate was obtained by washing the filter 3 times with water
and resuspended the retained glucans in water.
Iodine absorption spectra of glucans were obtained in CaC1 2
solution as described [36], but with only the half amount of iodineiodide solution in the iodine reagent. The absorption spectrum was
measured on a microtitreplate reader (Infinite Ml000, Tecan).
Chain length distributions were obtained on a Dionex Carbopac
PA-200 column with pulsed anion amperometric detection
(HPAEC-PAD) as described in Streb et al. [19].

Extraction and Analysis of Glucans from £. coli

Supporting Information

E. coli strains were grown overnight at 37°C in LB medium

supplemented with the appropriate antibiotics. The culture was
diluted 1: 100 in Kornberg medium (63 nu\1 K 2 HPO 4, 62 mM
KH 2PO 4 , 3% (w/v) yeast extract, 2% [w/v) glucose) supplemented with antibiotics and grown at 37°C until an OD 600 of 0.5--0.6
was reached . Protein expression was induced with I mM IPTG
and the cultures were transferred to 22°C for 20 h. To induce
glycogen production, the cells were pelleted at 3000 g for 15 min,
washed once with Yl:9 medium (48 mM Na 2HPO 4 , 22 mM
KH 2 PO 4 , 9 mM NaCl, 19 mM NH 4 Cl, 2 nu\1 MgC1 2 m 100 nu\1
CaC1 2, 2% (w/v) glucose), resuspended in M9 medium and
incubated at 37°C for 4 h. Cells were harvested by centrifugation
as described above and washed twice with 2% (w/v) mannitol.
The cell pellet was frozen in liquid nitrogen and stored at -80°C.
Unless otherwise noted, all steps of glucan extraction were
performed at 4°C. The cell pellet was resuspended in water,
homogenised three times in an M-1 l0P microfluidiser (Microfluidics , Newton, YIA, USA) and immediately quenched with
perchloric acid (final concentration of 1.12 :VfJ. The homogenate
was fractionated into insoluble and soluble fractions by centrifugation at 3000 g for 10 min. The soluble fraction (the supernatant)
was neutralised to pH 5- 6 with 2 M KOH, 0.4 M MES, 0.4 M
KC!, and the potassium perchlorate precipitate was removed by
centrifugation as before. Soluble glucans in the supernatant were
precipitated at -20°C in 80% methanol, pelleted by centrifugation at 16000 g for 10 min, washed with 75% methanol, dried and
resuspended in water. N on-precipiatable glucans were recovered
by drying the first methanol supernatant in a vacuum concentrator
and resuspending the pellet in water. The insoluble fraction was
washed several times with water until a neutral pH was reached
and finally resuspended in water.
Quantification of glucans from the insoluble fraction , the
precipitated soluble fraction and the supernatant from precipitation was done as previously described [34]. For ultra-filtration of
glucans, neutralised soluble fraction was loaded onto Vivaspin 2
centrifugal concentrators with PES membrane and a 50 kDa cut-

Figure S1 Multiple sequence alignm.ent of the plant
isoam.ylases, ISAl and ISA2, with isoam.ylase from
Pseudornonas arnyloderarnosa. UniProt identifiers or GenBank accessions for the sequences: P. amyl.oderamosa ISO
CAA00929.I; Arabidopsis AtISAl 004196; AtISA2 Q8L735;
Garden pea (Asum sativum) PsISAI QI05A2; PsISA2 Ql05Al;
Maize (,('.ea mays) ZmISAl 022637 ; ZmISA2 Q84UE6; Rice
(Oryza sativa) OsISAI 080403; OsISA2 gi:51038091; Potato
(Solanum tuberosum) StISAI Q84YG7; StISA2 Q84YG6. The eight
residues absolutely conserved in all active members of the G(amylase superfamily are indicated with black arrows.
(TIF')
Figure S2 Transmission electron micrographs of E. coli
cells expressing the active (top) or inactive (bottom)
forms of the ISA1- ISA2 isoam.ylase.
(TIF')
Table S1 Proteins identified after tandem affinity
purification of ISA2-TAP and wild-type extracts.
(DOCX)
Dataset S1 Protein identification in gel slices after
tandem affinity purification of ISA2-TAP protein.
(XLSX)
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Supplementary Figure S1. Multiple sequence alignment of the plant isoamylases, ISAl and
ISA2, with isoamylase from Pseudomonas amyloderamosa. UniProt identifiers or GenBank
accessions for the sequences: P. amyloderamosa ISO CAA00929.l ; Arabidopsis AtlSAl 004196;
AtISA2 Q8L735 ; Garden pea (Pisum sativum) PsISAl Ql05A2; PsISA2 Q105Al; Maize (Zea
mays) ZmISAl 022637; ZmISA2 Q84UE6; Rice (Oryza sativa) OslSAl 080403; OsISA2
gi:51038091; Potato (Solanum tuberosum) StISAl Q84YG7; StISA2 Q84YG6. The eight residues
absolutely conserved in all active members of the a-amylase superfamily are indicated with black
arrows.
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Supplementary Figure S2. Transmission electron micrographs of E. coli cells expressing the
active (top) or inactive (bottom) forms of the ISA1-ISA2 isoamylase. Scale bar, 1 µm.
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Supplementary Table 1: Proteins identified after tandem affinity purification ofISA2-TAP
and wild-type extracts.
Proteins from ISA2-TAP or wild type plants were subjected to the tandem affinity purification
protocol, SDS-PAGE, in-gel tryptic digests and the peptides identified by LC-MS/MS.
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Introductory paragraph

Starch, as the major nutritional component of our staple crops and a feedstock for
numerous industrial applications, is a vital plant product for mankind. Starch is composed
of glucose polymers that form complex, semi-crystalline granules in planta. Despite
decades of intensive research, a complete picture of starch biosynthesis is missing. We
expressed the core Arabidopsis starch biosynthesis pathway in a Saccharomyces
cerevisiae strain purged of its endogenous glycogen metabolic enzymes and obtained
insoluble starch-like granules with a characteristic semi-crystalline organization.
Systematic variation of the complement of starch synthase isoforms and the isoamylase
debranching enzyme demonstrates that these enzymes retain their specificities and
illustrates how each influences a-glucan structure and solubility. We expect this yeast
system to accelerate starch research, to elevate to a new level our understanding of the
relationships between the biosynthetic apparatus, starch structure and its functional
properties, and to provide a basis for targeted biotechnological starch crop improvement.

Main text

Starch is an agricultural raw material coveted for its nutritional value, but also for its
functional properties, which have extensive industrial applications in food processing
(Delcour et al., 2010), paper manufacturing (Blennow et al., 2003), and production of
biodegradable materials (Zhang et al., 2014) amongst others. Many of these applications
depend on the distinct biophysical characteristics of starches from different plants, which
are often enhanced using costly chemical, physical or enzymatic modifications to yield
the desired properties (Tharanathan, 2005; Santelia and Zeeman, 2011). Furthermore, the
structural properties of starch also influence its nutritional value. For example, starches
with reduced digestibility (resistant starch) are considered to be health-promoting, having
a lower glycemic index and serving as a form of dietary fiber (Raigond et al., 2014). It is
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therefore of enormous interest to understand starch synthesis to allow for a targeted
improvement of starch crops.
Starch has two components: large, moderately branched, semi-crystalline amylopectin
molecules interspersed with smaller, near-linear amylose molecules. Amylopectin is the
major component and required for starch granule formation. Amylose is a minor
component and is not required for starch granule formation, although it does significantly
influence the functional properties of starch. The branching structure of amylopectin is
non-random, allowing neighboring chains to form double helices that pack in a manner
akin to a side-chain liquid-crystalline polymer, rendering it insoluble (Perez and Bertoft,
2010). Multiple enzyme activities, often composed of several distinct isoforms, are
involved in amylopectin biosynthesis. Four starch synthase (SS) isoforms elongate
existing glucan chains using ADPglucose as glucosyl donor, two classes of branching
enzymes (BE) introduce branches, and at least one debranching enzyme (DBE)
hydrolyzes some branches again, probably facilitating the formation of secondary and
tertiary structures (Zeeman et al., 2010). Despite considerable progress by analyzing the
properties of the purified or recombinant enzymes and by characterizing mutant and
transgenic plants, we still lack a holistic understanding of starch biosynthesis.
Here we employed a yeast platform (Mikkelsen et al., 2012) for the heterologous
expression of multiple starch biosynthetic enzyme combinations in a controlled and
targeted manner (Fig. 1). To eliminate the risk of interfering effects from the yeast's
endogenous glycogen metabolic pathways, we purged it of the five genes involved in
glycogen biosynthesis (two glycogenins, two glycogen synthases, glycogen branching
enzyme) and two involved in glycogen degradation (glycogen debranching enzyme and
glucan phosphorylase). We simultaneously introduced amylopectin biosynthetic genes via
stable integration of coding sequences driven by galactose-inducible promoters
(Supplementary Fig. 1). Arabidopsis was chosen as a gene donor due to the availability of
well-characterized starch mutants, allowing for direct comparisons between yeast- and
plant-derived a-glucans (here named glucans for simplicity). In addition, we introduced a
non-regulated form of ADPglucose pyrophosphorylase from Escherichia coli, as yeast
glycogen biosynthesis is UDPglucose dependent, while the plant starch biosynthesis is
ADPglucose dependent.
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Knock out glycogen-metabolic genes

a

Glycogenins (GLG1, GLG2)
Glycogen synthases (GSY1,GSY2)
I , Branching enzyme (GLC3)
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~
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of starch-biosynthetic genes
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+ AG Pase ( G/gC-TM, from E. coli)
+ Branching enzymes (BE2, BE3)
± Starch synthases (SS1, SS2,
SS3, SS4)
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Analyse structure/amount of a-glucan
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•

♦
Increase understanding of starch
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me function

Figure 1. Creation of the S. cerevisiae Platform. (a) The platform was created by removing
yeast's endogenous glycogen-metabolic pathway (grey box) and introducing varying components
of the plant's starch biosynthetic pathway (green box). In all cases, the coding sequences of
Arabidopsis starch-biosynthetic genes lacked plastid transit peptide sequences. The deregulated
mutant of bacterial ADPglucose-pyrophosphorylas e (AGPase) was used for the synthesis of
ADPglucose. The AGPase and the two branching enzymes, BE2 and BE3, were expressed in all
strains. The expression of starch synthases (SSl, SS2, SS3, SS4) and the isoamylase ISA1/ISA2
was systematically varied. Glucans synthesized in these strains were quantified and their
structures analyzed. (b) Overview of 30 strains with varying expression of SS and ISA1/ISA2 in
the glycogen-metabolism free background. Glucan staining (by iodine vapor) of cells grown on
SC plates with 2% galactose indicates that different enzymatic combinations produce structurally
different glucans. Note that strains with isoamylase (all lines with uneven numbers) tend to stain
darker compared with their isoamylase-free counterpart (line number minus l; e.g. 21 [with ISA]
vs. 20 [without ISA]). Genotypes of yeast strains are presented in Supplementary Table 1. SS,
starch synthase; BE, branching enzyme; AGPase, ADPglucose pyrophosphorylase; aAP,
Arabidopsis amylopectin (gbss ptst starch); pAP, potato amylopectin; AM, potato amylase.

We first established that the heterologously expressed enzymes are active. Both plant BEs
enabled the production of glucans in yeast cells lacking their endogenous BE
(Supplementary Fig. 2). Similarly, when expressed as the sole synthase activity every
plant SS produced significant amounts of glucans (lines 0, 2, 4 and 6; Fig. 2a). Coexpression of ISAl and ISA2 - the two subunits of the multimeric isoamylase (ISA) - in
wild type yeast suppressed the accumulation of glycogen (Supplementary Fig. 2a), similar
to the result obtained when expressing this enzyme in E. coli (Sundberg et al., 2013). This
suggests that ISA acts in a degradative fashion when provided with glycogen as a
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substrate rather than a pre-amylopectin substrate that can be tailored for crystallization.
For each enzyme, activity or expression was also confirmed using native PAGE or protein
gel blots, respectively (Supplementary Fig. 3).
Next, we created a library of over 100 yeast lines. This included 30 lines in the glycogenfree background (lines 0-29, Supplementary Table 1) in which we systematically varied
the complement of the four SS isoforrns and ISA, while keeping GlgC, BE2 and BE3
constant. Iodine staining of cells grown on plates showed that all lines produced glucans.
The differences in staining color indicated a variety of glucan structures (Fig. 1b).
Quantification of the glucans from cells grown in liquid culture showed that most lines
without ISA synthesized high amounts of soluble glucans (around 10% of the wet weight)
(Fig. 2a and Supplementary Fig. 4). Light microscopy revealed cells with fairly uniform
brownish iodine staining and transmission electron microscopy revealed numerous small
particles typical of soluble glycogen-like particles (Fig. 2a,b and Supplementary Fig. 4).
These data show that the plant SS do not require the presence of the yeast glycogenins enzymes that help prime glycogen particles - and can either utilize alternative primers in
yeast or generate their own glucan primers. Interestingly, line 0 (expressing just SSl)
accumulated lower amounts of glucans than lines expressing the other SS isoforrns (lines
2, 4 and 6; Fig. 2a). However, this trend was reversed in lines still containing the yeast
glycogenins suggesting that, rather than having low activity, SSl is less efficient than the
other SSs in utilizing available primers or generating its own primers (Supplementary Fig.
5).
Remarkably, most lines expressing ISA produced water-insoluble glucans as well as
soluble glucans, supporting the role of this enzyme in tailoring glucans to facilitate their
crystallization. In addition, these lines accumulated linear malto-oligosaccharides, most
likely representing chains liberated by ISA (Supplementary Fig. 6). Lines containing
neither SS3 nor SS4 (lines 1, 3 and 9) had very low glucan levels (Fig. 2a and
Supplementary Fig. 4) when expressing ISA, although they did stain above background
levels when grown for a longer time on plates (Fig. 1b). This suggests that SS3 and SS4
are important to generate a polymer structure suitable for selective ISA debranching and
crystallization, while SS 1 and SS2 alone generate a polymer prone to ISA degradation.
To determine whether the insoluble glucans from line 29, which expresses all
amylopectin-biosynthetic enzymes, possessed starch-like characteristics, we performed a
series of microscopic and structural analyses. The glucans formed particles that occupied
a significant fraction of the yeast cell volume and were comparable in size to Arabidopsis
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starch granules (Fig. 2b,c). The particles were of spherical shape with an uneven surface .
The wavelength of maximum absorption 0-maJ after iodine-complexion was 546 nm,
almost identical to that of Arabidopsis amylopectin (548 nm) and distinct from that of
highly-branched, soluble glycogen from wild-type yeast (Amax of 444 nm), soluble glucans
from the corresponding line without ISA (line 28, Amax 505 nm) or predominantely linear
glucans such as potato amylase (Amax of 630 nm) (Fig. 2d,e). Wide-angle X-ray scattering
(WAXS), widely applied in the analysis of crystalline structures in plant starch, showed
that the glucans formed double helices that adopted a typical B-type allomorph, and was
again almost identical to Arabidopsis amylopectin and Arabidopsis starch (Fig. 2g and
Supplementary Fig. 7).
Small-angle X-ray scattering (SAXS), which is used to measure the lamellar properties of
the crystalline regions of starch (typically with a periodicity of 9-10 nm) indicated a weak
lamellar repeat of 13.6 nm, which is slightly longer than that of Arabidopsis starch (10.5
run; Fig. 2f). The chain-length distribution (CLD) of insoluble glucans from line 29

revealed the presence of more long chains in the yeast glucans than in Arabidopsis
amylopectin (Fig. 2h). Nevertheless, the overall CLD profile displayed key characteristics
of Arabidopsis

amylopectin with sub-populations

of chains

with degrees

of

polymerization (DP) of 6-8, 9-18 and 18+. The tendency toward longer chains could
explain the longer lamellar repeat indicated by the SAXS analysis. Collectively, these
structural analyses show that the insoluble glucans produced in line 29 have the typical
semi-crystalline properties of starch.
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Figure 2. Synthesis of Starch-Like Glucans in S. cerevisiae. (a) Quantification of insoluble
(black bars) and methanol-precipitable soluble (grey bars) glucans of yeast lines grown in liquid
culture. The genotypes of the lines are indicated below, with the SS and ISAJIISA2 genes
highlighted in yellow. Endogenous genes in the wild type yeast are in grey. Values are means ±
S.E. from 4 replicate cultures (except line 6, where n = 3). Data from the remaining lines are
presented in Supplementary Fig. 4. The bottom panel shows light micrographs (LM) of cells from
one biological replicate after staining with iodine. The scale bar (10 µm) applies to all pictures.
WT, wild type; WW, wet weight; BE, branching enzyme; DBE, debranching enzyme; AGPase,
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ADPglucose pyrophosphorylase. (b) Transmission electron micrographs (TEM) from the lines
grown as in a. s, particulate, putatively soluble glucan; i, uniform , putatively insoluble glucan;
scale bar, 3 µm (c-h) Structural analyses of isolated insoluble glucans from the yeast line 29
compared with wild-type Arabidopsis (WS ecotype) leaf starch. (c) Scanning electron
micrographs (SEM) of purified insoluble particles from line 29 and of Arabidopsis starch. Scale
bar, 2 µm . (d,e) Absorption spectra of glucans from the indicated yeast lines (WT, line 28 and line
29), Arabidopsis amylopectin (gbss ptst starch), potato amylopectin and amylase after
complexion with iodine. The wavelengths of maximum absorption are indicated. a.u., arbitrary
units. (f,g) Small-angle and wide-angle X-ray scattering (SAXS/W AXS) of insoluble glucans
showing periodic repeats in electron density. Since amylase may influence scattering patterns,
Arabidopsis amylopectin (gbss ptst mutant starch) was used as plant control. Note that the
scattering intensity and the scattering vector q are displayed as log 10 scales in SAXS, but as linear
scales in WAXS. q, scattering vector; d, repeat distance; a.u. , arbitrary units. (h) Chain-length
distribution (CLD) of insoluble glucans from line 29 and of Arabidopsis starch. Insoluble glucans
were debranched and linear chains separated and quantified using high-performance anionexchange chromatography with pulsed amperometric detection (HP AEC-P AD). Chains of degrees
of polymerization (DP) from 3 to 60 were summed and the relative abundance of each chain
length plotted as percent of total glucan chains.

Having a library of strains allows systematic comparisons of glucan accumulation,
structure and partitioning between the soluble and insoluble fractions. This enables the
functional analyses of individual enzymes and an exploration of their interdependencies.
The promotion of insoluble, crystalline glucan formation by ISA (Fig. 3a) is in-line with
isa mutants in plants, which often accumulate water-soluble polysaccharides - so-called
phytoglycogen (Nakamura et al. , 1996; Mouille et al. , 1996; Z.eeman et al. , 1998; Dinges

et al. , 2001; Burton et al., 2002; Bustos et al., 2004) . Interestingly, however, some ISAfree yeast lines containing subsets of the other amylopectin biosynthetic enzymes also
accumulated some insoluble glucans (e.g. those with BE3 as single branching enzyme;
see lines H and I, Supplementary Fig. 5). This helps explain why isa mutant plants often
still synthesize some altered starch in addition to soluble phytoglycogen (Kubo et al. ,
1999; Delatte et al. , 2005; Wattebled et al., 2005; Dinges et al. , 2001). Moreover, we
observed a clear effect of SS isoforms on the synthesis of insoluble glucans (Fig. 3b). For
example, in the presence of ISA, the additional presence of SSl always reduced the
relative (and absolute) amounts of insoluble glucans. In contrast, the additional presence
of SS4 always increased them The presence of SS2 had variable effects, but significantly
increased the percentage of insoluble glucans in the absence of SS4 (line 15 vs. line 5:
+30%; line 21 vs. 11: +46%). Reciprocally, the increase in the proportion of insoluble
glucans upon addition of SS4 was strongest in the lines without SS2 (line 25 vs. 11:
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+ 108%; line 19 vs. 5: +95% ). These data highlight the complex functional interplay
between both the enzyme classes and isoenzymes of each class that are collectively
responsible for starch synthesis.
Comparisons of the CLDs from the glucans from the 30 yeast lines with the CLDs of
amylopectin from selected Arabidopsis mutants illustrates how well the enzymatic
specificities are preserved in the yeast system For instance, in both the yeast cells and in
Arabidopsis leaves the presence of SSl always increased the relative abundance of
shorter chains (DP 6-10) at the expense of intermediate-length ones (DP 11-25). This
pattern was evident despite the fact that the CLDs themselves were not identical (Fig. 3c
and Supplementary Fig. 8a). The increased abundance of short chains in the presence of
SS 1 is the likely cause for the reduced insolubility of glucans as short chains impair the
formation of second and tertiary structures underlying starch crystallinity (Pfannerniiller,
1987; Gidley and Bulpin, 1987). Similarly, the presence of SS2 had a consistent effect on
the CLDs of both yeast and plant derived glucans, increasing the relative abundance of
intermediate-length chains (Fig. 3d and Supplementary Fig. 8b), which can favor the
formation of higher-order structures. The magnitudes of these isoform-specific CLD
alterations were often smaller among the yeast glucans than among the plant glucans.
This is probably due to the overall relative increase in longer chains in the yeast glucans
compared to Arabidopsis starch (Fig. 2h). In-line with reports from Arabidopsis plant
mutants (Zhang et al., 2005; Roldan et al., 2007; Szydlowski et al., 2009, 2011; Pfister et
al., 2014 ), SS3 and SS4 did not influence the lengths of short and intermediate chains in a
and in the case of SS4 the alterations were generally small
'
(Supplementary Fig. 9). Furthermore, the tendency of SS3 to increase the abundance of
intermediate-length chains in the absence of SS2 (Zhang et al., 2008) was also apparent in

distinct manner

yeast (Fig. 3e and Supplementary Fig. 9a).
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Figure 3. Individual Enzymes Influence Solubility and Structure of Glucans. (a) Percentage
of insoluble glucans from total glucans (including malto-oligosaccharides) of lines without
isoamylase (lines with even numbers, grey bars) and their corresponding partners with isoamylase
(]SA, lines with odd numbers, black bars). Only strain pairs in which both lines have considerable
1
glucan levels (>5 mg t ) were included. The data are recalculations of the quantifications shown
in Fig. 2a and Supplementary Figs. 4 and 6. All values are means ± S.E. from 4 replicate cultures,
except for line 6, where n = 3. In isoamylase-free lines the percentage of insoluble glucans does
not exceed 3% including error. Asterisks indicate significant differences as determined by
Welch's t tests ****, p-value <0.0001 ; ***, p-value 0.0001 to 0.001. (b) Fold changes (FC) of
percentage of insoluble glucans depending on individual SS. FCs were calculated using the data
from lines with isoamylase presented in a. For instance, the six data points for SSl arise from the
logz ratios of percentage of insoluble glucans between lines 11 and 5, lines 13 and 7, lines 21 and
15, etc. The color indicates the statistical significance of the difference between the two sample
sets in each comparison (using the non-logarithmic values and Student's t test). Given values for
each SS are mean in-/decreases in percent from all these data points ± S.E. ****, p-value
<0.0001 ; ***, p-value 0.0001 to 0.001; **, p-value 0.001 to 0.01 ; *, p-value 0.01 to 0.05; ns, not
significant, p-value ~0.05. (c-e) Changes on glucan fine structure upon the addition of SSl (c),
SS2 (d) or SS3 (e) in yeast and planta. CLDs of soluble and insoluble glucans were obtained as in
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Fig. 2e, except that only DP3 to DP45 were summed. Comparisons were done by subtracting the
CLDs as indicated. The horizontal comparisons in yeast and plant involve the same set of
amylopectin-synthesizing genes in each case. For instance, line 24 has the whole known
complement except for SS2 and ISA1/ISA2 ( corresponding to an ss2isa mutant) and line 18 the
same enzymes save SSl (corresponding to an sslss2isa mutant). Subtracting the CLO of line 18
from that of line 24 thus reveals the effect of the presence of SSl. Data from plants in c and d
were re-plotted from Pfister et al. , 2014. Note the difference in scale between the yeast and the
plant CLDs.

Collectively, these data demonstrate that our yeast platform is capable of simulating
starch synthesis and allows for further investigation both of the functions of individual
enzymes and of starch biosynthesis as a whole. Although single or multiple plant genes
have been expressed in yeast or E. coli before (Guan et al., 1995; Guan and Keeling,
1998; Seo et al., 2002), our study is unique in terms of systematic variation in enzyme
combinations and in the prevention of interfering effects using a background purged of
the endogenous glycogen biosynthetic pathway. To our knowledge, this is the first
example of where insoluble starch-like glucans have been synthesized in a heterologous
system

It is clear, and perhaps not surprising, that the insoluble glucans made in yeast by the
Arabidopsis enzymes are not exactly identical to starch made by Arabidopsis itself While
our results show that we expressed the right protein combinations, differences in the
relative amounts of each enzyme or of isoenzymes between the yeast lines and the
Arabidopsis lines are likely; similar promoters were used for all yeast-expressed genes,
whereas in planta each gene has its own unique promoter. In fact, the observed
differences in the relative amounts of SS isoforms between crop species has been
proposed as an important source of variation in starch structure and functional properties
(.Zeeman et al., 2010). Our yeast system is ideal to determine the impact of systematically
varying the relative amounts of each isoform as well as isoform complement, as done
here. It is also an ideal system in which to investigate other aspects of enzyme function in
unpreceded detail ( e.g. by studying effects of random or site-directed mutations, domain
swaps etc.).
It is likely that there are additional plant proteins influencing less well understood aspects
of starch biosynthesis in planta (e.g. granule initiation, glucan crystallization and granule
growth, enzyme regulation) that are missing in our yeast. However, we predict that, using
yeast, major advances will be possible on these fronts. First, processes such as reversible
protein phosphorylation or complex formation - both implicated in the control of starch
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biosynthesis (Tetlow et al. , 2004; Hennen-Bierwagen et al., 2008, 2009; Tetlow et al. ,
2008; Makhmoudova et al. , 2014; Crofts et al., 2015) - could be readily addressed by the
expression of putative regulatory kinase/phosphatase pairs and by protein tagging
approaches, respectively. Second, additional enzymes of starch metabolism could be coexpressed, such as the amylose-synthesizing granule-bound starch synthase and its
recently-discovered granule targeting protein, PTST (Protein Targeting to Starch; Seung
et al. , 2015) or starch degradative enzymes that may be involved in the clearance of
malto-oligosaccharides released by ISA. Third, our system could also allow the
investigation of non-plant enzymes with the potential to modify starch polymers to
improve their properties. We have demonstrated that the high amounts of glucans made in
yeast permit detailed laboratory-scale analyses of the relationship between polymer
architecture and macromolecular organization such as crystallinity and granule
morphology (Figure 2). The fact that yeast growth is readily scalable means that the
functional properties of yeast-derived glucans can be explored.
Having illustrated the feasibility of this approach using the Arabidopsis genes, we suggest
that it could be readily applied to study starch biosynthesis pathways in crop species: in
many crops, each isoenzyme is frequently encoded by multiple genes, which are
expressed in tissue-specific patterns (Yan et al. , 2009). True knock-out mutants are rarer
than in Arabidopsis and multiple mutants are often tedious to create due to polyploidy.
Even with the emergence of advanced genome editing and transgenesis methods, the
creation of a handful of homozygous plant lines may take substantially longer than
expressing and analyzing the pathway in detail in yeast. The yeast platform may be used
to perform comprehensive pioneering studies to identify promising combinations that can
be subsequently tested in plants.
Overall, we envision that this system could usher in a new era in the study of starch
biosynthesis and will inspire work ranging from theoretical modelling of the biosynthetic
process through to the strategic analysis of functional properties of modified glucans for
use in industry.
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Methods

Chemicals, Media and Plant Materials
Unless otherwise noted, chemicals were purchased from Sigma-Aldrich and restriction
enzymes from Fermentas.
Complex medium consisted of 1% (w/v) Bacto yeast extract (BD) and 2% (w/v) Bacto
peptone (BD), supplemented with either 2% (w/v) glucose (medium named YPD) or 2%
(w/v) galactose (Acros Organics; medium named YPGal). Sugars were added separately
after autoclaving; glucose was separately autoclaved as a 20% (w/v) stock, a similar
galactose stock sterile filtrated through a 0.22 µm filter unit (TPP). Minimal medium
lacking nitrogen (MIN-N medium) was prepared as described (Johnston et al. , 1977),
except for the replacement of FeC1 3 x 6 H2O (10 µg L-

1
)

by N1-LiFe(SO4)2 x 10 H2O (16.5
1

µg C 1) and the addition of histidine and uracil (20 mg L- each). The medium was
supplemented with either 2% (w/v) glucose (named MIN-N-Glu) or 2% (w/v) galactose
(Acros Organics; medium named MIN-N-Gal). YPD plates were prepared as liquid
medium, but included 2% (w/v) bacto agar (BD). Plates containing synthetic complete
(SC) or complex medium with glycerol (YPG) were prepared as described (Sherman et
al. , 1986), except for a higher concentration of leucine in SC media (60 mg L-

1
).

Uracil

was omitted in SC-ura plates. Plates with synthetic medium and galactose (SCgal) plates
for iodine staining of yeast on plates were prepared as SC plates but with replacement of
glucose by 2% (w/v) galactose (sterile filtrated). Plates with 5-fluoroorotic acid (FOA
plates) are SC plates supplemented with 0.1 % (w/v) 5-fluoroorotic acid (Fermentas) .
The underlying alleles of the homozygous Arabidopsis thaliana mutants are listed m
Supplementary Table 5. Wild-type (WT) Arabidopsis thaliana (either of Wassilewskija
[WS] or Columbia-0 [Col-OJ ecotype) and mutant plants were grown as described (Streb
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et al. , 2008). Unless otherwise noted, plants were grown for one month and harvested at
the end of the light period for maximum leaf starch content. Purified WT Arabidopsis leaf
starch (Col-0 ecotype; used for X-ray scattering) and amylose-free Arabidopsis leaf starch
from gbss ptst mutants (Seung et al., 2015) were kindly donated by David Seung. Potato
amylopectin is tuber starch isolated from AMF (waxy) potato and potato amylose is of
type ill (commercially available).

Generation of Yeast Strains
CEN.PKl 13-11 C (MATa MAL2-8C SUC2 his3L1 ura3-52) was kindly provided by Prof
Barbara A. Balkier, Department of Plant and Environmental Sciences, University of
Copenhagen, Denmark. Yeast strains were generated by sequential integration of
constructs either at loci of the yeast expression platform (Mikkelsen et al. , 2012)
(designed for stable multiple gene expression) or at loci of the glycogen-metabolic
pathway (described below). The genotypes of S. cerevisiae strains used in the present
study are presented in Supplementary Table 1.

Cloning of constructs and generation of yeast integration vectors. Coding sequences
(CDS) of Arabidopsis thaliana genes were freed from the chloroplast transit peptides as
predicted by ChloroP (Emanuelsson et al., 1999). In the case of BE2, a shorter sequence
than predicted was removed (48 instead of 61 amino acids) since a peptide starting from
amino acid 49 has been detected in leaf proteomics (pep2pro database; Baerenfaller et al. ,
2011). In addition to the ATG start codon, a serine or alanine was introduced to improve
the Koz.ak sequence (Hamilton et al., 1987) if otherwise unfavorable (Supplementary
Table 3). A sequence codon-optimized for S. cerevisiae (BIOMATIK) was used for SS2
as it was not expressed otherwise. The E. coli APGase glgC-TM carries three amino-acid
changes (R67K, P295D, G336D) that render it insensitive to allosteric regulation
(Sakulsingharoj et al. , 2004). SS2 and SS4, the activity of which is not detectable in plant
extracts, were C-terminally fused to HA or FLAG tags, respectively. AC-terminal HA tag
was also added to glgC-TM. All CDS were fused to a P GA LI promoter (450 bp), except for
ISAl and ISA2 that were fused to the bidirectional PcAuo-PcAu promoter (Supplementary
Figure 1). These promoter fusions were cloned into yeast integration vectors pX-2, pX-3 ,
pX-4, pXI-1, pXII-1 and pXII-2 of the yeast expression platform (Mikkelsen et al. , 2012)
or modified variants (described below) using USER fusion (Geu-Flores et al. , 2007).
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For targeting of constructs to other loci, the two flanking recombination sites (5' site
named "up" and 3' site named "down") were replaced by other CEN.PKl 13-1 lC
sequences of around 300 to 800 bp length. First, a "GSYl down" construct, targeting the
end of GSYl gene, was PCR-amplified from chromosomal DNA of CEN.PKl 13-1 lC
using primers with 5' SbfI and 3' Asel and Bell restriction sites (Supplementary Fig. le).
The product was then cloned into pJETl.2 (Life technologies), cut with SbjI and Bell and
ligated into a pX-3 vector digested with the same restriction enzymes, resulting in the
vector pX-3_GSYl_down. Similarly, a "GSYl up" construct, targeting the 5' UTR and
beginning of the GSYJ coding sequence, was PCR amplified from chromosomal DNA
with primers with 5' Avril restriction site and 3' Sacll and BstAPl sites, cloned into
pJETl.2, cut with Bg!II (a close site on pJETl .2) and BstAPl and ligated into the pX3_ GSYl_down vector digested with the same restriction enzymes. The resulting vector
was named pGSYl. Vectors targeting GSY2, GLC3, GLGJ, GLG2, GPHJ, GDBJ were
generated by replacing the recombination sites of pGSYl by the sequences homologous
to the beginnings and ends of the respective genes using the 5' Avril and 3' SacII
restriction sites (for the recombination sites "up") or the 5' Sbj] and 3' Asel sites (for the
recombination sites "down"), respectively. All restriction sites were added by primers
during PCR amplification on CEN.PKl 13-11 C chromosomal DNA. The resulting vectors
were either used directly for disruption of genes (pGLG 1, pGLG2, pGPHl, pGDB 1) or
modified to contain a starch-biosynthetic gene as described above (pGSYl, pGSY2,
pGLC3). Plasmids were verified by sequencing. Details on plasmids and primers for their
generation are provided in Supplementary Tables 2 and 3 and Supplementary Figure le.
Transformation and confirmation of insertion. Yeast transformation, selection on SC-ura

plates and strain purification were performed as described (Mikkelsen et al., 2012).
Insertion of constructs at the expected loci was confirmed by multiple PCRs targeting
upstream or downstream integration sites (Supplementary Table 4). The correct insertion
was further confirmed by sequencing of the PCR products in >99% of the insertions. For
recycling of the URA3 marker for subsequent transformation, yeasts were selected on
plates containing 5-fluoroorotic acid (FOA plates), positive colonies streak purified on
YPD and purified colonies tested for petiteness on YPG plates and loss of marker on SCura plates. Marker loss was further confirmed by PCR (Supplementary Table 4). Final
lines were additionally tested for the presence of all expression constructs by PCR that
spanned promoter and coding sequences of the constructs.
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Growth of Yeasts in Shake-Flask Experiments

Yeasts were grown at 30°C with 260 rpm shaking. Except for the yeast lines with
heterologous expression of BE3 and/or ISAI/ISA2 only (Supplementary Fig. 2a), all
yeasts were grown in complex medium
For growth in complex media, yeasts from YPD plates were first inoculated in YPD and
grown overnight. Cells from these pre-cultures were inoculated in flask main cultures
with either YPGal (medium with galactose; inducing condition) to a starting optical
density at 600 nm (OD600) of 0.3 or YPD (medium with glucose; repressing condition) to
a starting OD 600 of 0.1. After growing for 5.75 h, cells were pelleted, washed twice with
water and the cell pellet flash frozen in liquid nitrogen. The wet weight is the weight of
the cell pellet after carefully removing the supernatant prior to freezing. Samples were
stored at -80°C. Replicate cultures arise from independent pre-cultures. ·
For induction of glycogen synthesis in yeast lines with heterologous expression of BE3
and/or ISA1/ISA2 only, yeasts from YPD plates were first inoculated in YPD for
overnight cultures, then inoculated in YPgal (inducing condition) or YPD (repressing
condition) to a starting OD 600 of 0.6 and grown for 6 h. To induce glycogen synthesis,
yeasts were transferred to minimal medium lacking nitrogen (:MIN-N-gal or MIN-N-glu
medium, according to the sugar used in the main culture). Therefore , the cells were
pelleted, once washed with the respective MIN-N medium and then resuspended in the
MIN-N medium to reach the same volume as in YPgal/YPD. After additional shaking for
3 h, cells were harvested as described for cultures in complex medium Replicate cultures
arise from independent main cultures.

Perchloric-Acid Extraction of Glucans and Quantification

Unless otherwise noted, all steps were performed at 4°C. Yeast cell pellets from shakeflask experiments were resuspended in 3 volumes 1.12M perchloric acid (to calculate the
volume, the wet weight [mg] was multiplied with 0.9 [µl mg·']) and 4 volumes glass
beads (acid-washed, 425-600 µm diameter), then homogenized by vigorous vortexing for
45 min. The complete disruption of cells was confirmed at random using a light
microscope. Samples were centrifuged for 5 min at 6,000 g, thereby fractionating the
soluble fraction (supernatant; soluble glucans, sugars, water-soluble cell components) and
the insoluble fraction (pellet; cell debris, insoluble glucans) .
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Soluble fraction. The pH of the soluble fraction was adjusted to 6-7 with neutralization
solution (2M KOH, 0.4M MES, 0.4M KCl) and insoluble salts were precipitated by
centrifugation (as before). After taking an aliquot from the supernatant for quantification,
the remaining neutralized soluble fraction was stored at -20°C. The aliquot for
quantification was precipitated in 80% (v/v, final concentration) methanol overnight at 20°C and centrifuged for 5 min at 16,000 g. The resulting supernatant was transferred to a
fresh tube (for quantification of glucose and non-methanol precipitable glucans, i.e.
rnalto-oligosaccharides). The glucan pellet (containing water-soluble, methanol-insoluble
glucans, here named soluble glucans) was once washed with 75% (v/v) methanol, dried at
room temperature and resuspended in water. The :fraction containing the rnaltooligosaccharides was dried in a vacuum concentrator and resuspended in water.

Insoluble fraction . After removal of the remaining supernatant, the glass beads were
removed by repeatedly adding small volumes of water, vortexing the sample and
transferring the supernatant ( containing insoluble glucans and cell debris but no glass
beads) to a fresh tube until virtually all yeast material was transferred. After
centrifugation at 6000 g for 5 min, the supernatant was discarded and the pellet
furthermore extensively washed with water until a neutral pH was reached. An aliquot
from the freshly mixed dispersion was taken for quantification and the remaining
dispersion stored at -20°C.
Soluble and insoluble glucans in the aliquots were quantified in an enzymatic assay after
digestion to glucose as described (Hostettler et al., 2011). The supernatant after methanol
precipitation of the soluble :fraction was measured once without prior digestion to glucose
(giving the free glucose content) and once after digestion to glucose, and the maltooligosaccharide content was calculated by subtracting free glucose from total glucan
content in that :fraction. The percentage of insoluble glucans from total glucans (i.e. sum
of all insoluble and soluble glucans, including malto-oligosaccharides and free glucose)
was calculated individually for each replicate.

Structural Analyses of Glucans

Scanning electron microscopy (SEM). Yeast cell pellets from liquid cultures with
complex medium (inducing condition; grown as described above) were lysed for 2 h with
gentle shaking in 100 mM potassium phosphate buffer, pH 7.5, supplemented with

Arthobacter luteus lyticase (500 U 100 mg- 1 cells [wet weight]). To ensure complete cell
lysis, the samples were centrifuged for 5 min at 6000 g, the supernatant discarded, the
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pellet frozen in liquid nitrogen and the digest repeated. Complete lysis was confirmed by
light microscopy. In addition, at least one negative control (yeast without insoluble
glucans) was included in each preparation. Samples were then centrifuged at 6000 g for 5
min, the pellets (containing insoluble glucans and cell debris) once washed with water
and then resuspended in glucan buffer (50 mM Tris/HCl, pH 7.0, 0.2 mM EDTA, 0.5 %
[v/v] SDS). To separate insoluble glucans from cell debris, the suspension was
sequentially laid onto two 100% Percoll cushions (GE Healthcare) and the insoluble
glucans pelleted by centrifugation for 5 min at 2500 g in a swing-out rotor. The glucan
pellet was then treated with proteinase K for 16 h (1 µg 100 mg- 1 cells; Gateway LR
Clonase II Enzyme Mix, Invitrogen) in glucan buffer supplemented with 3.2 mM CaC1 2
and purified on a third 100% Percoll cushion as before. The pellet containing the highly
pure insoluble glucans was washed three times with glucan buffer to remove proteinase
K, then extensively in water to remove SDS and cooled at 4°C until use.
For isolation of plant starch granules, rosettes from Arabidopsis wild-type plants (WS
ecotype) were ground in liquid nitrogen. After resuspending the powder in starch buffer
(50 mM Tris/HCl, pH 8.0, 0.2 mM EDTA, 0.5% [v/v] Triton X-100) and sequential
filtering through 100 µm, 30 µm and 15 µm nylon nets, the suspension was laid onto a
single 95% (5 % [v/v] 0.5 M Tris-HCl, pH 8.0) Percoll cushion and starch granules
pelleted by centrifugation for 20 min at 2500 g. The pellet was first once washed with
0.5% (v/v) SDS, then extensively in water and cooled at 4°C until use.
For visualization, the glucans were coated with platinum (MED0l0, Balzers) and imaged
with a Leo 1530 Gemini (Hitachi, Dilsseldorf, Germany) using a 7-kV electron beam

Small and wide-angle X-ray scattering (SAXS and WAXS) . Insoluble glucans were
purified as described for SEM, but additionally washed in 80% ethanol and desiccated
under low pressure for two days. The powder was used directly for WAXS measurement.
A ~ 10% [w/w] glucan suspension in water was used for SAXS measurements, and
diffraction patterns were taken after settling of the glucans within the capillary. SAXS
and WAXS experiments were performed using a Rigaku MicroMax-002+ microfocused
beam (40 W, 45 kV, 0.88 mA) with the AcuKcx = 0.15418 nm radiation in order to obtain
direct information on the scattering patterns. The scattering intensities were collected by a
Fujifilm BAS-MS 2025 imaging plate system (15.2 cm x 15.2 cm, 50 µmresolution) and
a 2D Triton-200 X-ray detector (20 cm diameter, 200 µm resolution) . An effective

Heterologous Platform in Yeast

scattering vector range of 0.05 nm-' < q < 25nrrf 1 was obtained, where q is the scattering
wave vector defined as q = 4n sin 0 I AcuKa with a scattering angle of 2 0.

Chain-length distribution (CLD). CLDs of soluble and insoluble glucans were obtained
from the perchloric-acid extracted glucans which had been used for quantification.
Soluble glucans were first precipitated in methanol as described above. Arabidopsis leaf
starch from wild-type (WS ecotype) and mutants was extracted using perchloric acid as
described (Pfister et al. , 2014) . After solubilizing by boiling for 15 min at 99°C, soluble
and insoluble glucans were debranched for 2.5 h at 37°C in a reaction containing 1 U

Klebsiella planticola pullulanase (Ml , Megazyme), 600 U of Pseudomonas isoamylase
and 10 mM sodium acetate, pH 4.8. The reaction was stopped by boiling for 5 min at
99°C, the samples centrifuged for 1 min at 16,000 g and the supernatant applied to
sequential 1.5-ml columns of Dowex 50WX:4 (hydrogen form, 100-200 mesh) and
Dowex 1X8 (chloride form, 200-400 mesh). The glucans were eluted in 4 ml water,
lyophilized and re-dissolved in water by boiling for at 99°C for 5 min. The linear chains
were separated on a HPAEC-PAD system (ICS-5000, Dionex) using a CarboPack PA200 column, a flow rate of 0.5 ml min-' and the following program: 0 to 12.5 min, a linear
gradient from 95% eluent A (100 mM NaOH) and 5% B (150 mM NaOH, 0.5 M sodium
acetate) to 60% A and 40% B; 12.5 to 50 min, a linear gradient to 15% A and 85% B; 50
to 52 min, a linear gradient to 10% A and 90% B; 52 to 60 min, 10% A and 90% B
(column wash); 60 to 80 min, 95% A and 5% B (column equilibration). All eluent
percentages are given as volume per volume. Peaks were identified using standard linear
glucan chains with degrees of polymerization from 2 to 7 (maltose to maltoheptaose).
Peak areas were determined with Chromeleon software.

Iodine absorption spectra. Iodine absorption spectra from soluble and insoluble glucans
from yeast (from perchloric-acid extraction), Arabidopsis and potato amylopectin and
potato amylose (see Chemicals, Media and Plant Materials) were obtained using an
adapted method from Krisman (1962). Glucan solutions (1.4 µg/µl and 2.8 µg/µl in water
for insoluble and soluble glucans, respectively) were boiled for 10 min at 99°C and
centrifuged at 16,000 g for 1 min. One volume of supernatant was mixed with 7 volumes
of iodine solution (2M CaC!i, 3.1 mM Kl, 0.2 mM Ii) and the absorption in steps of 1 or
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2 nm immediately measured. The spectrum from a water blank with iodine solution was
subtracted prior to determining the wavelength of maximum absorption.

Iodine Staining and Microscopy of Yeasts

Iodine staining of yeasts grown on plates. Cells from a YPD plate were resuspended in
water and dropped onto a SC-gal plate supplemented with 2% galactose, which was then
incubated at 30°C for 24h. Similarly, native suspensions of amylose-free Arabidopsis and
potato starch and pre-boiled potato amylose (type III) in water were dropped onto the
plate. Once dry, the plate was exposed to vapor of Lugol's solution and instantly
photographed.

Light micrographs (LM). Cells from liquid cultures in complex medium were mixed with
one volume Lugol's solution and immediately imaged using an Axio Irnager.Z2 light
IIllcroscope equipped with a l00x oil-immersion objective (Zeiss, Oberkochen,
Germany).

Chemical Fixation and transmission electron micrographs (FEM). Cells grown in liquid
cultures in complex medium were pre-fixed with glutaraldehyde (50 mM sodium
cacodylate, pH 6.8, 1 mM MgClz, 1 mM CaClz, 2% glutaraldehyde; final concentrations)
for 5 min, pelleted by centrifugation for 3 min with 1000 g and resuspended in
glutaraldehyde fixative (final concentrations as above). After incubation over-night at
4°C, cells were pelleted and washed four times with water, then once with 100 mM
sodium cacodylate buffer, pH 6.8. Cells were post-fixed at 4°C with increasing
concentrations of osmium tetroxide in 100 mM sodium cacodylate, pH 6.8, starting from
0.2% (w/v) osmium tetroxide for 5 h, followed by 0.5% (w/v) overnight and finally 1%
(w/v) for 2 h. Cells were pelleted by gentle centrifugation and washed three times with
100 mM sodium cacodylate, pH 6.8, at 4°C, then once with water at room temperature.
Cell

dehydration was performed by sequential washes

in increasing ethanol

concentrations (25%, 50%, 75%, 95%, 99.9%, all given as v/v), six washes in 100%
ethanol and two washes in 100% acetone whereat each step had a total duration of 5-8
min including centrifugation. Finally, cells were infiltrated with epon (47.5% Epon 812;
34.4% methylnadic anhydride [:MNA], 16.4% dodecenyl succinic anhydride [DDSA],
1.7% D11P-30), by step-wisely increasing its concentration in acetone, beginning with
25% (v/v) for 2 h, then 50% (v/v) for another 2 h, followed by 75% (v/v) overnight and
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five times 100% for a total period of 7 h. Finally, cells were transferred to gelatin
capsules filled with freshly prepared 100% epon and incubated at 60°C for 48 h for the
polymerization of the embedding medium.
lTitrathin (70 µm) sections were cut with a diamond lmife, placed on formvar/carboncoated copper grids, stained with 2% (w/v) uranyl acetate and Reynold' s lead citrate.
Images were acquired using a FEI Morgagni 268 electron microscope.

Native PAGE and Western Blot

For isolation of soluble proteins, yeast cell pellets from liquid cultures with complex
medium were resuspended in 3.3 volumes of extraction buffer (100 mM MOPS, pH 7.5, 1

rnM EDTA, 5 rnM DTT, 10% glycerol, protease inhibitor [Complete EDTA-free; Roche])
and 4.3 volumes of glass beads (acid-washed, 425-600 µm diameter) and homogenized
by vortexing for 6 min in total at 4°C with cooling in between. Rosette material from two
four-weeks old Arabidopsis plants per ecotype was harvested in the middle of a 12-h day,
pooled and homogenized in the same extraction buffer as above in an all-glass
homogenizer. Soluble proteins were separated from cell debris by two sequential
centrifugation steps (each 8 min, 16,000 g at 4°C), frozen in liquid nitrogen and stored at
-80°C until use. Protein amounts were determined using a Bradford-based protein assay
(Bio-Rad) with bovine serum albumin as standard. Equal loading was confirmed in SDSPAGE.
To monitor branching enzyme and isoamylase activity, 15 µg of proteins were loaded on
a 7.5% native polyacrylarnide gel containing 0.015% oyster glycogen and run at 10 V cm1

for 3.5 hat 4°C. After washing for 30 min at 4°C in 50 rnM Hepes-NaOH pH 7.0 and

10% (v/v) glycerol, the gel was incubated overnight at 25 °C with gentle shaking in 50

rnM Hepes-NaOH, 10% (v/v) glycerol, 2.5 mM AMP, 50 rnM glucose I-phosphate and
28 U (per gel) phosphorylase a (from rabbit muscle) .
For starch synthase activity, 22.5 µg of proteins were separated on a 7.5% native
1

polyacrylamide gel containing 0.3% oyster glycogen using 10 V cm- for 3.5 hat 4°C.
The gels were incubated overnight at 25 °C with gentle shaking in 100 mM HEPESNaOH pH 7.5, 2 mM DTT, 10% (v/v) glycerol, 0.5 mM EDTA, 0.5 M trisodium citrate
(tribasic) and 0.8 mM ADPglucose.
Both types of gels were stained with diluted Lugol's solution to visualize glucanmodifying enzyme activities.
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For imrmmoblots, 15 µg of proteins were loaded on 12.5% (for SS2 and GlgC-TM) or
7.5% (for SS4) SDS-PAGE gels, blotted on polyvinylidene difluoride membranes
(Immobilon-P, Millipore) and probed against monoclonal anti-HA-peroxidase (clone HA7, H6533) or anti-FLAG (M2, F1804) antibodies, respectively.

Statistical Methods
Untransformed percentages of insoluble glucans were compared usmg two-sided
Student's t-test or Welch's t-test if differences in standard deviation between the samples
were significant (p-value :SO.OS). Data analyzed by t tests passed the Shapiro-Wilk test for
normality (p-value ~0.05).

Accession Numbers
The Arabidopsis Genome Initiative gene codes for the Arabidopsis genes used in this
study are the following: ISAJ, At2g39930; ISA2, Atlg03310; SSJ, At5g24300; SS2,
At3g01180; SS3, Atlgl 1720; SS4, At4g18240; BE2, At5g03650; BE3, At2g36390. The
GenBank accession number for glgC, the AGPase from Escherichia coli is V00281.1.
The gene IDs of the S. cerevisiae loci other than the loci of the yeast expression platform
(Mikkelsen et al., 2012) are as follows: GSYJ, YFR015C; GSY2, YLR258W; GLC3,
YELOllW; GLGJ, YKR058W; GLG2, YJL137C; GDBJ, YPR184W; GPHJ, YPR160W
(CENPK113-7D database; www.sysbio.se/cenpk).
For references please refer to the general list at the end of the thesis.
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4.1 Supplementary Information

a ~ (BE2, BE3, SS1 , SS2-HA, SSJ, SS4-FLAGorglgC-TM-HA)
b

ISA2

C

Bcll-Asd G'>

pGSY1

1

l/RA3

Supplementary Figure 1. Constructs for Heterologous Gene Expression and/or Deletion of
Endogenous Genes. (a) Expression constructs contained the coding sequence (without the
predicted chloroplast transit peptide) of Arabidopsis branching enzymes BE2 or BE3, starch
synthases SSI to SS4 or bacterial glgC-TM (encoding an allosterically insensitive AGPase) which
were fused to galactose-inducible P GALI promoters. SS2 and SS4 were tagged with a C-terminal

HA or FLAG tag, respectively, as their activities are not observed in native PAGE from plant
extracts. Similarly, glgC-TM carries a C-terminal HA tag. (b) !SAi and ISA2 were combined
within a single construct using the bidirectional P GALio-P GALI promoter. (c) Example of an empty
yeast integration vector. The insertion site for the expression construct is indicated with a green
arrow. The vectors additionally contained terminator sequences (CYCI [C] and ADHI [A]
terminators, grey arrows), a URA3 gene for selection (flanked by direct repeats [DR] for later
marker recycling) and regions homologous to genome sequences of yeast (here GSYI up or
down, yellow arrows). These targeted them either to glycogen-metabolic genes (replacing the
majority of the gene; here the GSYI gene) or between essential genes. Restriction sites used for
the creation of the vectors are depicted in blue. Primers for genotyping of transgenic yeast strains
are shown as red flags (described in Supplementary Table 4).
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Supplementary Figure 2. Enzyme function of ISA1/ISA2, BE2 and BE3 in Yeast. (a) Yeast
carrying BE3 (replacing the endogenous branching enzyme GLC3) and/or ISAJIISA2 under
galactose-inducible promoters were first grown in complex medium and then transferred to
medium lacking nitrogen to trigger glycogen synthesis. Both media contained either galactose
(strongly inducing heterologous gene expression; black bars) or glucose (strongly repressing
expression, grey bars) as sugar source. Whereas expression of ISA1/ISA2 affected glycogen
accumulation (lines A and A-), expression of BE3 restored glycogen synthesis in an otherwise
BE-deficient strain in a galactose-dependent manner. Expression of isoamylase presumably also
prevented glycogen accumulation in a strain with BE3 as the sole branching enzyme (line C).
Shown are mean values ± S.E. of 3 replicate cultures. (b) The function of BE2 was assessed in a
strain with BE2 as the only branching enzyme (line P, d). Cells grown in liquid cultures with
complex medium with galactose were subjected to iodine staining, indicating the presence of
glucans similar to those in line O and thus a similar function of BE2 compared with BE3. Scale
bar, 10 µm. Genotypes are listed in Supplementary Table 1.
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Supplementary Figure 3. Native PAGE and Immunoblots of Heterologously Expressed
Proteins. Native soluble proteins were extracted from yeast lines grown in liquid cultures with
complex medium and subjected to native PAGE for detection of enzyme activity (a) and Western
blotting (b). Operators indicate whether yeast main cultures contained galactose (+) or glucose(-).
Arabidopsis genes present in the lines are indicated above the strain number (see Supplementary
Table l for a complete genotype), and aLI yeast lines except for WT furthermore contain the glgCTM gene. (a) A 7.5% native acrylamide gel supplemented with 0.015% oyster glycogen was
incubated with glucose- I-phosphate and phosphory lase for visualization of branching enzyme and
isoamylase activity (top panel). Starch synthase activity was monitored using a 7.5% native
acrylamide gel supplemente d with 0.3% oyster glycogen that was incubated with ADPglucose
(bottom panel). Strains expressing only one branching enzyme (lines P and 0) and WT
Arabidopsis protein extracts (WS or Col-0 ecotype) are shown for comparison. Known enzyme
activities of plant extracts are indicated on the right hand side (for a representative summary
please refer to Supplemental Fig. Sl in Pfister et al., 2014). Enzyme activities of yeast extracts
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were identified according to strain comparisons. BE2 appears as a third activity band that overlaps
with BE3 activity (compare strains P and 0). SS4 gives a weak but distinct band as indicated.
Note that the WT yeast contains an endogenous branching activity (Glc3p ). PHS 1, plastidial
phosphorylase; PHS2, cytosolic phosphorylase. (b) Protein extracts as in a were subjected to
SDS-PAGE. SS2, GlgC-TM (carrying HA tags) and SS4 (carrying a FLAG tag) were visualized
by immunoblotted using a-HA (top panel) or a-FLAG antibodies (bottom panel), respectively.
The expected molecular weights are 83 kDa for SS2-HA, 50 kDa for GlgC-HA and 116 kDa for
SS4-FLAG. Note that the activity/expression of all heterologously expressed enzymes is
dependent on the presence of galactose in the medium.
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Supplementary Figure 4. Quantification of Glucans and Light Micrographs of Yeast Strains
8 to 29. (a,c) Quantification of insoluble and soluble glucans produced in the indicated yeast
strains. Growth of yeast and fractionation of glucans was performed as described in Fig. 2a,
except for the "glucose-grown" cultures, where galactose was replaced by glucose to repress
heterologous gene expression. Values are means ± S.E. from 4 replicate cultures, except for the
glucose-grown samples (n = 3). (b,c) Light micrographs of cells from one biological replicate
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from a or c, respectively, after stammg with iodine. Cells with iodine-stained glucans were
obtained only rarely in line 9. The scale bar (10 µm) applies to all pictures. glu, glucose-grown.
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Supplementary Figure 5. Synthesis of Glucans in the Presence and Absence of Glycogenins.
(a) Quantification of insoluble and soluble glucans produced in the indicated yeast strains.
Growth of yeast and fractionation of glucans was performed as described in Fig. 2a. All values
are means ± S.E. from 4 replicate cultures. (b) Light micrographs of cells from one biological
replicate from a after staining with iodine. Cells with iodine-stained glucans were obtained only
rarely in line K. Scale bar, 10 µm.
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Supplementary Figure 6. Accumulation of Linear Malto-Oligosaccharides (MOS) in the
Presence of Isoamylase. (a) Quantification of malto-oligosaccharides of the yeast samples
presented in Fig. 2a and Supplementary Fig. 4. The soluble fraction was fractionated into
methanol-precipitable polysaccharides (soluble glucans in Fig. 2a and Supplementary Fig. 4)
and a non-precipitable fraction containing malto-oligosaccharides and free glucose. Free glucose
was quantified by enzymatic measurement without prior digestion to glucose and did not exceed
1
0.2 mg t wet weight (WW) including error. Malto-oligosaccharides constitute the remaining
glucans in that fraction. Values are means ± S.E. from 4 replicate cultures, except for the glucosegrown samples and line 6 (n = 3). (b) Chain-length distribution of malto-oligosaccharides from
line 29 after debranching with Pseudomonas isoamylase and Klebsiella pullulanase (top) and
without prior debranching (bottom). Numbers indicate the degree of polymerization (DP) of the
corresponding linear chains. Branched chains typically elute slightly earlier than linear chains and
were essentially absent in the non-debranched sample. The peak area at DP6 is dependent on
sample concentration and enzymatic treatment and does not only reflect glucan chains.
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Supplementary Figure 7. Small-Angle (Left) and Wide-Angle (Right Panel) X-ray
Diffraction Patterns of Wild-Type Arabidopsis Starch (Col-0 Ecotype). Note that the
scattering intensity and the scattering vector q are displayed as log 10 scales in small-angle X-ray
scattering, but as linear scales in wide-angle X-ray scattering. q, scattering vector; d, repeat
distance; a.u., arbitrary units.

121

Heterologous Platform in Yeast- Supplementary Information

a

-

28 - 26 (soluble)
22 -16 (soluble)

6

Plant

4
2
0

-

isa - ss1isa (soluble)

-

ss3isa - ss1ss3isa (soluble)

f"'lf--r----'l~'""'""T""":~_.._.,._.,..._ ___

-2

-4
-

29 - 27 (insoluble)

-

23 - 17 (insoluble)

6

Plant

4
2

0
-2

-

WT - ss1 (insoluble)

-

ss3 - ss1 ss3 (insoluble)

t--.......- ......~....---:::i~----,----r-

-4

3

8

13

18

23

28

33

38

43

3

8

13

18

23

28

33

38

43

Chain length

Chain length

b

2

Plant

0

-2
-

28 - 24 (soluble)

-

22 - 12 (soluble)

-4
-6

-

isa - ss2isa (soluble)

-

ss3isa - ss2ss3isa (soluble)

4

2

ok-.:~[,L,,==s;;;;...,_ _ _ _ __
-2

3

8

13

18

23

28

Chain length

-

29 - 25 (insoluble)

-

23 - 13 (insoluble)

33

38

43

-

-4

WT - ss2 (insoluble)

-

-6
3

8

13

18

23

ss3 - ss2ss3 (insoluble)

28

33

38

43

Chain length

Supplementary Figure 8. Changes on Glucan Fine Structure Upon the Addition of SSl (a)
or SS2 (b) in Yeast and Arabidopsis. Comparisons on solub le or insoluble glucans (as
indicated) were performed as described in Fig. 3c-e. Differently scaled y-axes between the yeast
and plant CLDs are highlighted in red.
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Supplementary Figure 9. Changes on Glucan Fine Structure Upon the Addition of SS3 (a)
or SS4 (b) in Yeast and Arabidopsis. Comparisons on soluble or insoluble glucans (as
indicated) were performed as described in Fig. 3c-e. Differently scaled y-axes between the yeast
and plant CLDs are highlighted in red. Note that SS4 in yeast introduces different changes in
soluble glucans. No data from soluble plant glucans were available for comparisons in this case.
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Supplementary Table 1. Genotypes of Yeast Strains Used in the Present Study. Wild type
(WT) yeast represents Saccharomyces cerevisiae CEN.PK 113-11 C (kindly provided by Barbara
A. Halkier, University of Copenhagen, Denmark). The source of all other yeast strains is this
study. X-2, X-4, XI-2, XII-I and XII-2 are gene loci from a yeast expression platform (Mikkelsen
et al., 2012) chosen for stable multiple gene expression. SSJ, SS2, SSJ, SS4, BE2, BEJ and glgCTM are driven by PcALi, ISAl and ISA2 by the bidirectional PcAL 10-P cAL1- SS2, glgC-TM and SS4
carry C-terminal HA or FLAG tags, respectively.
Strain

Genotype

WT

MATa MAL2-8C SUC2 his3L1 ura3-52

A

MATa MAL2-8C SUC2 his3L1 ura3-52 URA3 XI-2 :ISAI-JSA2

A-

MA Ta MAL2-8C SUC2 his3L1 ura3-52 XI-2::ISA I-ISA2

B

MATa MAL2-8C SUC2 his3L1 ura3-52 URA3 glc3 :B£3

C

MATa MAL2-8C SUC2 his3L1 ura3-52 URA3 glc3 .BE3 XI-2 :ISA I-ISA2

D

MATa MAL2-8C SUC2 his3L1 ura3-52 URA3 gdb l gphf glc3::BE3 gsyl::glgC-TM-HA gsy2::SSI

E

MATa MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbl gphl glgl glg2 glc3::BE3 gsyl ::glgC-TM-HA gsy2::SS!

F

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdb! gphl glc3::BE3 gsyf::glgC-TM-HA gsy2::SSL XI-2::ISAJ-ISA2

G

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdb! gphl gig/ glg2 glc3::BE3 gsyl::glgC-TM-HA gsy2 :SSI XI-2::ISAI-ISA2

H

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbl gphl g/c3::BE3 gsyl::glgC-TM-HA gsy2::SS2-HA

I

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbl gph/ gig/ glg2 glc3::BE3 gsyl::g/gC-TM-HA gsy2 :SS2-HA

J

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbl gphl glc3::BE3 gsyl::glgC -TM-HA gsy2::SS2 -HA XI-2::ISAJ-JSA2

K

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdb I gph I glgl glg2 glc3::BE3 gsyl ::glgC-TM-HA gsy2::SS2-HA Xl-2::ISA /ISA2

L

MA Ta MAL2-8C SUC2 his3L1 ura3-52 gdbl gphl ::URA3 glc3::BE3 gsyl::glgC-TM-HA XI-2·:LSAI-ISA2 gsy2::SS3

M

MATa MAL2-8C SUC2 his3L1 ura3-52 gdbl gphl gig I glg2::URA3 glc3::BE3 gsyf ::g/gC-TM-HA X!-2::ISA l-lSA2 gsy2::SS3

N

MA Ta MAL2-8C SUC2 his3L1 ura3-52 gdbl gphl::URA3 glc3::BE3 gsyl::glgC-TM-HA gsy2::SS4-FLAG X/-2::ISA l-!SA2

0
p

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbl gph! gig! glg2 glc3 :B£3 gsyl ::glgC-TM-HA gsy2::SS4-FLAG Xf-2::ISA 1ISA2
MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbf gphl gig! glg2 glc3 :B£2 gsyl::glgC-TM-HA gsy2::SS4-FLAG Xl-2::!SAIISA2

0

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbl gphl gig/ glg2 glc3 :B£3 XI-2::B£2 gsyl:.glgC-TM-HA gsy2::SSI

I

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbl gphl glgl glg2 glc3 :B£3 XIl-2::B£2 gsyl::glgC-TM-HA gsy2::SSJ XI2::ISAI-ISA2

2

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdb! gphl g/gl glg2 glc3::BE3 gsyl::glgC-TM-HA gsy2::SS2-HA Xll-2::BE2

3

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbl gphl glgl glg2 glc3 :B£3 Xll-2::BE2 gsyl::glgC-TM-HA gsy2::SS2-HA XI2::ISAJ-ISA2

4

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbf gphl gig! glg2 glc3 :B£3 Xl-2::B£2 gsyl ::g/gC-TM-HA gsy2: :SS3

s

MA Ta MAL2-8C SUC2 his3L1
2::/SA l-ISA2
MA Ta MAL2-8C SUC2 his3L1
!SA2
MATa MAL2-8C SUC2 his3L1
XI-2::ISA l-!SA2
MA Ta MAL2-8C SUC2 his3L1
2::SS2-HA
MATa MAL2 -8C SUC2 his3L1
4::SS2-HA X/-2::ISA l-!SA2

6
7

8
9

10
11
12
13
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ura3-52 URA3 gdbl gph/ gig/ glg2 glc3 :B£3 Xll-2::B£2 gsyl::glgC-TM-HA gsy2::SS3 XIura3-52 URA3 gdbl gphl gig! glg2 glc3 :B£3 gsyl :glgC-TM-HA gsy2::SS4-FLAG Xl-2::ISAIura3-52 URA3 gdbl gph/ gig/ glg2 glc3 :B£3 gsyl :glgC-TM-HA gsy2 ::SS4-FLAG Xll-2::8£2
ura3-52 URA3 gdbl gphl gig/ glg2 glc3::BE3 Xll-2 :B£2 gsyl :glgC-TM-HA gsy2::SSI XIura3-52 URA3 gdbf gphl gig! glg2glc3::BE3 Xl!-2 :B£2 gsyl :glgC-TM-HA gsy2::SSI X-

MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbl gphl glgl glg2 glc3 :B£3 gsyl ::glgC-TM-HA Xl-2::BE2 X-2::SSI gsy2 :SS3
MATa MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbl gphf gig! glg2 glc3 :B£3 gsyl :glgC-TM-HA X-2::SS! gsy2::SS3 XII2::BE2 Xl-2::ISA !-ISA2
MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdbf gph/ gig! glg2 glc3 :B£3 gsy l :glgC-TM-HA Xl-2::BE2 gsy2::SSI XIII ::SS4-FLAG
MA Ta MAL2-8C SUC2 his3L1 ura3-52 URA3 gdb l gphf gig! glg2 glc3::BE3 gsyl :glgC-TM-HA gsy2::SSI Xll-l::SS4-FLAG
Xll-2::BE2 Xl-2::ISAI-ISA2
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14
15
16

17
18
19
20
21
22
23
24
25
26
27
28
29

MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig! glg2 glc3::8E3 XII-2::8£2 gsyl :glgC-TM-HA XI-2::SS2-HA
gsy2:.·SS3
MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig/ glg2 glc3::8E3 XJI-2::8£2 gsyf :glgC-TM-HA X-4::SS2-HA
<><v2::SS3 Xl-2::ISA I -ISA2
MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl glgl glg2 glc3::8E3 gsyl::glgC-TM-HA Xl-2::SS2-HA gsy2::SS4FLAG XIJ-2·.-8£2
MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig! glg2glc3::8E3 gsyl::glgC-TM-HA X-4::SS2-HA gsy2::SS4-FLAG
XJJ-2::8£2 Xl-2::ISAI-ISA2
MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig! glg2 glc3 :8£3 gsyl::glgC-TM-HA XJ-2::8£2 gsy2::SS3X!Il::SS4-FLAG
MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig! glg2 glc3 :8£3 gsyl::glgC-TM-HA gsy2::SS3 XII-l::SS4-FLAG
XJl-2::8£2 Xl-2::JSA 1-ISA2
MA Ta MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig! glg2 glc3 :8£3 gsyl::glgC-TM-HA X-2::SSI Xf-2::SS2-HA
gsy2::SS3 XII-2::8£2
MA Ta MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig! glg2 glc3 :8£3 gsyl::glgC-TM-HA XII-2::8£2 gsy2::SS3 X2::SSI X-4::SS2-HA Xl-2::JSAJ-ISA2
MATa MAL2-8C SUC2 his3LJ ura3 -52 URA3 gdbl gphl gig! glg2 glc3::8£3 gsyl::glgC-TM-HA gsy2::SSJ Xl-2::SS2-HA XIIl::SS4-FLAG Xlf-2:.-8£2
MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdb I gphl gig! glg2 glc3::8E3 gsyl ::glgC-TM-HA Xll-2::B£2 XII-I ::SS4-FLAG
f<Sy2::SSJ X-4::SS2-HA XI-2::JSA I -ISA2
MA Ta MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig! glg2glc3::8£3 gsyl::glgC -TM-HA XI-2::B£2 X-2::SSI gsy2::SS3
XJI-l::SS4 -FLAG
MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig/ glg2glc3::8E3 gsyl :glgC-TM-HA Xll-2::8£2 gsy2::SS3 XIIl:-SS4-FLAG X-2::SSI Xl-2::!SAl-!SA2
MA Ta MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig/ glg2 glc3::8E3 gsyl :glgC-TM-HA XII-2::8£2 X!-2::SS2 -HA
gsy2::SS3 XII-I ::SS4-FLAG
MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig! glg2glc3::8E3 gsyl::glgC-TM-HA XII-2: 8£2 X-4::SS2-HA
f!sv2::SS3 XII-I ::SS4-FLAG Xl-2::ISA l-!SA2
MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig! glg2 glc3::8£3 gsyl::glgC-TM-HA Xll-2 :8£2 X-2::SSJ XI2::SS2-HA gsy2::SS3 XJI-1 ::SS4-FLAG
MATa MAL2-8C SUC2 his3LJ ura3-52 URA3 gdbl gphl gig! glg2 glc3::8E3 gsyl. glgC-TM-HA Xl/-2::8£2 X-2::SSI X4::SS2-HA !<SY2::SS3 Xll-1 ::SS4-FLAG Xl-2::ISAI-ISA2
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Supplementary Table 2. Description of Plasmids Used in the Present Study. Vectors from the
yeast expression platform (Mikkelsen et al., 2012) (pX-2, pX-3, pX-4, pXI-2, pXII-1 and pXII-2)
were kindly provided by Barbara A. Halkier, University of Copenhagen, Denmark. CDS, coding
sequence; AA, amino acids; cTP, chloroplast transit peptide; ATG, start codon.
Vector Name

Description

Source

pX-2

Yeast integration vector with ADHI and CYC I tenninators targeting locus 2 on chromosome
X (yeast expression platform)

B. Halkier

pX-3

As pX-2, but targeting loc us 3 on chromosome X

B. Halkier

pX-4

As pX-2, but targeting locus 4 on chromosome X

B. Halkier

pXI-2

As pX-2, but targeting locus 2 on chromosome XI

B. Halkier

pXIl-1

As pX-2, but targeting locus I on chromosome XII

B. Halkier

pXIl-2

As pX-2, but targeting locus 2 on chromosome XI]

B. Halkier

pGSYl

As pX-2, but targeting GSYI locus (rendering GSYI dysfunctional)

This stud y

pGSY2

As pGSYl , but targeting GSY2 locu s (rendering GSY2 dysfunctional)

This study

pGLC3

AspGSYI , but targeting GLCJ locus (rendering GLCJ dysfunctional)

This s tudy

pGLGI

As pGSYl , but targeting GLGI locus (rendering GLGJ dysfunctional)

This stud y

pGLG2

As pGSYl , but targeting GLG2 locu s (rendering GLG2 dy sfunction al)

This study

pGPHl

As pGSYl , but targeting GPHJ locus (rendering GPHJ dysfunctional)

This study

pGDBl

AspGSYl , but targeting GDBJ locus (rendering GDBJ dysfunctional)

This study

pGSYI_PG_-11,,-glgC-TM-HA

PG,1u fused to CDS ofglgC-TMwith C-tenninal HA tag in pGSYl

This study

pGSY2_ PG_w-SSJ

PG,1u fused to CDS ofSSJ (w/o 49 AA cTP; + ATG) in pGSY2

This study

pX-2_ PG_w-SSI

PG_-11, 1 fused to CDS of SS/ (w/o 49 AA cTP; + A TG) in pX-2

This study

pGSY2_ PG,1u-SS2-HA
pX-4_ PG_-11,,-SS2-HA
pXl-2]GALrSS2-fl4

PG.w fused to CDS of SS2 (codon optimiz.ed; w/o 55 AA cTP; + A TG and Ser) with Ctenninal HA tag) in pGSY2
PG.w fused to CDS of SS2 (codon optimiz.ed; w/o 55 AA cTP; + A TG and Ser) with Ctenninal HA tag) in pX-4
PG,1u fused to CDS of SS2 (codon optimiz.ed ; w/o 55 AA cTP; + A TG and Ser) with Ctenninal fl4 tag) in pXI-2

This study
This study
This study

pGSY2]GALrSS3

PG,ILI fused to CDS of SSJ (w/o 37 AA cTP; + A TG) in pGSY2

This study

pGSY2_ PG.,u-SS4-FLAG

PG,1u fused to CDS of SS4 (wl o 36 AA cTP; + A TG) with C-tenninal FLAG tag in pGSY2

This stud y

pXIl-1_ PGALrSS4-FLAG

PG,1u fused to CDS of SS4 (w/o 36 AA cTP; + ATG) with C-tenninal FLAG tag in pXIl-1

This study

pGLC3_PG,1u-BE2

PGALi fused to CDS of B£2 (w!o 48 AA cTP; + A TG + Ala) in pGLC3

Th is study

pXII-2_PGALrBE2

PG_-11, 1 fused to CDS of B£2 (w!o 48 AA cTP; + A TG + Ala) in pXII-2

Th is study

pXl-2_PGALrBE2

PGALI fused to CDS of B£2 (w!o 48 AA cTP; + A TG + Ala) in pXI-2

This study

pGLC3_PG,llrBE3

PG,1u fused to CDS of B£3 (w/o 38 AA cTP; + A TG + Ala) in pGLC3

This study

pXJ-2_JSAJ-PG.mtr PG.-Ur
ISA2

PG,1uo fused to CDS of !SAJ (w!o 43 AA cTP: + A TG) and PG,1u fused to CDS of JSA2 (w!o
27 AA cTP: + A TG) in pXl-2

This stud y
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Supplementary Table 3. Primers Used for Cloning of Constructs. Recombination sites "up"
and "down" refer to sequences on the yeast integration vectors flanking the expression cassettes
up- or downstream, respectively. These sites target the DNA to specific (homologous) regions on
the yeast chromosome. Restriction sites for restriction-digest based cloning are shown in red,
fusion stretches for USER cloning in green. ATG start codons of coding sequences are underlined
and stop codons are depicted in bold. gDNA, genomic DNA; WT, CEN-PK113- 11C wild-type S.
cerevisiae; P , plasmid; CDS, coding sequence; M amino acids; cTP, chloroplast transit peptide;
CO, codon-optimized for S. cerevisiae.
For"'1!rd
Primer
Name

Sequence (5' - 3')

Reverse
Primer
Name

fw

CCTAGGCAGACGTATCGT
TGTCA TCA TCGTC

GSYI up
rv

GSYI
down fw

CCTGCA GGA CTTCAA GAC
AGAGTAAATACCACC

GSYI
down rv

GSY2 up

GOBI
down fw

CCTAGGGATATCTGCACA
TGG
CCTGCAGGCTGAGGTGA
GGGCGTTAG
CCTAGGCTTTCA CT ATCT
CTTCCGCAATACC
CCTGCAGGT GGTACTGGT
TTCGACTACAG
TTCCTAGGATTTTCGATG
AAGCGTTTTAGG
CCTGCA GGA GAAACGAA
GACGAGTGC
AACCT AGGGGAA GTCGTT
TATTCGACG
CCTGCA GGCA CGTTGA CC
TGGATATAACC
AA CCTAGGA AGCTCTGCG
AGATGCAGCCAG
CCTGCA GGA CTGCTGGTA
CTGAAGCGTCTG
TGCCCTA GGGTAAAAAC
ATTAGG
CCTGCA GGCAA TGCAA G
CCTGGTCC

GSY2 up
rv
GSY2
down rv
GLC3 up
rv
GLC3
down rv
GLGI up
rv
GLGl
down rv
GLG2 up
rv
GLG2
down rv
GPHI up
rv
GPHI
down rv
GOBI up
rv
GDBl
down rv

GCATTCCATGCCCGCG
GCTGTCA CTTGGGTGTT
TTTC
TGA TCAGGCGCGCC GT
AAACGGAA TCTTTCA G
GGGCAC
CCGCGGAGTAAATACC
ACCAACC
GGCGCGCCTTGAAACG
ACGATCCAC
CCGCGGTTTCAACCATG
GATCAAATTC
GGCGCGCCTGTTTCGTG
TTCAGCCACTT ATG
AACCGCGGAA TAGA GC
AA TGTGGCAATAG
GGCGCGCCTACAAATG
TCAGGGCTGCG
AA CCGCGGTAAATAGT
CCCGTGAATACAG
GGCGCGCCA CGTTGTT
GAATGGCAG
TTCCGCGGAGAAGTAG
GTTCTTCGGTTA TC
GGCGCGCCACGTTTTGT
CACTGTCTCGC
CCGCGGTA TCCGACAA
ACGTAGCAG
GGCGCGCC CTGGTGA T
GCACATGC

USER
pGALI fw

CGTGCGAUGTACGGATTA
GAAGCCGCC

USER
pGALI rv

ATAGTATTACGGAUCC
GGGGTTTTTTCTCC

P containing
Pa.<uo-PGALI

glgC-TM-HA , B£2, B£3, SS I ,
SS3, SS4-FLAG)

ATTGTAGA TUAGTGA GG
GTTGAATTCG

USER
pGALI rv

ATAGTATTACGGAUCC
GGGGTTTTTTCTCC

P containing
PG.4LW-PG.<J,/

USER cloning of PG;1uo-PGAL1
(for !SA I/ISA2)

CGTGCGAUGTACGGATTA
GAAGCCGCC

USER
pGALl_2
rv

ATTATAGTTTTTUCTCC
TTGACG

gDNA (WT)

USER cloning of PG,u, as in
CEN.PK I 13- I IC (for SS2-

GSYI up

fw

GSY2
down fw
GLC3 up
fw

GLC3
down fw
GLGI up
fw

GLGI
down fw
GLG2 up
fw

GLG2
down fw
GPHI up
fw

GPHI
down fw
GOBI up
fw

USER
pGALIO
fw

USER
pGALI fw
USER
GLGCTM
fw

USER SS I
fw

USER
AtSS2_CO
fw

USER SS3
fw

USER SS4
fw

USER
BE2 fw

Sequence (5' - 3')

Template

gDNA (WT)

gDNA (WT)
gDNA (WT)
gDNA (WT)
gDNA (WT)
gDNA (WT)
gDNA (WT)
gDNA (WT)
gDNA (WT)
gDNA (WT)
gDNA (WT)
gDNA (WT)
gDNA (WT)
gDNA (WT)

Purpose

Cloning of GSYI
recombination site 11 up 11

Cloning of GSYI
1

recombination site ' down

11

Cloning of GSY2
recombination site "up 11

Cloning of GSY2
recombination s ite "down"
Cloning of GLC3
recombination s ite 11 up 11

Cloning of GLC3
recombination site "down"
Cloning ofGLGI
recombination site "up"
Cloning ofGLGJ
recombination site "down"
Cloning of GLG2
recombination site "up"
Cloning of GLG2
recombination site "down"

Cloning of GPHI
recombination site "up"
Cloning of GPHI
recombination site 11 down 11

Cloning ofGDBI
recombination site "up"

Cloning of GDBI
recombination site "down"
USER cloning of PG.-1L, (for

HA)

P containing
CDS ofglgC-

USER cloning ofg!gC-TM-HA
(full length with HA tag)

ATCCGTAATACTAUGTCT
GTTAGTTTAGA GAA GAAC

USER HA
rv

CACGCGAU TTAAGCGT
AA TCTGGAACA TCG

ATCCGTAATACTAUGTCT
TCTTCCTTCTCCGGTGA C
AAAAAACTATAA..!.LGGCT
TGCGTTTCTA GA GfTGA G
GCTTC
ATCCGTAATACTAl!QGGA
AGTGCTCA GAAAAG
ATCCGfAATACTA.]JQGGC
CGATTAGTTTCTACTTCG
TG
ATCCGfAATACTAJ.IQGCT
CAA TCTGCGGA GTTTGA T
TC

USER SSI
rv

CACGCGAUCTAGCTGA
CATAGGGAGGGTC

USER HA
rv

CACGCGAUTTAAGCGT
AA TCTGGAACA TCG

USER SS3
rv

CACGCGAUTTACTTGC
GfGCAGAGfGATAG
CACGCGAUCTACTTGT
CATCGTCATCTTTATAA
TC

P containing
CDS of SS3
P containing
CDS of SS4FLAG

USER cloning ofSSI (w/o 49
AA cTP; + ATG)
USER cloning of codonoptimized SS2-HA (w/o 55
AA cTP; + ATG, Ser, 1iA tag)
USER cloning of SS3 (wl o 37
AA cTP; + ATG)
USER cloning of SS4-FLAG
(w/o 36 AA cTP; + ATG,
FLAG tag)

CACGCGAUCTAATCGT
GGTTTGCTAAAGC

P containing
CDS of B£2

USER cloning of 8£2 (w/o 48
AA cTP; + ATG + Ala)

USER
FLAG rv
USER
BE2 rv

TM-HA

P containing
CDS of SSI
P containing
CDS of CO
SS2-JiA
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USER
BE3 fw

ATCCGTAATACTAUGGCT
TCTCTGAGGAAGGACTCT
CG

USER
!SAi (-) fw

CGTGCGAUTCAGGGGTC
TTT AA TTGGTG

USER
ISA2 fw

128

USER
BE3 rv

CACGCGAUCTAAACAT
CTTCGGGT AACAGG

AATCTACAAUGGCAAA
USER
GGACAGAAGAAGCAAC
ISA! (-) rv
G
CACGCGAUCTAAGCGG
ATCCGTAATACTAUGGCA USER
TAGTATTGATGG
AGGCTTTTTACTGGTAGG ISA2 rv

P containing
CDS of 8£3

USER cloning of 8£3 (w/o 38
AA cTP; + ATG + Ala)

P containing
CDS oflSAJ

USER cloning of !SAi (wlo
43 AA cTP: + ATG)

P containing
CDS oflSA2

USER cloning of ISA2 (w/o
27 AA cTP: + ATG)
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Supplementary Table 4. Primers Combinations for Genotyping of Yeast Strains. Expected
product lengths (in base pairs) are given for lines without modification at the respective locus
(WT), transgenic (TG) lines with intact URA3 marker and transgenic lines after excision of the
URA3 marker [TG (ura3LI) ] at the respective locus, respectively. The transforming plasmids
(constructs) and the associated loci are described in Supplementary Table 2. The presence or
absence of all expression constructs irrespective of location was additionally confrrmed in fmal
lines using a promoter-specific and a gene-specific primer (last eight rows). Primers named "up
out fw" align upstream of the recombination site "up" (i.e. on genomic DNA of both WT and
transgenic lines), primers named "down out rv" align downstream of the recombination site
"down" (again on genomic DNA of both WT and transgenics). In the case of GLGJ and GLG2,
these primers bind to a region far downstream of the insertion sites due to high homology in the
downstream genes of GLGJ and GLG2 in order to ensure specificity. The forward primer "DR
fw" binds to the CYCJ terminator sequence on the yeast integration vector, i.e. upstream of the
URA3 gene, thus allowing to confirm the excision of that gene by product length (Supplementary
Figure le). T he forward primer "yeast fw2" binds between the URA3 and recombination site
"down" on the integration vector. T he reverse primer "yeast rv2" aligns on the CYCI terminator
sequence on the yeast integration vector. All other primers are specific for the coding sequences
of gj,gC-TM, Arabidopsis genes or P GAL promoters, respectively, as indicated in brackets.

Construct

pGLGI

Forward
Primer
Name
GLGI up
outfw
DR fw

GLGI up
outfw
yeastfw2

GLG2 up
outfw

pGLG2

yeastfw2

GLG2 up
o utfw
DR fw

GPHI up out
fw

pGPHJ

GPHI up out
fw
DR fw

GOBI up
outfw

pGDBI

DR fw

GOBI up
outfw

GSYl up out
pGSYt_
PGALrGlgCTM-HA

fw

GSYI up o ut
fw
DR fw

GSY2 upout
fw

pGSY2_
PGAu-SSJ

GSY2 upout
fw
DR fw
948 (in SSI)

pX-2_ PGAJ.r
SSJ

X-2 up out
fw

Sequence (5' - 3')

TGA TTCTTTGAACCGT
TTGGCTC
TGTACAGACGCGTGT
ACGCATG
TGATTCTTTGAACCGT
TTGGCTC
GTACCCAA TTCGCCC
TATAG
GCGCCATTCCAGGTG
AATACATC
GTACCCAA TTCGCCC
TATAG
GCGCCA TTCCA GGTG
AATACATC
TGTACAGACGCGTGT
ACGCATG
AATGAAATATACCCC
GGTGCTTG
AA TGAAA TA TACCCC
GGTGCTTG
TGTACAGACGCGTGT
ACGCATG
CTGGTCCA TTCTGTTC
TTCTACG
TGTACAGACGCGTGT
ACGCATG
CTGGTCCA TTCTGTTC
TTCTACG
GCAAAGTATCCCACG
TAAAAGGTTCC
GCAAAGTA TCCCACG
TAAAAGGTTCC
TGTACAGACGCGTGT
ACGCATG
GTGTGTTGA GCAAA G
CACGCCA TCA C
GTGTGTTGA GCAAA G
CA CGCCA TCA C
TGTACAGACGCGTGT
ACGCATG
GCAATGAGATACGGA
ACCATTC
ATGA TGACTGTCCGC
TGGAGC

Reverse
Primer Name

Sequence (5' - 3')

WT

TG

TG

(URA3)

(ura3L1)

yeas t rv2

ATGTTACATGCGTACACG

-

1027

1027

GLGI far

CGTGCCGAGAGTCTmG
GAC
CGTGCCGA GA GTCTTTTG
GAC
CGTGCCGAGAGTCTTTTG
GAC

-

3927

2534

4150

4926

3533

-

2267

2267

yeast rv2

ATGTTACATGCGTACACG

-

1001

1001

GLG2 far

CCAAAGCGACCAGTAAA
ACAGC
CCAAAGCGACCA GT AAA
ACAGC
CCAAA GCGACCA GTAAA
ACAGC

-

2086

2086

3515

4720

3327

-

3747

2354

1060

1060

3810

3772

2379

-

2740

1347

-

%9

%9

-

2326

933

2982

3365

1972

1804

1804

2693

5483

4090

-

2493

11 00

-

1646

1646

2467

5950

4557

-

2355

%2

-

2891

1498

-

1621

162 1

down outrv
GLGI far
down outrv
GLGI far
down outrv

down outrv
GLG2 far
down outrv
GLG2 far
down outrv
yeast rv2

ATGTTACATGCGTACACG

GPHI down

outrv

GGATACAACACAGCGGT
TATAGAC
GGATACAACACAGCGGT
TATAGAC

yeast rv2

ATGTTACATGCGTACACG

outrv

GPHI down

CGAAAACCTGA GA GAAC
AGGTGG
outrv
CGAAAACCTGA GA GAAC
GOBI down
AGGTGG
outrv
GlgCTM rv (in AATGACCAGCCGCGCTG
GlgC-TM-HA) AATGTGC
GAAAGCTTAAGCGCGCT
GSYI down
ATGTAAC
outrv
GAAAGCTTAAGCGCGCT
GSYI down
ATGTAAC
outrv
TACGCCAAAGTCAGCCAT
878 (in ss /)
TACAA
GAGACCCATTCTTTTCCA
GSY2 down
GTCCAG
outrv
GAGACCCATTCTTTTCCA
GSY2 down
GTCCAG
outrv
GAGACCCATTCTTTTCCA
GSY2 down
GTCCAG
outrv
TACGCCAAAGTCAGCCAT
878 (in SS/)
TACAA
GOBI down
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X-2 up out
fw

DR fw
948 (in SS I)
GSY2 upout
pGSY2_
PGAL1-SS2HA

fw

GSY2 upout
fw

DR fw
X-4 up out
fw
pX-4_ pGALr

SS2-HA

X-4 down
outrv
DR fw
XI-2 up out

p,XI-2_
PGALJ-SS2-

HA

fw

XI-2 up out
fw

DR fw
GSY2 up out
fw

pGSY2_

GSY2 up out

PGAJ.1-SSJ

fw

DR fw
GSY2 up out
fw

GSY2 up out
pGSY2_
PGAL1-SS4

fw

DR fw
805 (in SS4)
XII-I up out
fw

XII-I up out
pXll-1_
PcAu-SS4

fw

DR fw
805 (in SS4)
XJJ-2 up out
fw

pGLC3_

XJl-2 up out

PGALrBE2

fw

%6 (in BE2)

GLC3 up out
fw

pXll-2_
PGALrBE2

GLC3 up out
fw

966 BE2 fw
XI-2 up out
fw

pXJ-2_

XI-2 up out

PGAJ.rBE2

fw

%6 BE2 fw

GLC3 up out
fw

pGLC3

GLC3 up out

PcAJ_,-BEJ

fw

pXJ-2_
ISA / -P GAJ.J/r

XI-2 up out

DR fw

130

fw

ATGA TGACTGTCCGC
TGGAGC
TGTACAGACGCGTGT
ACGCATG
GCAATGAGA TACGGA
ACCATTC
GTGTGTTGA GCAAA G
CACGCCA TCA C
GTGTGTTGAGCAAAG
CACGCCA TCA C
TGT ACAGACGCGTGT
ACGCATG
CGAGCATAGAATTTC
TCTCCTTATC
CGAGCATAGAATTTC
TCTCCTTATC
TGTACAGACGCGTGT
ACGCATG
CGTCCAAA TAA TTCC
CTTCGACAGG
CGTCCAAATAA TTCC
CTTCGACAGG
TGT ACAGACGCGTGT
ACGCATG
GTGTGTTGAGCAAAG
CACGCCA TCA C
GTGTGTTGAGCAAAG
CACGCCA TCA C
TGTACAGACGCGTGT
ACGCATG
GTGTGTTGA GCAAA G
CACGCCA TCA C
GTGTGTTGA GCAAA G
CACGCCA TCA C
TGTACAGACGCGTGT
ACGCATG
CAGA TGA TCGCTATG
AGATATGG
GA TTGGCTTGATGA T
ACCTTCC
GA TTGGCTTGATGA T
ACCTTCC
TGT ACAGACGCGTGT
ACGCATG
CAGATGATCGCTATG
AGATATGG
GAGGACGAA GAAGG
CCTGCAATTC
GAGGACGAA GAAGG
CCTGCAATTC
GGCAATGCAACA TCT
TGAAGAGAA
CATACTATACCACAC
GTACGAC
CATACTATACCACAC
GTACGAC
GGCAA TGCAACA TCT
TGAAGAGAA
CGTCCAAATAATTCC
CTTCGACAGG
CGTCCAAA TAA TTCC
CTTCGACAGG
GGCAATGCAACATCT
TGAAGAGAA
CATACTATACCACAC
GTACGAC
CATACTATACCACAC
GTACGAC
TGTACAGACGCGTGT
ACGCATG
CGTCCAAATAA TTCC
CTTCGACAGG

X-2 down out GTGAGCCTCTTACCTGTT
TGG
rv
X-2 down out GTGAGCCTCTTACCTGTT
TGG
rv
X-2 down out GTGAGCCTCTTACCTGTT
TGG
rv
SS2 CO rv2 (in GGTTTGT AA GGTGGGTCA
SS2-HA)
ACAG
GAGACCCATTCTTTTCCA
GSY2 down
GTCCAG
outrv
GAGACCCATTCTTTTCCA
GSY2 down
GTCCAG
outrv
SS2 CO rv2 (in GGTTTGTAAGGTGGGTCA
ACAG
SS2-HA)
X-4 down out GGACGGTACGTTGACCA
GAGATTG
rv
X-4 down out GGACGGTACGTTGACCA
GAGATTG
rv
GGTTTGT AA GGTGGGTCA
SS2 CO rv2
ACAG
Xl-2 down out ATTTTGGCATTTCCCTGC
AGCTGATC
rv
XI-2 down out ATTTTGGCATTTCCCTGC
AGCTGATC
rv
ss3seqrvl (in CGGTTGAA GCAA TICA CG
SSJ)
TCTC
GAGACCCATTCTTTTCCA
GSY2 down
outrv
GTCCAG
GSY2 down
GAGACCCATTCTTTTCCA
outrv
GTCCAG
SS4 seq rv I (in AACCACGTTGTTGTCGCA
SS4)
TC
GSY2 down
GAGACCCATTCTTTTCCA
outrv
GTCCAG
GSY2 down
GAGACCCATTCTTTTCCA
outrv
GTCCAG
GSY2 down
GAGACCCATTCTTTTCCA
outrv
GTCCAG
SS4 seq rv I (in AACCACGTTGTTGTCGCA
SS4)
TC
XII-I down
CGCTCA TCT A GTGA GAA T
outrv
GTCAC
XII- I down
CGCTCA TCT A GTGA GAA T
outrv
GTCAC
XJJ-1 down
CGCTCA TCT A GTGA GAA T
outrv
GTCAC
AAACCTCTGGGATCATCA
BE2 rv new
TCAAG
XII-2 down
AAGGTTGTTGA TCA GTGT
outrv
TCATGG
XIT-2 down
AAGGTTGTTGA TCA GTGT
outrv
TCATGG
BE2 rv new (in AAACCTCTGGGATCATCA
8£2)
TCAAG
GLC3 down
AGTACCAGCTTTTTCGAC
outrv
ACC
GLC3 down
AGT ACCAGCTTTTTCGA C
outrv
ACC
BE2 rv new (in AAACCTCTGGGATCATCA
B£2)
TCAAG
XI-2 down out ATTTTGGCATTTCCCTGC
rv
AGCTGATC
Xl-2 down out ATTTTGGCATTTCCCTGC
rv
AGCTGATC
BE3 rev (in
CCTTCCCA GAA GAACGA
8£3)
GAGTCC
GLC3 down
AGT ACCAGCTTTTTCGA C
outrv
ACC
GLC3 down
AGT ACCAGCTTTTTCGA C
outrv
ACC
!SA I seq rv I
ATGGGATGCGGGTGGGC
(in ISA I)

1434

5982

4589

-

2390

997

-

2948

1555

-

1920

1920

2467

6255

4862

-

2453

1060

-

1928

1928

1336

6220

4827

-

2410

1017

-

1862

1862

1383

62IO

4817

-

2466

1073

-

2243

2243

2467

7042

5649

-

2355

%2

-

1485

1485

2467

7066

5673

-

2355

%2

-

2930

1537

-

1447

1447

1488

7065

5672

2370

977

2%7

1574

1465

1465

12%

61%

4803

-

2901

1508

-

1365

1365

2455

6092

4699

-

2897

1504

-

1476

1476

1383

6256

4863

-

2950

1557

-

1307

1307

2455

628 1

4888

-

2413

1020

-

1866

1866

-
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PcAL rISA2

Xl-2 up out
fw
DR fw

p GALJ.glgCTM-HA
PcAu-SS/

PcAJ_ ,-SS2HA
PcA1.,-SS3
PcAL1-SS4FLAG
PcALrBE2
PcAJ_,-B£3

ISA/PGAL /0PcALrlSA2

ISA2 seq
fw2 (in
ISA2)
pGALI seq
fw (in Pc u)
pGALI seq
fw (in PcauJ
pGALI seq
fw (in Pew)
pGALI seq
fw (in Pcau!
pGALI seq
fw (in Pc.41,1)
pGALI seq
fw (in PcAu!
pGALI seq
fw (in Pc.<u)
pGALI seq
fw (in Pc_,,_J

CGfCCAAATAATTCC
CTTCGACAGG
TGfACAGACGCGfGT
ACGCATG

Xl-2 down out
rv
Xl-2 down out
rv

ATTTTGGCA TTTCCCTGC
AGCTGATC
ATTTTGGCA TTTCCCTGC
AGCTGATC

CTC CGA ACA TAC
CTC TGG

Xl-2 down out
rv

ATTTTGGCA TTTCCCTGC
AGCTGATC

GGGGTAA TT AA TCA G
CGAAGCG
GGGGTAA TT AA TCA G
CGAAGCG
GGGGT AA TT AA TCA G
CGAAGCG
GGGGT AA TTAA TCA G
CGAAGCG
GGGGTAA TTAATCAG
CGAAGCG
GGGGT AA TT AA TCA G
CGAAGCG
GGGGTAA TTAATCAG
CGAAGCG

GlgCTM rv (in

AATGACCAGCCGCGCTG
AATGfGC
SS I seq rv (in
CCTTCAACAGTAGfGATT
SSJ)
TCCC
SS2 CO rv2 (in GGTTTGTAAGGTGGGTCA
ACAG
SS2)
SS3 seq rv I (in CGGTTGAA GCAA TICA CG
TCTC
SS3)
AACCACGTTGTTGTCGCA
SS4 seq rv (in
TC
SS4)
BE2 rv new (in AAACCTCTGGGATCATCA
TCAAG
8£2)
CCTTCCCA GAA GAACGA
BE3 rev (in
8£3)
GAGfCC

GGGGTAA TT AA TCA G
CGAAGCG

ISA2)

f!J~C-TM)

ISA2 seq rv (in

CACCACTAAGTTCCAAAG
ATGAGAC

9019

7626

2466

1073

-

4181

2788

-

477

477

1236

1236

-

689

689

-

1012

1012

-

254

254

-

303

303

-

245

245

-

524

524

1383
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Supplementary Table 5. Mutant Plant Alleles and Primers Used for Their Identification.
The fwd (forward) and rev (reverse) primers were used fo r the amplification of wild-type alle les.
To amplify the mutated allele, the primers depicted in bold were used. WS, Wassilewskija;
Gene/AGI
code

Mutation type,
position

Mutant allele, Line
identifier (other
name)

Primers used to select mutant alleles (shown S'to
3')

Ecotype

Reference

SSI

T-DNA
ln sertion in intron I

ssl-1,

Fwd: TTTCCGTCCGATCGCCAGTCTC
Rev: TACGCCAAAGTCA GCCA TT A CAA
T-DNA: CTACAAA TTGCCTTTTCTTATCGAC

WS

Delvalle et
al. , 2005

T-DNA
lnsertion in exon 8

ss2-3,

Fwd: CCT AGTGGTGGAAAA TT AGGGG
Rev: AACCGAGAA TCCAACCCA TC
T-DNA: CTACAAATTGCCTTTICTTATCGAC

ws

Zhang et
al. , 2008

T-DNA
lnsertion in exon 12

ss3-3,

Fwd: TTACGCGCTTAACACACCAGAAG
Rev: ATTCATCTTAGAGCTTCCATTTIA
T-DNA: CTACAAA TIGCCTTTTCTTATCGAC

ws

Atlgl l720

Szydlowski
et al., 2009

SS4

T-DNA

ss4-2

lnsertion in intron 2

Genoplante_559H08

Fwd : AACCCATGGATTAGCAGGAA
Rev: CAAA TGGGAAA TGAAAGGAAC
T-DNA: CTGATACCAGACGTTGCCCGCATAA

WS

At4gl8240

Roldan et
al. , 2007

At5g24300

SS2
At3g0 l 180

SS3

132

Genoplante_203C08

Genoplante_549A 11

Genoplante_l 17H05

Conclusions

5 Conclusions
I investigated different aspects of starch synthesis with the focus on starch synthases and
the ISA isoamylase-type debranching enzyme in this thesis. First, I analyzed plant
mutants lacking both starch synthases and ISA, giving insights into functional interplay
between these enzyme activities during the synthesis of starch (Chapter 2). Second, I took
part in a project in which ISA was heterologously expressed in E. coli in order to
functionally characterize this multimeric enzyme (Chapter 3). Third, I set up a system in

S. cerevisiae for the expression of various starch-biosynthetic enzymes to explore its
potential as a future model system for starch biosynthesis (Chapter 4).
These approaches have provided many new insights into the function of individual starch
synthases and of the ISA debranching enzyme for the synthesis of crystallizationcompetent glucans. Here, I discuss the underlying findings, together with their
implications. The first part of the conclusions elaborates on the findings from Chapter 4
the heterologous yeast system - as space restrictions in our target journal for the first
publication of this work impeded a detailed discussion and cross comparisons with
findings in my other chapters and in the published literature. The second part then draws
general conclusions covering all findings of the present thesis.

5.1 Yeast as a Model System for Starch Biosyn thesis
A Simple and Versatile Tool for Studies on Enzyme Function
Major advantages of the yeast system presented in Chapter 4, compared with analyses
on plant mutants, lie in its ease and speed of manipulation. These allow for
5.1.1

rapid modifications and in-depth enzymatic characterizations at a scale that is
unfeasible in plants. Despite the recent establishment of the CRISPR/Cas9 system
for the targeted editing of plant genomes (Bortesi and Fischer, 2014), the
capacity for genomic modifications, screening and plant regeneration remains limiting.
The generation of stably modified plants is also time-consuming: most model and crop
plants have a generation time of several weeks or months and homozygous lines are
sometimes tedious to obtain due to polyploidy (e.g. in potato and wheat). In contrast,
budding yeast divides every 90 minutes and its genome can be conveniently altered
by homologous recombination of transforming constructs (Sherman, 2002). It is thus
not surprising that budding yeast has been employed for functional gene analyses in
innumerable complementation studies. Although other studies of starch-biosynthetic
enzymes in a heterologous system used E.
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coli as a host (Guan et al. , 1995; Guan and Keeling, 1998; Imparl-Radosevich et al.,
2003), maize branching enzymes were previously studied in budding yeast with a

deficiency in the endogenous branching enzyme (glc3 mutants) (Seo et al. 2002). In that
study, maize BEIIa and BEIIb could restore glucan synthesis; BEI, however, could not
and overall the glucans made were very reminiscent of glycogen.
The yeast system I generated goes far beyond that level: Not only was it performed in a
yeast background purged of all relevant glycogen-metabolic genes, the whole known
pathway of amylopectin synthesis was introduced, and several of its components were
systematically varied to generate a wealth of enzyme combinations. I have already
demonstrated that alterations in glucan structure and solubility result from varying the
expressed enzymes and mined the data to show that the enzymes exhibit similar
specificities when expressed in yeast as they do in plants, although some enzymes require
further investigation (Section 5.1.2). Thus, the door is opened for many further studies on
the relationship between enzymatic function and resulting glucan structure in the yeast
system. Indeed, the current set of strains can be regarded as a start rather than an end
point.
A highly interesting aspect will be to study the effect of variation of expression levels (i.e.
to vary enzymatic balance) on the structure and properties of the glucan product.
Currently , relatively little is known in this regard, as all studies so far were confined to
changes in expression levels in single enzymes, partly because of the immense workload
associated with this kind of work in plants. Such studies would be usually most
conveniently performed in vitro, where purified enzymes can be mixed together to reach
any ratio of interest. However, the quantity of products made in a test tube is usually low,
which could limit subsequent structural analyses of the products. X-ray diffraction
scattering , for example, requires milligrams of highly pure glucans - amounts that are
probably beyond the scope of most laboratory-scale in-vitro syntheses. Yeast, meanwhile,
has proven to produce remarkably high levels of glucans (Chapter 4, Figure 2 and
Supplementary Figure 4). A next step in the yeast system therefore will be to develop a
method to accurately control expression levels of one or multiple genes. This could be
done by changing gene copy numbers (e.g. through plasmid-derived expression or
multiple stable integrations), by altering promoters or by translation efficiency using
modified translation initiation sequences - the latter approach has already been
successfully employed in E. coli (Levin-Karp et al., 2013). It must be said, however, that
surprisingly little work in yeast has been dedicated to establish controllable or low gene
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expression, as it is usually maximum product yield that is targeted. Knowledge from E.
coli cannot be directly transferred to yeast either due to differences between prokaryotic

and eukaryotic gene expression. The establishment of adjustable gene expression for
several genes will therefore require careful testing.
Another aspect for which the yeast system seems to be ideally suited is the study of
mutated variants of enzymes. This may involve the creation of domain swaps of catalytic
or regulatory domains between different enzyme classes or isoforms, the truncation of
sequences or the modification of single amino-acids of interest. Such studies of the
function of the corresponding protein subsequences may even lead to the generation of
enzymes with novel functions and, accordingly, the synthesis of novel starches.
It would be nai"ve to believe that all aspects of starch biosynthesis can be reproduced. For

instance, the establishment of the distinct shapes of granules from different botanical
sources (Section 1.2.4, Figure 3) is likely to be dependent on the plastidial environment,
be it space restrictions influenced by the organization of thylakoid membranes or the
existence of putative protein scaffolds to direct the biosynthetic enzymes (Myers et al.,
2011; Crumpton-Taylor et al., 2013). It will also be important to test whether the findings
from yeast can indeed be transferred to plants. If these steps are taken, the yeast system
may dramatically increase our understanding of starch biosynthesis and really provide a
basis for the targeted modification of crops.
5.1.2

Specificity of Enzymes in the Yeast System

A key question regarding the relevance of the yeast system is whether the enzymes retain
their specificities. This question is not easily addressed for every enzyme. One possibility
would be to purify native enzymes from Arabidopsis and recombinant enzymes from
yeast and compare their activities in vitro . Recombinant AtSSl to 4 purified from E. coli
were recently reported to produce glucans with distinct chain-length profiles when
incubated with a branching enzyme, and, in the cases of SS 1 and SS2, these profiles were
in good agreement to the proposed in-vivo functions deduced from mutant studies (Brust
et al. , 2014). Similarly, branching enzymes were reported to exhibit noticeable
specificities, which varied between enzyme classes (Guan et al. , 1997; Nakamura et al. ,
2010; Sawada et al. , 2014). In contrast, ISA has a low activity against very short chains
(DP 2 and 3), but seems not to discriminate between chains above this threshold (Delatte
et al. , 2006, and Chapter 3, Figure 6). There are several mutant and complementation
studies focusing on the homomeric ISAl (found in the cereal endosperm) and heteromeric
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ISA1/ISA2 activity. These studies suggest that the composition of the complexes affects
its activity during starch synthesis (Dauvillee et al. , 2001 ; Utsumi et al., 2011 ; Streb and
Zeeman, 2014; Lin et al. , 2012), making it tempting to speculate that ISA has more
specificity than studies have revealed thus far. It may be that essential details are not
reproduced in current in-vitro assays - for instance, solubilized glucans are typically used
as substrates in vitro, whereas ISA probably faces a crystallizing glucan in the plant cell
(also see Section 5.2.3). Thus, while in-vitro comparisons are clearly useful and could be
used to assess whether enzymes in yeast are greatly altered, e.g. due to differences in
post-translational modifications, folding or complex formation, they may be less useful
for more subtle studies such as comparing the substrate preferences of ISA. Furthermore,
even positive results from in-vitro assays showing that the enzymes expressed in yeast
and plant act identically could be misleading: it is necessary to consider the possibility
that the enzymes could still act differently in vivo due the differences in cellular
conditions between the yeast cell cytosol and the chloroplast stroma in a plant cell.
Here, I deduced information on the in-vivo function of enzymes by comparing the in-vivo
modification of glucans. ISA strongly promoted the insolubility of glucans, which is in
accordance to its role in plants (Chapter 4, Figure 3a). Similarly, SSl and SS2
consistently introduced similar alterations in amylopectin chain length distributions as
they do in Arabidopsis (Chapter 4, Figure 3c,d and Supplementary Figure 8). SS3 did not
introduce consistent alterations in glucan structure in different Arabidopsis mutants
(Chapter 2, Supplemental Figure S3). Some of these alterations could be partly
reproduced in yeast, namely those observed when SS2 was absent, but the similarities
were less clear than for SS 1 and SS2 (Chapter 4, Figure 3e and Supplementary Figure
9a). For SS4, such comparisons are particularly difficult, as its mutants display only
minor changes in glucan fine structure (Roldan et al. , 2007; Szydlowski et al., 2009;
Chapter 4, Supplementary Figure 9b ). Arabidopsis SS4 has been reported to be involved
in granule initiation and the determination of granule shape (Sections 1.3.2.5), both of
which are also likely to depend on other factors. It is thus not surprising that we do not
capture these aspects in yeast.
With the current data it is also not possible to assess the specificity of the branching
enzymes BE2 and BE3. Firstly, the work mostly focused on lines with both branching
enzymes and I did not create all the lines necessary to analyze each BE independently.
Secondly, the literature suggests that the two isoforms display a high degree of
redundancy (Dumez et al., 2006). A useful means to analyze branching enzyme function
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could be to determine the P-limit chain-length distribution of glucans made in yeast with
one or the other BE or both. This method gives information about the glucan branching
pattern and could therefore reflect BE specificity. In early lines with BE3 only, the P-limit
chain-length distribution was remarkably similar to that of Arabidopsis starch (not
shown). It must be said, however, that also starch synthases and ISA influence the P-limit
CLDs (Chapter 2, Figures 5 and 6).
Thus, while several results indicate that the Arabidopsis enzyme specificities are
preserved in yeast, particularly in the case of SSl , SS2 and ISA, this cannot yet be stated
for all enzymes. More research is required to confirm that all heterologously expressed
enzymes act similarly in yeast as they do in plants. This should not detract from the very
positive result that the enzymatic set is capable of producing glucans with very starch-like
properties , even if not all characteristics could be reproduced perfectly (Section 5.1.4).
5.1.3

Concomitant Degradation of Starch during its Synthesis and its Effect on the
Interpret ation of Mutant Phenotyp es

The present yeast study was performed in a genetic background cleared for the glycogendegradation pathway, i.e. carrying deletions in its endogenous debranching enzyme
(GDBI) and phosphorylase (GPHI) genes. In contrast, Arabidopsis plastids contain a

plethora of starch-hydrolytic enzymes: two debranching enzymes (ISA3 and LDA) (as
well as ISA), at least three P-amylases (BAMl, BAM2, BAM3 and possibly also BAM4,
BAM6 and BAM9), one a-amylase (AMY3), one disproportionating enzyme (DPEl) and
one phosphorylase (PHSl) (Zeeman et al., 2004, 2007; Delatte et al. , 2006; Fulton et al.,
2008 ; Seung et al. , 2013). Their proposed main function is the degradation of transient
leaf starch at night; nevertheless, several of these are now known to be also active during
the day and the amount of evidence of concomitant degradation of (mutant) starches
during its synthesis is increasing. This has far-reaching consequences on the correct
interpretation of mutant phenotypes, as will be discussed in the following section.
A prominent piece of evidence for starch degradation is the presence of maltose. It is
widely accepted that its major source is the degradation of starch by amylases (Niittylii et
al., 2004). Delatte et al. (2005) observed accumulation of maltose during the day in isa
mutants of Arabidopsis, which produce partly soluble glucans. This accumulation of
maltose was associated with progressive changes in glucan structure towards shorter
chains, in particular of the soluble glucans, indicating degradation. Similarly, Dumez et
al. (2006) reported the replacement of starch by high levels of maltose in Arabidopsis
mutants lacking all branching enzyme activity (be2/be3 mutants) and suggested that any
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synthesized linear glucans had been immediately metabolized to maltose. Streb and
coworkers (2008) observed both maltose and longer, branched malto-oligosaccharides in
a mutant lacking all debranching enzymes (isall isa2/isa3/lda Arabidopsis mutants),
indicating that both a-amylase and ~-amylases act during glucan synthesis in these
mutants. Also my study in Arabidopsis mutants pointed toward concomitant degradation:
in addition to the mutant combinations lacking ISA, also ss2 and ss2/ss3 mutants
accumulated maltose during the day (Chapter 2, Figure 10).
All these examples have in common that they are from mutant plants - it thus appears that
altered glucans are particularly attacked by degrading enzymes. In the case of ss2 and

ss2/ss3 mutants, the reduced capacity of chain elongation may have resulted in more
frequent shorter chains within the amylopectin, which may have delayed glucan
crystallization and thus increasing the time window for degrading enzymes to act on these
glucans.

Similar

scenarios

were

suggested

in

debranching

mutants

(isa

or

isal/isa2/isa3/lda mutants) due to altered branching (Delatte et al., 2005; Streb et al.,
2008). From these data alone it is impossible to deduct how much of the phenotype is
actually caused by the altered synthesis and how much by the enhanced modification
through the actions of the hydrolytic enzymes. How much chain shortening is really
caused by the absence of SS2 (and SS3), or by the absence of debranching enzymes, and
how much is caused by amylases (further) acting on these chains? How much do these
modifications influence the solubility of the glucan? In other words: how much of the
phenotype is a primary effect of the loss of the mutated gene product and how much is
actually caused by secondary effects?
Streb and coworkers (2008) addressed this question for the isal/isa2/isa3/lda mutant; the
additional deletion of the plastidial a-amylase AMY3 could partially restore starch
synthesis. It is interesting to note that the isall isa2/isa3/lda/amy3 quintuple mutant no
longer accumulated larger, branched malto-oligosaccharides (the main product of
AMY3), but still accumulated maltose (the product of ~-amylases). The contribution of~amylases to the mutant phenotype therefore remains to be answered, as does the
contribution of each of the amylases in the other examples described above. Furthermore,
as the idea of simultaneous starch degradation is relatively new, this issue has not been
addressed before. It is possible that more apparent synthesis defects may actually be
partly caused by enhanced degradation, such as the absence of starch in the ss3/ss4 plant
mutants (Section 5.2.2).
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The presence of starch-degrading enzymes during the synthesis of storage starches has
not been investigated in detail yet. Active and inactive forms of ~-amylase were reported
in mature cereal grains (Ziegler, 1999). Cereal starch degradation, however, is believed to
be initiated by a-amylase, which is secreted from the aleurone layer or scutellum and
imported into the endosperm upon germination (Zeeman et al., 2007). The degradation
capacity during the long period of storage-starch synthesis might thus be lower than in a
leaf, in which starch is subject to degradation every night. If storage-starch synthesis was
indeed only little influenced by degradation, the study of starch biosynthesis in a
heterologous system offers unique advantages. Having a naturally low number of aglucan modifying enzymes and carrying deletions in the genes of the most prominent
ones - glycogen-debranching enzyme (GDBJ) and glycogen phosphorylase (GPHJ) yeast provides the possibility to study starch biosynthesis on its own with no or only
minor interference from degradation. The heterologous system may represent a better
model for storage starch synthesis than Arabidopsis leaves, especially if also the influence
of a (low) degradation capacity is tested. Since the role of degradation during synthesis
has not been clarified yet, these assumptions, however, remain highly speculative.
The absence of the degradation machinery in yeast also allows the study of the hydrolytic
products released by ISA isoamylase, which presumably are normally cleared by
hydrolytic enzymes (most likely by ~-amylases and phosphorylase in planta). It is
intriguing that only strains with isoamylase accumulated non-precipitable soluble glucans
(Chapter 4, Supplementary Figure 6). Analyses of these glucans from line 29 by HPLC
without prior debranching suggested that they constitute linear chains of DP 4 to around
30. By calculating molar ratios between the hydrolyzed malto-oligosaccharide chains and
the chains attached to the glucans, it would be possible to assess the amount of
debranching by ISA during glucan synthesis. If the expression of ISA was furthermore
titrated such that at some point only insoluble glucans were obtained, this may even allow
us to calculate how much debranching is required to obtain a crystallization-competent
glucan.
5.1.4

Nature of Insoluble Glucans Made in Yeast

Every yeast line produced structurally distinct glucans, ranging from water-soluble
glucans that appeared as small particles in TEM to water-insoluble glucans that formed
solid particles of a few micrometers in size (Chapter 4, Figure 2b and c). These insoluble
particles furthermore appeared as compound granules consisting of numerous small
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as
particles. Both the precipitable soluble and insoluble glucans were branched,
essentially no linear chains were detected by HPLC of non-debranched glucans (not
shown). In particular the insoluble glucans displayed remarkable similarities to amylose
free plant starch: The insoluble glucans from strain 29 (the line expressing all
as
amylopectin-synthesizing genes) had similar "-max values after complexion with iodine
s
plant amylopectin, suggesting that the glucan chains adopt the same secondary structure
on
upon iodine complexion (Chapter 4, Figure 2e). Also the wide-angle X-ray diffracti
pattern of glucans was consistent with a double-helical arrangement of chains and
indicated that these align in a hexagonal B-type allomorph, like in Arabidopsis starch
of
(Chapter 4, Figure 2g). These data suggest that the alignment of chains within a cluster
yeast glucans highly resembles that of Arabidopsis amylopectin.
In contrast, the size and/or arrangement of the clusters themselves appear to differ. Smalle
angle X-ray scattering implies the presence of a periodic repeat of 9-10 nm in wild-typ
et
starches that is thought to reflect the distance between the layers of clusters (Jenkins
al., 1993). While this repeat was clearly visible in Arabidopsis amylopectin, it was weak
in the case of the insoluble glucans from yeast strain 29 and was shifted toward a greater
length (13 .6 nm for line 29 instead of 10.5 nm of plant amylopectin) (Chapter 4, Figure
2f). The chain-length distribution of the insoluble glucans from line 29 shared
1
characteristics with Arabidopsis amylopectin in terms of a separation between A and B
chains (kink at chain length of 18); overall, however, the chains in the yeast glucans were
longer (Chapter 4, Figure 2h). Arabidopsis amylopectin has a small plateau of chains
around DP 50 that corresponds to the B2 chains connecting two clusters. Consistent with
the wider lamellar repeat of 13.6 nm, this plateau was not visible in the yeast glucans.
According to a repeat distance of 13.6 nm, B2 chains of yeast glucans would be expected
in
at a chain length of around 65, but the detection sensitivity of such long chains is low
of
the HPLC system used. Future structural analyses should therefore include separation
chains by SEC and FACE (Section 1.2.1) to assess the polymodal distribution of the
glucans.
The question remains as to why the exact structure of Arabidopsis amylopectin could not
as
be reconstituted in yeast. One possibility, of course, is that not each enzyme performs
in planta (Section 5.1.2). Alternatively, the balance of enzyme activities is likely to play
an important role during starch biosynthesis where several enzyme activities probably act
r,
simultaneously rather than sequentially and may thus influence each other. In particula
the activity of SS3 appears strongly increased in yeast compared with plants as judged
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from native PAGE (Chapter 4, Supplementary Figure 3), and an increased rate of chain
elongation could indeed explain the tendency toward longer chains. However, in potato a
wider lamellar repeat was reported for a suppressor line of SS3 (Fulton et al. , 2002).
The tendency toward longer chains in the yeast glucans is also reminiscent of plant
mutants with reduced branching activity (usually BEII mutants, Section 1.3.3), so-called
amylose-e xtender mutants. These mutants are characterized by amylopectin with longer
chains, which is often accompanied by higher levels of (altered) amylose (Boyer et al.,
1980; Jobling et al. , 1999; Klucinec and Thompson, 2002; Tanaka et al. , 2004; Abe et al. ,
2014). Size-exclusion of debranched glucans indicates differences in the length of clusterspanning chains in some cases (Jobling et al., 1999; Abe et al., 2014), but to my
knowledge in no case has X-ray scattering been applied to directly measure the repeat
distance. Nevertheless, there is a considerable difference between the situation in yeast
and that in amylose-extender mutants: Whereas the yeast lines still produce varying
amounts of soluble glucans, these were never observed in amylose-extender mutants contrarily, they are rather associated with increased branching (Tanaka et al. , 2004).
Other possible enzymatic imbalances include unbalanced debranching by ISA or too little
elongation by the cluster-filling starch synthases SSl and SS2. To address these, it will be
an important task to quantify and compare protein levels in yeast and Arabidopsis, using a
combination of native PAGE, immunoblotting and proteomics.
There may be also additional factors required for starch synthesis that we are not yet
sufficiently aware of. Plant starches carry phosphate groups at the C3 and C6 position of
glucose to varying extents (Section 1.2.4). In Arabidopsis, phosphorylation of glucans has
been best characterized with respect to degradation where the reversible phosphorylation
helps disrupt the helical bonding of chains and thus facilitates attack by degrading
enzymes (Silver et al., 2014). Increasing evidence suggests that some phosphate is
incorporated (and removed) already during starch synthesis (Santelia et al., 2011; Hejazi
et al. , 2014), but no effects on starch synthesis were reported upon transitory reduction in
glucan, water dikinase (GWD, the major starch-phosphorylating enzyme) in Arabidopsis
leaves (Skeffington et al., 2014) and the inner structure of starch granules is not affected
in mutants deficient in that enzyme (Mahlow et al., 2014; Streb et al. , 2012).
In addition, it is possible that some degradation by hydrolytic enzymes other than ISA
(i.e. a- and ~-amylases etc. , Section 5.1.3) is required to shape glucan chains and to
remove soluble glucans. In this respect, glucan phosphorylation could constitute a means
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to keep these modifications in check as ~-amylase cannot pass phosphorylated glucose
residues. It will be interesting to test these hypotheses in the yeast system by introducing
both phosphorylating enzymes (glucan, water dikinase, GWD, and phosphoglucan, water
dikinase, PWD) and amylases, ideally in a regulated manner.

5.2 Function of Starch Synthases and ISA Isoamylase During the
Synthesis of Crystallization-Competent Glucans
The importance of ISA isoamylase during crystalline starch synthesis is reflected in its
numerous mutants accumulating phytoglycogen (Pan and Nelson, 1984; Nakamura et al.,
1996; Mouille et al., 1996; Burton et al., 2002; Bustos et al. , 2004; Zeeman et al., 1998).
Nonetheless, detailed analyses have shown that debranching by isoamylase is not strictly
necessary (Section 1.3.4). Here, I investigated the role of SSs during the synthesis of
crystallization-competent glucan besides that of ISA by systematically analyzing all
possible mutant combinations arising from a cross between ssllss2/ss3 and isa in
Arabidopsis (Chapter 2). Similarly, I analyzed a set of yeast lines with varying expression
of SSl, SS2, SS3, SS4 and ISA in the presence of branching enzymes and an AGPase
(Chapter 4). Collectively, the data from this work provides strong evidence for the
influence of both SSs and ISA on whether crystalline glucans can be made or not.
Together with the data obtained from the heterologous expression of ISA in E. coli and
wild-type yeast (Chapters 3 and 4), my work strongly implies that chain elongation by
distinct SS isoform combinations is a prerequisite for ISA to function appropriately and
facilitate glucan crystallization.

5.2.1

Role ofSS1 and SS2

The loss of SS 1 introduces characteristic alterations in glucan structure in the yeast
system and in a range of plant species: the abundance of short chains between DP 8 and
12 is reduced and the number of longer chains around DP 18 is increased (Chapter 4,
Figure 3c and Supplementary Figure 8a and Chapter 2, Supplemental Figure S3). Based
on these findings and data from in-vitro studies, SSl is thought to elongate the short DP 6
chains transferred by branching enzymes until around DP 8 and then to limit further
elongation, causing longer chains in its absence (see Section 1.3.2.2 for details).
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In both the plant mutants and in yeast, the structural differences triggered by SS 1 were
little affected by the complement of other SSs present, or by the presence of ISA, and
were apparent regardless of whether the glucan was insoluble or soluble. This is
interesting since SS 1 has been found in a complex with SS2 and type II branching
enzymes in cereals (Tetlow et al., 2008; Liu et al., 2009; Ahmed et al. , 2015; Crofts et al.,
2015). Further, the starch binding of SS2 was proposed to facilitate the binding of SS 1 to
granules (Liu et al., 2012b). However, the functional significance of complex formation
has not been resolved (Section 1.3 .5). The independence of alterations introduced by SS 1
implies that - at least in Arabidopsis - SSl acts independently of SS2 during the
elongation of chains. Also in an ss2 mutant of rice, the further loss of SS 1 caused the
characteristic changes in amylopectin structure (Fujita et al., 2006), indicating that it
functions independently.
The SS I-mediated alterations in glucan structure were accompanied by changes in glucan
solubility. This was most apparent in Arabidopsis ISA-deficient mutants where the
additional loss of SS 1 restored starch synthesis (Chapter 2, Figure 7), but was also visible
in yeast where SS 1 expression had similar impact on glucan solubility: in all instances, its
absence was accompanied by more insoluble glucans compared with when it was present
(Chapter 4, Figure 3b).
SS2 had opposite effects on glucan structure. In both plants and yeast, it appeared to
specifically elongate chains of around DP 8 to around DP 13, again mostly independently
of the presence of other synthases, independently of the presence of ISA and regardless of
whether the glucan was soluble or insoluble (Chapter 2, Supplementary Figures S3 and
S4; Chapter 4, Figure 3d and Supplementary Figure 8b). Again, these alterations were
consistent with previous data of ss2 mutants from Arabidopsis or other species (Edwards
et al., 1999b; Yamamori et al., 2000; Umemoto et al., 1999; Morell et al., 2003; Zhang et
al., 2004, 2008). Moreover, the alterations influenced the solubility of plant glucans
considerably: In our set of ISA-deficient mutants, loss of SS2 prevented the formation of
starch granules in tissues that could otherwise make starch in the absence of ISA alone
(Chapter 2, Figure 8). This result is consistent with that from ss2/ isal mutants in rice
(Fujita et al., 2012).
My re-analyses of mutants deficient just in single or multiple SSs revealed that some
effects ofloss of SS2 on glucan solubility were already visible in the presence ofISA, but
had been previously overlooked (Zhang et al. 2008). Both ss2 and ss2/ss3 mutants
accumulated some phytoglycogen, and ss2/ss3 even failed to produce proper starch
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granules (Chapter 2, Figures 2, 9 and Supplementary Figure S2). Consistent with these
observations, the presence of SS2 in yeast promoted the formation of insoluble glucans in
some lines (specifically those with ISA and lacking SS4; Chapter 4, Figure 3b).
Thus, SS 1 and SS2 seem to promote short versus intermediate chain biosynthesis,
respectively, and soluble versus insoluble glucans, respectively. These correlations raise
the question as to whether the structural alterations directly cause the changes in
solubility. Notably, the chains affected by the action of SS 1 and SS2 almost exclusively
concern the A and B 1 chains, i.e. the chains that are thought to make up the clusters and
undergo formation of secondary structures (Hizukuri, 1986). We know from in-vitro
crystallization studies that linear chains shorter than DP 10 do not crystallize unless cocrystallizing with longer chains (Pfannemtiller, 1987; Gidley and Bulpin, 1987). Although
SS2 probably elongates chains only by a few glucose units (as judged from chain-length
distributions), this small shift is within this critical size distribution. It is hence reasonable
to hypothesize that the shortening of many chains in the absence of SS2 from around 13
to around 8 impairs double-helix formation and thereby reduces crystallization. Similarly,
it can be easily envisioned that the shift towards longer chains that occurs in the absence
of SS 1 promotes crystallization. Thus, SS 1 and SS2 appear to be critical for determining
the lengths of glucan chains within clusters, which in tum is a major influence on their
competence for crystallization.
Nonetheless, chain elongation by SS2 did not always result in a higher percentage of
insoluble glucans in yeast (e.g. lines 29 vs. 25 and line 23 vs. 13 ; Chapter 2, Figure 3a and
Supplementary Figure 8b ), but was confined to those where SS4 was absent. The reason
for this is unclear, but possibly the effect of SS2 was masked by an "overactive" SS4 in
its presence (Section 5.2.2).
The view that SS 1 and SS2 act in an opposing fashion is interesting since plants differ in
the relative amounts of SS 1 and SS2 that they express. In the cereal endosperm and in
Arabidopsis leaves, SS 1 and SS3 are the major starch synthase activities, while SS2 and
SS3 dominate in potato tubers and the pea embryo (Cao et al., 1999; Szydlowski et al.,
2011; Abel et al., 1996; Marshall et al. , 1996; Tomlinson et al. , 1998). This variation in
contribution is also partly visible in the chain-length distributions of the starches; for
instance, wild-type potato tuber starch resembles that of ssl Arabidopsis starch. The
impact of chain lengths on crystallinity across different species, however, is difficult to
assess: Storage starches (but not Arabidopsis leaf starch) typically contain amorphous
regions of varying size as well as semi-crystalline regions (Figure 1). Since these
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amorphous regions also influence the overall crystallinity, the crystallinity will not only
be determined by the semi-crystalline regions themselves.

5.2.2

Role of SS3 and SS4

The role of SS3 is less clear than that of SS 1 and SS2. It caused either inconsistent or
minor changes on glucan structure in my plant mutants and yeast lines, unless SS2 was
absent (Chapter 2, Supplementary Figure S3 and Chapter 4, Figure 3e and Supplementary
Figure 9a), which is consistent with previous data from plants (Lloyd et al., 1999;
Edwards et al., 1999b; Fujita et al. , 2007; Lin et al., 2012; Zhang et al., 2005, 2008;
Szydlowski et al., 2011 ). In addition to its partly redundant function with SS2, SS3 is
believed to be important for the synthesis of long cluster-spanning B chains, as they were
less abundant in the starches of ss3 mutants from several species (Section 1.3 .2.4). It is
unfortunate that the decrease in detection sensitivity of long chains of the HPLC system
employed renders the quantification of these chains difficult; with the setup I used for the
chain-length distribution of plant glucans, these were not captured.
In my studies, SS3 provoked distinct effects on the synthesis of glucans only in three
situations. Firstly, loss of SS3 in the Arabidopsis ss2 mutant background dramatically
reduced the accumulation of glucans (Chapter 2, Figures 2). Secondly, loss of SS3 in the
Arabidopsis ssl/isal mutant background resulted in cracked and small granules in the
mesophyll (Chapter 2, Figure 7). Thirdly, SS3 only enabled the accumulation of glucans
by SS 1 and/or SS2 in the presence of ISA in yeast (Chapter 4, Figure 2a and
Supplementary Figure 4).
In regard to the third aspect, SS3 seemed to fulfil a function similar to that of SS4:
without both SS3 and SS4 yeast strains were essentially glucan-free in the presence of
ISA (lines 1, 3 and 9) (Chapter 4, Figure 2a and Supplementary Figure 4). This phenotype
raises the question about the special role played by SS3 and SS4 in permitting glucan
synthesis. Plant mutants deficient in SS4 were only little analyzed here, but previous
analyses pointed toward a role for SS4 during starch-granule initiation as the number of
granules per chloroplast is markedly reduced in ss4 mutants (Roldan et al. , 2007). The
phenotype ss3/ss4 Arabidopsis mutants is more extreme as these mutants do not
accumulate glucans (Szydlowski et al., 2009), similar to what I saw in yeast. The ss3/ss4
plant phenotype was interpreted to mean that SS3 can partly replace SS4 during the
initiation (Section 1.3.2.5).
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To test whether priming might also be the problem in yeast without SS3 and SS4, I
analyzed lines in which the two genes encoding the endogenous glycogenins (GLGI and
GLG2) were still intact. Indeed, SSl together with BE3 (but without ISA; line D vs. E)

produced far more glucans in the presence of the glycogenins, but the effect was small in
the case of SS2 (Chapter 4, Supplementary Figure 5). This suggests that SSl (and SS2)
have incomplete capacity to elongate the available primers or to generate their own
primers and can furthermore interact with the glycogenins. However, my yeast lines (lines
0 to 29) revealed another important observation: that lines with SS 1 and/or SS2 as sole
starch synthases but without ISA (lines 0, 2, 8) did accumulate glucans (Chapter 4, Figure
2a and Supplementary Figure 4). As described in Section 5.2.3 , there is evidence for a
degrading function of ISA when faced with glucans such as glycogen or aberrant
amylopectin, and also the glucan-free phenotype of yeast without SS3 and SS4 may be
caused by excessive hydrolysis by ISA. However, it is noteworthy that we did not
measure malto-oligosaccharides, the products of ISA hydrolysis, in these yeast lines
(Chapter 4, Supplementary Figure 6). An explanation for this may be that ISA action
impedes glucan synthesis at a very early point so that it never really commences.
These concepts raise the question as to whether ISA contributes to the glucan-free
phenotype of ss3/ss4 Arabidopsis. Little is known about the supposed mechanism of
priming by SS4 and SS3. It probably differs from glycogenin as self-glycosylation was
not detected in either SS3 or SS4 (Szydlowski et al. , 2009). Recently, Arabidopsis SS 1 to
SS4 were shown to accept maltose as a glucan primer (Brust et al., 2013), which may be
synthesized de nova in Arabidopsis (Linden et al., 1975; Szecowka et al. , 2013),
questioning even the need for a special primer. However, expression of a bacterial selfpriming glycogen synthase in ss3/ss4 mutants greatly increased glucan content and
granule number, although not all aspects of wild-type granule formation were restored. In
particular, the tight regulation of granule number was not preserved and nor was granule
shape (Crumpton-Taylor et al., 2013).
It is tempting to speculate that the function of SS4 during granule initiation lies in an
aspect beyond the mere provision of a primer. In yeast, SS4 had a very distinct impact on
the insolubility of the glucans. In all instances, its presence increased the percentage of
insoluble glucans to a remarkable extent (on average by 71 % ± 18%) and the yeast line
with SS4 as the only SS (line 7) also had the highest percentage of insoluble glucans
(Chapter 4, Figure 3a, b). This insolubility-promoting effect could not be attributed to a
distinct change in the lengths of cluster-filling chains as was the case in SSl and SS2, but
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SS4 had the tendency to reduce the number of these chains in favor of longer chains,
which may also promote glucan insolubility (Chapter 4, Supplementary Figure 9b). In any
case, the crystallization-promoting capacity of SS4 could facilitate granule initiation by
protecting glucans from premature degradation. SS3 could help in this process: its
aforementioned high synthase activity across species and high capacity to synthesize long
B chains and thus possibly to initiate new layers may help to overcome degradation in the
absence of SS4.
The function of SS4 may be distinct in plants, where it contributes only a little to the
measurable SS activity and was furthermore reported to interact with plastoglobuleassociated fibrillins (Szydlowski et al., 2009; Gamez-Arjona et al., 2014). I do not have
quantitative data on SS4 activity in yeast but the reported interaction is unlikely to be
reproduced in the yeast system. Furthermore, a plant phenotype associated with SS4
could not be reproduced in yeast: Whereas my work suggested that ISA degrades glucans
made by SSl and SS4 in Arabidopsis (ss2/ss3 mutants) (Section 5.2.3), this was not
apparent in the corresponding yeast line (line 13; Chapter 4, Supplementary Figure 4).
The reason for this may lie in a higher or deregulated SS4 activity in yeast compared with
plants; alternatively, the degradation by ISA may be influenced by the action of other
hydrolytic enzymes in plants. Also enzyme balance may play a role in the glucan-free
phenotype of the yeast without SS3 and SS4 (lines 1, 3 and 9): all three lines which were
glucan-free when heterologous gene expression was induced for 6 h in liquid cultures did
manage to produce some glucans when induced on plates for 24 h (Chapter 4, Figure 1b).
The differences in enzyme activities between these conditions remain to be investigated.
The starch-free phenotype of ss3/ss4 Arabidopsis may furthermore involve hydrolytic
enzymes other than ISA. A double mutant impaired in SS4 and GWD (a starchphosphorylating enzyme important for starch degradation, Section 5.1.4) accumulated
more starch overall, but still had no granules in immature leaves (Crumpton-Taylor et al.,
2013). However, while phosphorylation of glucan chains is certainly important for the
degradation of crystalline glucans, it may not be required for the degradation of soluble
glucans. Accordingly, this result does rule out the action of hydrolytic enzymes on
potential soluble glucans made in ss4 and ss3/ss4 mutants. Clarification will require the
analysis of multiple mutants combining ss4 and/or ss3, isa or other hydrolytic enzymes.
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5.2.3

Function of ISA Isoamylase

Debranching by ISA has been attributed to the "trimming" of branches. In its absence, a
high number of excessive branches (from the branching enzyme reaction) would
accumulate in the amorphous layer, rendering the initiation of a new crystalline layer by
starch synthases impossible (Ball et al. , 1996). This is consistent with the low molecular
weight of phytoglycogen particles and their deficiency in long cluster-spanning chains
(Nakamura et al., 1996; Inouchi et al., 1987; Kubo et al., 1999). Since the branches in
phytoglycogen also appeared to be abnormally close with respect to amylopectin, it was
suggested that ISA would remove such "misplaced" branches, which would otherwise
interfere with the formation of double helices and the crystallization of the glucan
(Delatte et al., 2005). However, how isoamylase would discriminate between well- and
"misplaced" branches remains elusive.
When my former colleague Maria Sundberg incubated ISA1/ISA2 purified from
Arabidopsis with oyster glycogen or potato amylopectin and analyzed the products after
several time points by HPLC, she observed distributions of linear chains similar to
complete debranching by commercial debranching enzymes (Chapter 3, Figure 6). Only
when the substrate was a ~-limit dextrin (a glucan pre-treated with ~-amylase so that
branches are shortened to stubs of DP 2 or DP 3), ISA released branched chains,
suggesting that it did not hydrolyze the stubs directly but inner branches instead. Such
short chains, however, should only occur after extensive action of amylases and are
unlikely to be encountered during normal starch synthesis. Indeed, DP 3 and DP 4
branches constitute the preferred substrates of ISA3 (Takashima et al., 2007), which is
mostly involved in starch degradation (Delatte et al., 2006; Streb et al., 2008). Thus, the
present data give no indication of a specificity of ISA for chain lengths of DP 4 or longer,
which includes the chains transferred by branching enzymes (Guan et al., 1997). Even
more surprisingly, the data also points toward a complete hydrolysis of glucans by ISA.
Unfortunately, it is difficult to monitor specificity in terms of branch-point placement; the
only means currently available for looking at this are ~-limit distributions and these
cannot be unambiguously interpreted. To my knowledge, retrieving information about
specificity using alterations on ~-limit distributions has not yet been attempted.
My data suggest that ISA prevents the accumulation of glucans also in vivo. Firstly,
heterologous expression of Arabidopsis ISA in E. coli and yeast drastically reduced the
glucans synthesized by the endogenous glycogen-biosynthetic machinery (Chapter 3,
Figure 8b and Chapter 4, Supplementary Figure 2a). Secondly, ss2/ss3 Arabidopsis
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mutants possessed abnormally small amounts of glucans while ss2/ss3/isa mutant
displayed levels close to those of isa mutants (Chapter 2, Figure 2). Thirdly, yeast lines 0,
2 and 8, with only SS 1 and/or SS2 as starch synthases, produced significant amounts of
glucans, while the three corresponding lines with ISA were essentially glucan-free
(Section 5.2.2; Chapter 4, Figure 2a and Supplementary Figure 4). Neither in the glucanfree yeast lines nor in ss2/ss3 plants did we detect defects in biosynthetic genes (Chapter
4, Supplementary Figure 3; Chapter 2, Supplementary Figure Sl). In E. coli, we observed
remnants of ISA action in the form of linear chains between DP 20 and 50 (Chapter 3,
Figure 9). These chains were not apparent in yeast. In the wild-type background, maltooligosaccharides may have been degraded by phosphorylase, although this enzyme also
was not mutated in E. coli. Still, variation of expression in the yeast wild-type
background showed that ISA expression levels correlate negatively with glucan levels
(not shown) and repression of expression restored glucan levels (Chapter 4,
Supplementary Figure 2a). Together, these results suggest that the low glucan contents
are not due to synthesis defects per se but that ISA may degrade glucans under some
conditions.

It is striking that whether or not ISA degraded the glucans depended on the presence of
starch synthases both in plants and in yeast (in E. coli, this possibility was not
investigated). In the plant study, ss2/ss3 was severely affected, but ss2 or ss3 alone were
not. In yeast, glucan synthesis in liquid cultures required either SS3 or SS4. It is possible
that this is predominantly a matter of enzyme balance (i.e. synthesis vs. degradation).
However, it appears that there is also a requirement for specific starch synthases. As
described in detail before (Sections 5.2.1 and 5.2.2), SS2 and SS4 action appears to
promote the crystallization of glucans, but probably by different mechanisms. SS3 may
help in that process by its high synthetic capacity and the ability to initiate new clusters.
Thus, the distinct action of starch synthases may influence the competence of a glucan to
crystallize, which in turn could regulate the activity of ISA. A crystallization-competent
glucan layer may readily crystallize upon debranching, rendering it inaccessible for
further modification - but if the structural properties such as shortened chains delay the
formation of secondary structures, this kind of regulation will be useless, as might be the
case in glycogen-like glucans.
This hypothesis goes beyond the classical "trimming" model by Ball et al. (1996), in
which debranching is confined to the period between branch placement by branching
enzymes and branch elongation by synthases and is not influenced by the latter. However,
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considering the evidence for different specificities of the ISA 1 homomultimer and the
ISA1/ISA2 heteromultimer in cereals (Utsumi and Nakamura, 2006; Kubo et al. , 2010;
Utsumi et al., 2011 ; Lin et al. , 2012), there may be additional aspects ofISA specificity
that we are not yet aware of.

5.3 Future Perspective of Starch Research
The present work did not only yield important insights into starch biosynthesis, but also
presented a promising basis for the accelerated study of starch biosynthesis in the future.
The ultimate goal of a complete understanding, however, will certainly require more
work. It will require that we know exactly how each enzyme contributes to the final
glucan, which includes knowing about the specificities of the enzymes, how they are
regulated, whether they interact with other proteins, and - ideally - also how we can
modify the kinetic properties of the enzymes. The closer we come to this point, the more
successful the targeted modification of crops will be and thus the yield in tailor-made
starches.
In my opinion, the maJor gaps m our understanding are the following: Firstly, our

knowledge of the contribution of starch degradation during the synthesis of transient and
storage starches, both in wild-type and mutant plants, is unsatisfactory (discussed in
Section 5.1.3). This knowledge is important since a possible contribution affects the
interpretation of phenotypes and influences whether Arabidopsis leaves constitute an
appropriate model system for storage starch synthesis or not. The analysis of starch
synthesis and degradation should therefore be combined using mutants impaired in both
aspects.
Secondly, we require better methods for the structural analysis of glucans. This clearly is
not a trivial task as the composition of starch poses two obstacles: the homogeneity on the
molecular level, i.e. the composition of a-1 ,4 and a-1 ,6 linked glucose only, and the
heterogeneity on the molecule level in terms of branch placement and chain length. Forty
years have passed since the proposal of the cluster model of starch by Nikuni (1969/1978)
and French (1972), but we still lack the means discriminate between this and later models,
such as the backbone model by Bertoft (2004). Instead of determining how glucose units
are actually distributed, we rely on analytical techniques which provide information about
the frequency of structures and mere average values. These limitations render the
interpretation of alterations of starch structure in mutants difficult. What are the chains
that are elongated in ss I mutants? What are the changes in branching introduced by ISA?
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Even if it is not possible to determine the exact distribution of glucose units in starch, we
should start to apply modelling on the chain-length distributions, ~-limit chain-length
distributions etc. to test our hypotheses on glucan structure. Furthermore, our separation
of soluble and insoluble glucans based on low-speed centrifugation is arbitrary and
unlikely to directly reflect glucan crystallinity, as sedimentation rate depends on particle
size, shape and density. This could be tested by fractionating glucans made in wild type
and phytoglycogen-accumulating lines at different centrifugation rates and analyzing the
pelleted glucans quantitatively and qualitatively.
A better knowledge of glucan structure would also boost our understanding of the
relationship between structure and physico-chemical properties of starch. It will be
necessary to include the appropriate analyses , such as determination of gelatinization
curves, crystallinity or retrogradation capacity, in future work with plant and yeast
glucans, despite their high demand in sample quality and amount. It is these physicochemical properties that will later define the end-uses of individual starches.
.
Thirdly, we need to refine our understanding of the involvement of individual enzymes
In particular, the importance of enzymatic balance remains elusive and impairs the
interpretation of phenotypes also in the present work (e.g. concerning the question why
the glucans made in yeast differ from Arabidopsis amylopectin, Section 5.1.4). For
instance , we do not know yet how important the balance between branching and
debranching for the synthesis of semi-crystalline starch is. Would a lower level of
branching help synthesize insoluble starch granules in the absence of ISA? As a starting
point, heterozygous plant mutants should be included in mutant sets. Another possibility
to address the above question would be to reintroduce BE2 and/or BE3 into a be2/be3/ isa
Arabidopsis mutant - or to create BE suppressor lines in isa - and to analyze a series of
lines with varying expression of the branching enzymes. In yeast, the expression levels of
ISA, BE2 and BE3 may also be independently varied and the glucans analyzed. Such
variation could also help to understand the degrading action of ISA. Would an increased
branching counteract hydrolysis of branches by ISA? According to the model of ISA
regulation (Section 5.2.3), the opposite should be the case: the increased branching should
increase the solubility and thus the susceptibility for degradation by ISA. Similarly, it
would also be interesting to investigate the role of the catalytic capacity of SS 1 and SS2.
Does the overexpression of SSJ in wild-type Arabidopsis provoke the accumulation of
phytoglycogen despite the presence of ISA? And does the overexpression of SS2 restore
151
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starch synthesis in its absence? Answering these questions is important since it would
help to disentangle the relationship between mere activity and specificity of enzymes.
The yeast system may provide an excellent basis to investigate these aspects and to fill
gaps in our knowledge concerning required enzyme balances, enzyme specificities and
the role of degradation. In this respect, the present system should be regarded as a start
point, ready for further modifications to address research questions. Together with
accompanying in-vitro studies of purified or recombinant enzymes and systematic plant
mutant studies, we may create a holistic view of starch biosynthesis - especially if aided
by mathematical models. Given that cereal starch biosynthesis involves complex
formation between starch synthases, branching enzymes and possibly more proteins
(Section 1.3.5), and that also the function of Arabidopsis SS4 may be mediated by
protein-protein interactions (Section 1.3.2.5), the formation and function of complexes
should be systematically investigated in planta and also implemented in the models.
Last but not least, we should reinforce the collaboration between work in model systems
and our staple crops. Models and important findings need be tested in these plants. This is
often difficult as true mutants are rare and suppressor mutants may show varying
expression; work therefore has to be dedicated to identifying interesting mutants, for
instance by TILLING. Since most starch research in the end aims to be transferred to
crops, this will also be the level at which the yeast system can prove its usefulness. In this
respect, it may be advantageous to directly express genes from starch crops as a next step.
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