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Preface

Although it is still hard to imagine the profession in future, I started my PhD because of
dreaming to be a scientist. In the spring of 2008, I took the first flight in my life, strode over two
continents, 8 000 kilometres, and arrived at Leuven with a welcome rain. This is an old city with
churches, Gothic style buildings and cobblestone streets, and people are mostly with blond hair and
blue eyes like in the fairy tale. I still can remember the smell of the air, the feeling of the wind,
and the moment that I realized I am a stranger. Since then, four entire years have passed without
noticing, and now I have finished this bitter-sweet journey.

The research described in this thesis has been performed within the FWO project to study the
function and localization of sugar metabolizing enzymes. It was filled with both good times and
bad times. There were moments everything went well, but there were also moments I wanted to
burn all my plants into ash or curse the bacteria. This thesis is probably not the outcome that the
people who wrote proposal had in mind, but I would like to thank my supervisor, Prof. Wim Van
den Ende, for the freedom and the time he gave me to find my own way. Wim has supervising
during the whole process, with his sensational ideas and great patience. The discussions are always
very helpful and made me aware of the disadvantages. I especially thank Wim for the thesis
and manuscript writing. He has spent a lot of time in reading all my text and has helped me
to transform my scattered work into coherent thesis. Without his enormous help I could never
achieve. I am very grateful to my co-promoter, Prof. Filip Rolland. He had a big influence on
my research processes, pointed out the research frontiers, and made many things possible. For
example, he recommended the PhD school in Germany, where I have benefited a lot. Great thanks
to Professor Johan Thevelein and Professor Koen Geuten for the confocal microscope and qPCR
machine, and to all the jury members for their careful deliberations for this thesis.

In every nation, there are individual people, and I am such a lucky person that I met so many
great people here. I would like to thank Rudy for his help in operating the instruments, guiding
the biochemical experiments, and I will never forget how helpful he was after my ridiculous bike
accident. Many thanks to Katrien for her insights and suggestions for my research, and especially
for her great help in revising the thesis in the last months. I would like to express my gratitude to all
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my current and former colleagues for the great working atmosphere and interesting conversations.
Mieke, thanks for your willingness to host me in Zurich, I had a wonderful tour there along the
lake and in the botanic garden. And it was so nice to go to aerobic together. Willem, thanks to
all your interesting stories, it always made the way to the bus stop shorter. The coral draw was
considerably useful for the paper work. Particularly, my plants and programmes say they miss your
magic hand. Lindsey, thank you for offering the yeast strain and lots of other materials for the
practicum course. And it is always very nice to see and hear your laugh in the lab. Ingeborg, you
are essential for the lunch group. It is very kind of you to still remember my defence and job seeking
in such a hard moment. Veerle, thanks for the help in experiments, your great high yield miniprep
protocol and glycerol stocks, and enjoyable lunch talks. Thanks Sara for all the interesting, funny
and stupid conversations we had, and the spare time we spent together. I also would like to thank
Emerik, Darin and Timmy for their kindly help in research and presentation, and especially listen
to my complaint. And of course, Nadine, thanks for the friendship and particularly, guiding to the
registration on the first day.

Furthermore, I would like to thank the Chinese colleagues. Yudi, thanks a lot for picking me up
at the airport in the early morning, and the Friday evening table tennis is always a great fun. Yi
and Jing, thank you very much for sharing the protoplasts and lots of other chemicals, and taking
care of the plants during my vacation. Specifically, you made my life in lab more interesting and
lively.

Finally, I would like to thank Elmar. Elmar, your contribution is a completely different kind.
I thank you for your love, support, and good temper. I deeply thank my parents, for your love and
support, always being on my side, and enduring all the ups and downs I had during my life till
now, and definitely also in the future.

All the best

Li 相丽

Spring, 2012. Leuven
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Abstract

Sucrose is one of the most widespread disaccharides in nature and especially
ubiquitous in higher plants as the first free sugar resulting from photosynthesis.
Moreover, it is the major transport sugar in plants bringing carbon skeletons
from source to sink organs. Invertases split sucrose into glucose and fructose.
Two invertase types, acid and alkaline/neutral invertases (A/N-Invs), can be
discerned. Sucrose metabolism is intimately connected to sugar sensing and
carbohydrate partitioning throughout plant growth and development. Fructans,
fructose polymers based on sucrose, occur in the vacuoles of about 15% of
flowering species. Next to their classic role as soluble reserve carbohydrates and
their economic importance (prebiotics), they play roles in osmoregulation and
stress tolerance mechanisms (e.g., membrane stabilization and neutralization
of Reactive Oxygen Species or ROS) in plants. Fructan metabolizing enzymes
including fructosyltransferases (FTs such as 1-SST and 1-FFT, involved in
fructan synthesis) and fructan exohydrolases (FEHs, fructan degradation) are
related to acid invertases. This class also harbours the so-called “defective
invertases” that lost their capacity to degrade sucrose.

In the first part of this work (Chapter 3), a cytosolic (At-A/N-InvG) and a
mitochondrial (At-A/N-InvA) member of the A/N-Invs from the model plant
Arabidopsis thaliana have been analysed in detail. Although both knockout
plants showed a dwarf phenotype, the growth defect of Atinva was even more
severe. The absence of either A/N-Inv was associated with higher antioxidant
defence gene expression, while overexpressing either of them could down-regulate
the oxidative stress-responsive ascorbate peroxidase 2 (APX2) promoter. It
is proposed that both mitochondrial and cytosolic A/N-Invs can generate
glucose as a substrate for mitochondria-associated hexokinase, contributing to
mitochondrial (and perhaps cellular) ROS homeostasis.

Furthermore, this thesis demonstrated that there are at least two secretion
pathways to the lytic vacuole (LV) in plants (Chapter 4). The 1-FEHIIa
of Cichorium intybus (Ci1-FEHIIa) follows the well-known BP80-dependent
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pathway, with Ci1-FEHIIa taken as cargo by BP80. The RNLNDVIMLAN
motif in Ci1-FEHIIa contains the vacuolar targeting information. On the
contrary, the vacuolar invertase 2 of Arabidopsis thaliana (AtVI2) follows a
BP80-independent pathway, the N-terminal part probably being recognized
by an AP complex (e.g., AP3). Next to the TMD, also a basic region and a
dileucine core motif (SSDALLPIS) are essential for proper sorting and targeting
to the vacuole. Subcellular localization studies with GFP fusion proteins in
protoplasts showed that the 1-FFT of Cichorium intybus (Ci1-FFT), similar to
AtVI2, is rapidly transported to the central vacuole. Compared to Ci1-FFT,
Ci1-SST was retained for a much longer time in the ER, before reaching the
central vacuole (Chapter 5).

In the last part (Chapter 6), subcellular localization studies on At6&1FEH, a
defective invertase from Arabidopsis thaliana, showed a dual localization in the
cytosol and in the nucleus. At the tissue level, a GUS assay with the At6&1FEH
promoter showed a clear expression in seedling roots, especially in root tips.
This suggested that At6&1FEH, besides its putative non-enzymatic role in plant
defence mechanisms, might be involved in the regulation of root development
and/or in the division or differentiation of (particular) cells in the root tip.



Beknopte samenvatting

Sucrose is één van de meest wijdverspreide disacchariden in de natuur en
alomtegenwoordig in planten. Het is de eerste vrije suiker die wordt gevormd
tijdens fotosynthese in bladeren (source organen), die dan verder wordt ge-
transporteerd naar de andere organen van de plant (sink organen). Invertase
enzymen breken sucrose af tot glucose en fructose; er wordt een onderscheid
gemaakt tussen zure en alkalische/neutrale invertasen (A/N-Invs). Het sucrose
metabolisme is zeer sterk verweven met suiker sensing/signalering en de
verdeling van koolhydraten tijdens plantengroei en -ontwikkeling. Fructanen,
sucrose gebaseerde polymeren van fructose, komen voor in de vacuolen van
ongeveer 15% van de bloemplanten. Naast hun functie als wateroplosbare
reservekoolhydraten en hun economisch belang (prebiotica) kunnen fructanen in
planten ook een rol spelen bij osmoregulatie en stress-tolerantie mechanismen
(bv. membraanstabilisatie en neutralisatie van Reactive Oxygen Species of ROS).
De fructanmetaboliserende enzymen, fructosyltransferasen (FT’s zoals 1-SST
en 1-FFT betrokken bij fructan synthese) en fructan exohydrolasen (FEH’s,
fructan afbraak) zijn sterk verwant met zure invertasen. Binnen deze klasse
komen ook zogenaamde “defecte invertasen” voor die geen sucrose meer kunnen
afbreken.

Tijdens een eerste deel van dit doctoraatsonderzoek (Hoofdstuk 3) werden
twee Arabidopsis thaliana A/N-Invs in detail bestudeerd: een cytosolische (At-
A/N-InvG) en een mitochondriale (At-A/N-InvA) vorm. Knock-out planten van
beide invertasen worden gekenmerkt door dwerggroei, het meest uitgesproken
bij Atinva planten. De afwezigheid van beide A/N-Invs is geassocieerd met een
hogere expressie van een aantal genen betrokken bij oxidatieve stress responsen,
waaronder ascorbaat peroxidase 2 (APX2). Overexpressie daarentegen resul-
teert in een downregulering van de ascorbaat peroxidase 2 promoter. Zowel
mitochondriale als cytosolische A/N-Invs zouden glucose kunnen toeleveren aan
michondriaal geassocieerde hexokinasen, ter bevordering van mitochondriale
(en wellicht ook cellulaire) ROS homeostase.
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Voorts kon tijdens dit doctoraatsonderzoek (Hoofdstuk 4) worden aangetoond
dat in planten tenminste 2 secretiewegen voorkomen die leiden naar de lytische
vacuole. Het 1-FEHIIa van Cichorium intybus (Ci1-FEHIIa) volgt de algemeen
gekende, BP80-afhankelijke, weg naar de vacuole. Het RNLNDVIMLAN motief
in Ci1-FEHIIa bevat het vacuolaire targeting signaal. Het vacuolaire invertase
2 van Arabidopsis thaliana (AtVI2) daarentegen volgt een BP80 onafhankelijke
weg. Het transmembranair domein (TMD) van AtVI2 blijft geïnsereerd in
membranen en de N-terminale van AtVI2 wordt wellicht rechtstreeks herkend
door een AP complex (bv. AP3). Naast de TMD bevat AtVI2 ook een basic
region (BR) en een dileucine motief (SSDALLPIS) die beiden cruciaal zijn voor
correcte sortering naar de vacuole. Lokalisatiestudies met GFP-fusieproteïnen
toonden aan dat het 1-FFT van Cichorium intybus (Ci1-FFT), net zoals AtVI2,
snel terecht komt in de centrale vacuole. In vergelijking met Ci1-FFT wordt
Ci1-SST langer weerhouden in het ER alvorens het finaal naar de vacuole wordt
getransporteerd (Hoofdstuk 5).

In een laatste deel (Hoofdstuk 6) werd een defect invertase uit Arabidopsis
thaliana onderzocht (At6&1-FEH). Subcellulaire lokalisatiestudies toonden een
aanwezigheid van At6&1-FEH aan zowel in het cytosol als in de nucleus. Op
weefselniveau toonde een GUS assay met de promoter van At6&1-FEH een
duidelijke lokalisatie aan in de wortel, vooral in de worteltop. Dit suggereert
dat At6&1-FEH, naast een mogelijke (niet-) enzymatische functie in plant
verdedigingsmechanismen, ook betrokken zou kunnen zijn bij de regulatie van
wortelontwikkeling en/of de deling en differentiatie van cellen in de worteltop.



Research Objectives

Plants produce sugars and oxygen by photosynthesis, and as such they are
essential organisms in many ecosystems. Mankind greatly depends on plants for
food and the creation of improved, stress-tolerant crops is a matter of urgency
in our rapidly changing world. Sugars take a central position in plant life. In
particular, sucrose is the first free sugar generated from photosynthesis and the
major transport compound in most plant species. However, sucrose needs to
be split into glucose and fructose before it can be used as a source of energy.
Invertases are the most important sucrose splitting enzymes; acid invertases
(vacuolar invertases: VIs and cell wall invertases: CWIs) and alkaline/neutral
invertases (A/N-Invs) can be further discerned. These enzymes are known to
play important roles in source-sink relationships and carbohydrate partitioning.
As modulators of sucrose/hexose ratios they are believed to be crucial players
influencing sucrose, glucose, and fructose specific signaling pathways, controlling
overall plant growth, development, and photo-periodic flowering. Therefore,
invertases became a “hot” research topic in modern plant sciences. Although the
function of some invertases and related fructan metabolizing enzymes became
more clear lately (Chapter 1, Sucrose and fructan metabolism), many
questions remained on the function and cellular localization of other invertase
forms and invertase-related proteins such as the so-called “defective invertases”.
In addition, the long-standing paradoxical role of VIs in source leaves and the
exact significance of their complex N-terminal propeptides related to sorting
(Chapter 2, Protein sorting) and vacuolar targeting processes remained
unclear, and stimulated us to perform further research.

Compared to acid invertases, A/N-Invs are poorly studied. They were be-
lieved to be exclusively cytosolic enzymes, until recently some forms were
detected in (or attached to?) chloroplasts and mitochondria. The function
of these plastidial A/N-Invs remained puzzling. Therefore, in Chapter 3
(Neutral invertase-oxidative stress defence connection), we studied the
localization and putative function of the two most highly expressed A/N-Inv
genes, belonging to the plastidic (At-A/N-InvA) and cytosolic (At-A/N-InvG)
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subgroups, respectively. When plants are exposed to abiotic and biotic stresses,
reactive oxygen species (ROS) homeostasis is disturbed, resulting in oxidative
stress. Mitochondria, chloroplasts, and peroxisomes are the major sources of
ROS production in plant cells. A/N-Inv gene expression and enzyme activities
were also described to increase under stress. Although cross-talk between sugar
and ROS signaling pathways is evident in plants, no clear link was established
between A/N-Invs and antioxidant defence. This thesis aims at clarifying
the intriguing A/N-Inv-oxidative stress connection with an additional role for
hexokinases in the process.

Vacuolar invertases (VIs) are believed to contribute to sink strength, especially
in young sink tissues, such as seedling hypocotyls, developing fruits, developing
ovaries, juvenile petioles, and expanding fiber tissues. Typically, both VI
activity and protein levels are very high in such tissues. High VI activity and
gene expression are typically observed in stressed plants. Two VIs (AtVI1 and
AtVI2) occur in Arabidopsis. Recent modeling approaches and metabolite
analyses in wild type and AtVI2 knockout plants suggested that AtVI2 may
have a substantial regulatory influence on whole plant metabolism as well
as on photosynthetic efficiency. Thus, plant VIs are potentially interesting
biotechnological targets to increase plant biomass production, especially under
stress. Therefore, VI overexpression, VI degradation suppression, or VI inhibitor
suppression might be useful strategies to stimulate cell expansion and/or
counteract stresses. It was suggested in the literature that VIs can reside
for a long time in extravacuolar compartments (e.g., ER bodies) in an inactive
form and perhaps away from their vacuolar substrates. It is clear that the timing
and control of vacuolar delivery is of crucial importance. Since no detailed
studies yet occurred on the sorting of VIs in Arabidopsis source leaves, we
have undertaken such studies in Chapter 4 (Vacuolar invertase sorting
signals and sorting pathway) with focus on unravelling in detail the sorting
information hidden in the complex N-terminal propeptide region of AtVI2, the
most abundantly expressed VI in Arabidopsis. Such information might lead to
tools to speed up the timing of delivering VIs to the vacuolar compartment,
extending its functional period and contributing to biomass accumulation.

Next to starch and sucrose, fructans (fructose polymers) are an alternative
class of storage carbohydrates occurring in 15% of flowering plants, as well
as in some bacterial and fungal species. Inulin-type fructans derived from
Cichorium intybus (chicory), a model plant for inulin metabolism, are widely
used as prebiotics in food and feed. In plants, fructans are more than a reserve
carbohydrate. They contribute to plant regrowth, cold and drought tolerance,
cell membrane stabilization and grain filling, especially under stress. Recently,
they were even considered as stress signals and as ROS scavengers. Fructan
biosynthesis in plants is catalyzed by at least two fructosyltransferases (FTs), e.g.,
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sucrose:sucrose 1-fructosyltransferase (1-SST, an initiator) and fructan:fructan 1-
fructosyltransferase (1-FFT, an elongator) are required to synthesize inulin-type
fructans. Fructan exohydrolases (FEHs) are involved in fructan degradation.
Some reports in the literature suggested an extravacuolar localization for FTs,
next to the more widely accepted vacuolar localization. Likewise, some FEHs
were reported in the apoplast while others were proposed to be vacuolar enzymes.
So far no localization studies had been performed by studying the subcellular
localization of fructan enzyme GFP fusion proteins. Therefore, we set out
such studies in Chapter 5 (Localization and sorting of 1-SST and 1-
FFT) and Chapter 6 (Localization and sorting of FEH) with focus on
the subcellular localization of the three most important fructan metabolizing
enzymes in chicory: Ci1-SST, Ci1-FFT and Ci1-FEHIIa. Like in Chapter 4,
unravelling the position and nature of the vacuolar targeting signal in FEHs and
FTs will not only provide fundamental insights in the evolution of FEHs from
CWIs and in the evolution of FTs from VIs, but likely it will also provide tools to
manipulate fructan metabolism to improve plant stress tolerance and maximize
industrial fructan production. Perhaps, the current fructan models, with an
exclusive vacuolar localization for fructan enzymes, need to be reconsidered.
If fructan synthesis is split out over more cellular compartments, varying the
timing and specific combination of different FTs (and FEHs) in each of these
compartments is expected to greatly influence fructan structures, fructan profiles
and fructan quantities. This creates new opportunities to produce novel fructan
fractions with superior prebiotic properties (see also Chapter 8, General
conclusions and perspectives).
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Chapter 1

Sucrose and fructan
metabolism

1.1 Sucrose metabolism and signaling

1.1.1 Introduction

The non-reducing sugar sucrose, a disaccharide of glucose and fructose, is the
first free sugar derived from photosynthesis, and the main transport compound
to translocate carbon from source to sink tissues in most plants (Koch, 2004).
However, some plants use galactosyl extensions of sucrose (raffinose family
oligosaccharides, RFOs) for this purpose (Keller and Pharr, 1996). Such non-
reducing sugars sustain heterotrophic metabolism and growth after hydrolysis
into hexoses and transformation into hexose phosphates. Alternatively, in
reserve organs, sucrose can be stored as such (e.g. sugar beet, sugar cane) or
transformed into starch or fructans (Van den Ende et al., 2004). The processes
of synthesis, transport and utilization of sucrose are schematically summarized
in Fig. 1.1. These processes are tightly regulated. Changes in the rates of
these processes affect sucrose levels and cellular metabolism both locally and
systemically, thereby influencing plant growth and development. Interestingly,
sucrose acts as metabolite and signaling molecule (Wind et al., 2010). Hence,
manipulation of sucrose metabolism leads to alterations in cell differentiation,
plant growth, development, stress resistance, and crop quality. As a consequence,
a better understanding of sucrose metabolism and sucrose sensing systems in
plants will lead to opportunities to adapt plant metabolism and growth. The

1
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Figure 1.1: Overview of the life and death of a sucrose molecule (Wind
et al., 2010).
Sucrose is synthesized in the source cells, and then transported to the sink for
utilization or storage. Sucrose transport depends on sucrose transporters, as
indicated by circles with arrows. CINV, cytosolic/organellar invertase; CWI, cell
wall invertase; P, phosphate; SPP, sucrose-phosphatase; SPS, sucrose-phosphate
synthase; Suc, sucrose; SUSY, sucrose synthase; UDP-Glc, UDP-glucose; VI,
vacuolar invertase.

first chapter describes in detail the enzymes involved in sucrose metabolism.

1.1.2 Sucrose biosynthesis

sucrose is synthesized in the cytosol from photosynthetically fixed carbon, starch
reserves, or lipids. The pathway for sucrose biosynthesis involves the sequential
action of sucrose phosphate synthase (SPS, EC 2.4.1.14), which catalyses the
conversion of UDP-glucose and fructose-6-phosphate (F6P) into sucrose-6-
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phosphate, and sucrose-6-phosphate phosphatase (SPP, EC 3.1.3.24), which
converts sucrose-6-phosphate into sucrose and inorganic phosphate (Pi) (Huber
and Huber, 1996). The hydrolysis of the intermediate, sucrose-6-phosphate,
leads to an essentially irreversible synthesis pathway that provides an efficient
production of sucrose, even at low substrate concentrations. Sucrose synthase
(Susy) can synthesize sucrose as well, by combining UDP-glucose and fructose.
However, Susy is generally believed to more important in sucrose degradation
processes (see also below; (Elling et al., 1995)).

SPS is an important enzyme in sucrose biosynthesis in plants and microbes (Im,
2004). It catalyses the rate limiting step of sucrose synthesis, and as such it has
an important impact on sucrose export from the leaves (Huber and Huber, 1996).
SPS is a cytosolic enzyme occurring as a dimer or tetramer with optimal pH
7.0. SPS is post-translationally regulated through binding with 14-3-3 proteins
(Zuk et al., 2005), phosphorylation and isomerization (Winter and Huber, 2000).
The first SPS genes were cloned from maize (Worrell et al., 1991) and spinach
(Klein et al., 1993). Since then, many SPS genes have been cloned from an
array of different plant species. Phylogenetic analyses show four SPS families,
with further subdivisions (Lutfiyya et al., 2007). SPS is expressed in both
photosynthetic and heterotrophic tissues, such as potato tubers (Geigenberger
et al., 1997), cotyledons (Geigenberger and Stitt, 1991), fruits (Komatsu et al.,
1996), roots and flowers (Fung et al., 2003), developing and germinating embryos
(Im, 2004) and cotton fibers (Xu et al., 2007). The expression of SPS is both
spatially and temporally regulated, as well as species dependent (Chen et al.,
2005; Grof et al., 2006). For example, in citrus fruit, CitSPS1 is expressed at all
development stages, while CitSPS2 is specifically expressed during later stages
with increasing transcription levels until ripening (Komatsu et al., 1999). SPS1
from Oncidium goldiana is highly expressed in flowers and induced by high CO2
concentrations and high light intensities (Li et al., 2003). Such tissue-specific
and development/environment regulated expression patterns were also reported
in potato (Ingram et al., 1997), Arabidopsis (Langenkämper et al., 2002), sugar
beet (Pavlinova et al., 2002), wheat (Castleden et al., 2004), sugar cane (Grof
et al., 2006) and maize (Lutfiyya et al., 2007). SPSB genes from Medicago
sativa (MsSPSB) exhibit heat-enhanced expression levels while MsSPSA genes
show nodule-enhanced expression (Aleman et al., 2010). Expression of a SPS
was also upregulated by heat in maturing tomato pollen (Frank et al., 2009).
Recently, Verma et al. (2011) reported that SPS activity and transcript levels
were positively correlated with sucrose and negatively correlated with hexose
levels in sugar cane. Moreover, both enzymatic activities and gene expression
levels were higher in mature internodes compared to immature internodes.
Okamura et al. (2011) reported on the tissue-specific and diurnal regulated
expression of the SPS gene family in rice.
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SPS is involved in source/sink relationships, cell differentiation, cell wall
synthesis and overall plant growth. Sucrose accumulation in sugarcane (Zhu
et al., 1997), muskmelon fruit (Dai et al., 2011), and kiwi roots (Fung et al., 2003)
depends on SPS activity. SPS activity is positively correlated with leaf expansion
rate (Seneweera et al., 1995), cotton fibre cell development initiation and
secondary wall synthesis (Haigler et al., 2007) and Arabidopsis fibre elongation
(Haigler et al., 2007). SPS overexpression in tomato results in earlier blossoming,
increased fruit setting and total dry weight (Micallef et al., 1995). Increasing
SPS in older leaves of tobacco increased the flower number and whole plant
growth (Baxter et al., 2003). Transgenic SPS overexpressors showed enhanced
plant height and yield in wheat and rice (Ishimaru et al., 2004), in maize (Prioul
et al., 1999), and in Arabidopsis (Park et al., 2008). Conversely, in tobacco
plants, SPP downregulation resulted in chlorosis, impaired photosynthesis and
reduced growth (Chen et al., 2005). A dwarf phenotype (markedly smaller
leaves, reduced plant height, and thinner stem diameter) was also observed in
SPS antisensed muskmelon plants (Tian et al., 2010).

1.1.3 Sucrose degradation

Plants possess two alternative biochemical pathways for sucrose degradation.
One involves hydrolysis by invertase (Inv) followed by phosphorylation via
hexokinase (HXK) and fructokinase (FK). The other route, unique to plants,
involves a UDP-dependent cleavage of sucrose catalysed by sucrose synthase
(Susy, EC 2.4.1.13). Sucrose can be catabolized in the cytosol (Barratt et al.,
2009), in mitochondria (Szarka et al., 2008), in chloroplasts (Vargas et al., 2008)
and in vacuoles (Rojo et al., 2003). Susy catalyses the conversion of sucrose
into UDP-glucose and fructose in the cytosol (Koch, 2004), in mitochondria
(Subbaiah et al., 2006) and in the apoplast (Brill et al., 2011). Invs catalyse
sucrose conversion into glucose and fructose in the apoplast and in different
subcellular compartments (Vargas et al., 2008). Cell wall invertases (CWIs),
vacuolar invertases (VIs) and alkaline/neutral invertases (A/N-Inv) can be
discerned (Ruan et al., 2010).

Sucrose synthase

Susy was first discovered in wheat germs (Cardini et al., 1955). To date, Susy
has been cloned from many species, such as Arabidopsis thaliana (Bieniawska
et al., 2007), Vicia faba (Arai et al., 1992), Glycine max (Arai et al., 1992),
Solanum tuberosum (Fu and Park, 1995), Lycopersicon esculentum (Anguenot
et al., 1999), Daucus carota (Sebková et al., 1995), Citrus paradisi (Komatsu
et al., 2002), and Pisum sativum (Barratt et al., 2001). Susy occurs freely
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soluble in the cytosol or attached to (organellar) membranes or within cell walls
as insoluble enzymes (Brill et al., 2011). Susys can be grouped in one monocot
subclass, two dicot subclasses (Susy1 and SusyA), and a new class including
both monocot and dicot Susys (Harada et al., 2005). The optimal pH for sucrose
synthesis is 8.0–9.5, while 5.5–6.5 is the optimal pH for hydrolysis. Generally,
Susy is considered to catalyse hydrolysis in planta (Elling et al., 1995). Fructose
and UDP-glucose inhibit degradation activity, while UDP inhibits synthesis,
and glucose inhibits both reactions. Susy requires Mg2+ for its activity, while
other metals inhibit its activity (Elling et al., 1995).

In general, Susy gene expression levels are observed in developing tissues
(McCollum et al., 1988). For instance, high expression levels were found in
young tomato and Japanese pear fruits and specifically in vascular tissues and
testae (Ohyama et al., 2010). Susy gene expression is correlated with sink
strength, cell differentiation, cell wall biosynthesis, plant growth, and biomass
accumulation (Brill et al., 2011; Endler and Persson, 2011). Inv activities are
low compared to Susy activities in early fruit development in Citrus aurantifolia
(Komatsu et al., 2002), suggesting that Susy plays a main role in regulating
sink strength during the early stages of fruit development. Similar results have
been obtained for Carica papaya (Zhou and Paull, 2001), and Japanese pear
fruit (Tanase and Yamaki, 2000). Susy activities are very high in strong sinks
such as young potato tubers (Sun et al., 1992), developing cotton seed (Ruan
et al., 2003), maize kernels (Zrenner et al., 1995) and in pea embryos (Déjardin
et al., 1999). Constitutive overexpression of Susy led to higher biomass levels in
tobacco (Coleman et al., 2006) and in mung bean seeds (Chopra et al., 2005).
By contrast, Susy repressed pea mutants lost their nitrogen-fixing capacity and
showed premature senescence of seeds (Craig et al., 1999). Similar results were
obtained in Medicago truncatula (Baier et al., 2010), Arabidopsis (Fallahi et al.,
2008) and cotton seeds (Ruan et al., 2008). Overexpression of a potato Susy in
cotton accelerated leaf expansion, reduces seed abortion, and enhanced fiber
production (Xu et al., 2012), probably mediated by altered sugar signaling, but
this remains to be further investigated.

Maize shl mutants lacking Susy activity showed suppressed endosperm devel-
opment, decreased starch accumulation (Chourey et al., 1998), decreased root
tip diameters and respiratory metabolism (Alonso et al., 2007). This has been
further confirmed in potato (Baroja-Fernández et al., 2009). It is believed
that Susy provides UDP-glucose to cellulose synthases and callose synthases
(Endler and Persson, 2011; Brill et al., 2011). Evidence comes from research on
secondary wall synthesis and of thickening in cotton fibers (Brill et al., 2011),
wheat roots (Albrecht and Mustroph, 2003) and tension wood formation in
poplar trees (Nilsson et al., 2010). In addition, Susy was reported to be involved
in the construction of an extracellular matrix in growing tobacco pollen tubes,
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thus playing a role in pollen tube morphogenesis (Persia et al., 2008). Susy
activity is also positively correlated with starch biosynthesis in heterotrophic
plant tissues (Baroja-Fernández et al., 2003). Indeed, repressed Susy activity
resulted in a substantial reduction of tuber starch content in potato (Bologa
et al., 2003), maize (Chourey et al., 1998) and in pea (Craig et al., 1999).
Accordingly, higher tuber weights and starch contents were observed in Susy
overexpressing potatoes (Baroja-Fernández et al., 2009). While antisensed
transgenic carrot plants showed obvious dwarf phenotypes (Tang et al., 1999),
mutants in any of the six Susys in Arabidopsis appeared phenotypically normal
(Bieniawska et al., 2007), as well as the sus1sus2sus3sus4 quadruple mutant
(Barratt et al., 2009).

Most plants contain at least two Susy isoforms, encoded by different alleles. Like
for SPS, Susy genes typically show spatio-temporal variations in expression levels
(Carlson et al., 2002). For instance, in Citrus fruits (with CitSUS1, CitSUSA,
and CitSUS2 genes), the transcription level of CiSUS1 is downregulated while
CitSUSA is upregulated during fruit development, and CiSUS2 is independent
from them (Komatsu et al., 2002). In maize (Sh1, Sus1, and Sus2 genes), Sh1
is highly expressed in developing endosperm, Sus1 is expressed in roots, stems
and leaves and Sus2 is expressed in the endosperm, ovules, roots and etiolated
shoots (Chourey, 2006). In addition, in root tip cells Sh1 is upregulated by low
glucose and downregulated by high glucose levels, while Sus1 is regulated in
an opposite way (Duncan et al., 2006). Recently, the unravelling of the first
3D structure of Susy (Zheng et al., 2011, AtSusy1) aimed at understanding
the suggested post-translational regulation by phosphorylation (Duncan et al.,
2006) and its interaction with cellular targets (Cai et al., 2011) at the molecular
level.

Invertase

Invs could affect allocation of sugar in different plant parts through hydrolysis, or
regulate expression levels of genes sensitive to changes in the sucrose/hexose ratio.
Based on their pH optimum, Invs are classified as acid invertases (AcInvs) and
alkaline/neutral invertases (A/N-Invs)(Fig. 1.2). According to their solubility,
subcellular localization, and iso-electric point, AcInvs are further distinguished
into VIs and CWIs as described. A/N-Invs are unique to cyanobacteria and
plants (Vargas et al., 2003), and their subcellular localization in mitochondria
and chloroplasts suggests an endosymbiotic origin. Invs are widely believed
to be the main entry route of carbon into cellular metabolism in plants, the
downstream products of the reaction (e.g. UDP-glucose, fructose, glucose,
glucose-6-phosphate and fructose-6-phosphate) being involved in many plant
physiological processes, such as cell wall synthesis, cell division and expansion,
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Figure 1.2: Classification of invertase.
Inv, Invertase; Ac, acid; A/N, alkaline/neutral; c, cytosolic; mt, mitochondrial;
VI, vacuolar invertase.

respiration, starch synthesis, vacuolar storage and biosynthesis of other products.
The broad importance and implications of Invs in plant growth, development and
crop productivity have attracted the attention of many researchers worldwide.
As a consequence, studies on Inv function, localization and regulation at the
transcriptional and post-translational levels steeply increased.

Alkaline/Neutral invertases A/N-Invs are a group of enzymes that only have
been found in photosynthetic organisms, such as photosynthetic bacteria, algae
and higher plants (Vargas et al., 2003). In contrast to significant progress in
studying the function of other sucrose metabolism enzymes, for a long time not
much information was available on A/N-Invs, probably due to their instability
and low activity. Several recent reports, however, shed light on the potential
roles of A/N-Invs in plant development (Vargas and Salerno, 2010, and refs
therein). Unlike AcInvs, A/N-Invs are sucrose specific enzymes that cannot
hydrolyse other β-fructose-containing sugars, such as fructans. Thus, they do
not belong to the β-fructofuranosidase family GH32 (Lammens et al, 2008),
and they are known to carry no glycosidic side chains (Vargas et al., 2003). In
addition, their activity is strongly inhibited by their hydrolysis products but
not by heavy metals (Sturm, 1999; Vargas et al., 2003). The first functional
characterization of A/N-Invs in a microorganism was performed in Anabaena
sp. strain PCC 7120, containing two genes: encoding an alkaline and a neutral
Inv, respectively (Vargas et al., 2003). Recent research by the same group
demonstrated that one of the two forms, Inv-B, is essential for diazotrophic
growth, to coordinate sucrose and glycogen metabolism, and control nitrogen
fixation (Vargas et al., 2011). A/N-Inv genes and isoforms have been found in
different plant species such as Arabidopsis thaliana (nine genes) (Vargas and
Salerno, 2010), Oryza sativa (eight genes) (Ji et al., 2005; Murayama and Handa,
2007), Populus trichocarpa (sixteen genes) (Bocock et al., 2008), Vitis vinifera
(nine genes) (Nonis et al., 2008) and Lotus japonicus (seven genes) (Welham
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et al., 2009). For a long time, A/N-Invs were considered to function only in the
cytosol. However, recent data changed this view (Vargas and Salerno, 2010).
Some isoforms are targeted to subcellular compartments, such as chloroplasts,
mitochondria and, perhaps, even nuclei (Murayama and Handa, 2007; Vargas
et al., 2008; Lou et al., 2007). A/N-Invs were reported to regulate sucrose levels
in mature tissues of sugarcane, sweet beet, citrus fruit and carrot (Hubbard
et al., 1991) while their presence in young muskmelon fruits might be considered
an exception (Ranwala et al., 1991).

Cytosolic A/N-Inv Cytosolic A/N-Invs have an alkaline/neutral optimal pH of
7.0–7.8 and hydrolyse sucrose in the cytosol. Unlike AcInv and other A/N-Invs,
they lack an N-terminal signal peptide. Cytosolic A/N-Invs are believed to be
involved in carbon distribution, cellular differentiation, tissue development, and
responses to environmental stresses (Barratt et al., 2009; Vargas et al., 2007;
Welham et al., 2009; Lou et al., 2007; Qi et al., 2007; Jia et al., 2008; Yao et al.,
2009; Bolouri-Moghaddam et al., 2010). One cytosolic alkaline Inv, Ta-A-Inv,
was found to be induced under osmotic and cold stress in mature primary
wheat leaves, probably associated with efficient cytosolic sucrose hydrolysis
under environmental stresses (Vargas et al., 2007). Similarly, Arabidopsis
subjected to osmotic stress had induced expression of AtCIN1 (also known
as At-A/N-InvG) (Qi et al., 2007). AtCIN1 was studied in detail by several
groups, its T-DNA insertion line showing inhibited primary root elongation,
root hair growth inhibition and increased sucrose/glucose ratios (Lou et al.,
2007; Qi et al., 2007), probably leading to altered sugar signaling and differential
expression of a wide variety of genes (Lou et al., 2007). AtCINV1 interacts
with phosphatidylinositol monophosphate 5-kinase (PIP5K9), a component of
phosphatidylinositol signaling pathway necessary for normal root growth (Lou
et al., 2007). These authors reported a colocalization of AtCINV1 and PIP5K9
in nuclei, but the nuclear localization of AtCINV1 could not be confirmed by us
(see Chapter 3). The nuclear AtCINV1 might operate together with AtHXK1,
which is also associated with nuclei and is considered to be a glucose sensor in
sugar signaling pathway, modulating specific target genes in a HXK-mediated
manner (Rolland et al., 2006; Cho et al., 2009). Recently, Barratt et al. (2009)
reported on a double cytosolic A/N-Inv knockout line in Arabidopsis exhibiting
reduced sucrose catabolism, starch accumulation and severe root growth rate
defects. Together with similar findings in other species (Welham et al., 2009),
this suggested that cytosolic A/N-Invs are crucial for normal plant growth.
Besides root growth and development and plant defence reactions (Xiang et al.,
2011a; Qi et al., 2007), cytosolic A/N-Invs were also suggested to play a role
in plant reproduction. Lotus japonicus and rice lacking a cytosolic A/N-Inv
isoform produced less seeds and had lower pollen fertility (Jia et al., 2008; Yao
et al., 2009; Welham et al., 2009). LjInv1 is reported to be involved in starch
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production and other biosynthetic processes in developing nodules (Flemetakis
et al., 2006).

Mitochondrial A/N-Invs Oxidative respiration of hexose in the cytosol and in
mitochondria is an important feature of all aerobic organisms including plants.
Glycolytic enzymes are believed to attach as a “glycolytic metabolon” to the
outer mitochondrial membrane (Graham et al., 2007). A/N-Invs were localized
within (or attached to?) mitochondria in rice (OsNIN1) (Murayama and Handa,
2007) and in Arabidopsis (See Chapter3). Putative mitochondrial targeting
signals were found in A/N-Inv isozymes of carrot and Lolium temulentum
(Vargas et al., 2008). Furthermore, a highly acitive mitochondrial matrix
localized A/N-Inv was isolated from Jerusalem artichoke tubers (Szarka et al.,
2008), suggesting the possibility of sucrose hydrolysis within the mitochondrial
matrix. The presence of active A/N-Invs in the mitochondria, together with
mitochondria-associated HXKs (Kim et al., 2006) suggest links between HXK,
A/N-Inv and mitochondrial respiration (see further Chapter 3).

Chloroplast A/N-Inv Chloroplasts are hallmark plant organelles where pho-
tochemical reactions produce energy and support CO2 fixation, sustaining
plant growth and development. A/N-Inv isoforms have been detected in rice
plastids (Murayama and Handa, 2007) and Arabidopsis chloroplasts (Vargas
et al., 2008). Among the nine A/N-Invs present in Arabidopsis, only At-A/N-
InvE was localized in chloroplasts. An At-A/N-InvE knockout line showed
decreased starch levels but no changes in sucrose levels. These findings add
to the complexity of carbon partitioning between the cytosol and organelles.
The processes involved are not yet fully explored. Further studies are needed
to investigate their relative importance in energy and redox homeostasis in
photosynthetic cells.

Vacuolar invertases VIs are characterized by a less acidic pH optimum (4.5–
5.5) compared to CWIs (3.5–5.0) as tested in carrot (Unger et al., 1992),
Arabidopsis (Tang et al., 1996), and barley (Karuppiah et al., 1989). Unlike A/N-
Invs, VIs and CWIs can hydrolyse other β-fructose containing oligosaccharides
(such as small RFOs and fructans); that is why they are also termed β-
fructofuranosidases (Sturm, 1999; Hashizume et al., 2003). Both VIs and
CWIs belong to glycoside hydrolase family GH32, while A/N-Invs are classified
in GH100 (Lammens et al., 2008). Different VI isoenzymes have been purified
and multiple genes have been cloned showing sink tissue-specific expression
patterns (Hussain et al., 2009; Hashizume et al., 2003). VIs are believed to
play a role in growth, osmoregulation and stress tolerance. Often, high VI
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activity correlates well with increasing hexose concentrations. For instance, VI
activity and hexose concentrations increase together during fruit ripening in
tomato (Klann et al., 1993). In this species, suppression of VI led to sucrose
accumulation instead of hexose accumulation (Klann et al., 1996). Similar
findings have been reported in other sugar storage sinks such as grape berries
(Davies and Robinson, 1996), Japanese pears (Yamada et al., 2007) and potato
tubers (Draffehn et al., 2010). These observations show that VIs can greatly
determine overall cellular sucrose/hexose ratios. Furthermore, it has been found
that high VI activity prevents sucrose accumulation in sugarcane stems (Zhu
et al., 1997). Heat stress suppressed VI activities in maize kernels resulting in
reduced starch biosynthesis in the endosperm (Cheikh and Jones, 2006).

VIs play a clear role in plant growth and development, especially in juvenile
sink tissues. High VI activity levels were detected in germinating carrot seeds
(Unger et al., 1992). VI activities rise when horse chestnut seeds start to swell
by water uptake before germination (Obroucheva and Lityagina, 2009). Thus
the activity of VI, doubling the number of sugar molecules, might play an
important role in water inflow into growing cells and, consequently, in initiating
germination. In a next step, VIs might function more as providers of hexose
to sustain growth. VIs are typically highly expressed in young tissues (Wang
et al., 2005; Jain et al., 2008; González et al., 2005). Often, activity and gene
expression levels displayed a good correlation (González et al., 2005). VI activity
was the highest in the most rapidly elongating internodes in bean, and was
very low in internodes that completed their elongation (Morris and Edwin,
1985). This is also the case for actively growing carrot roots (Ricardo and
Rees, 1970), young leaves of sugar beet (Sokolova et al., 2002), coleoptiles of
wheat (Krishnan et al., 1985), developing potato tubers (Ross et al., 1994),
maize ovaries (Andersen et al., 2002), young sugar beet leaves (Pavlinova et al.,
2002), Arabidopsis seedlings (Mitsuhashi et al., 2004), Arabidopsis roots and
hypocotyls (Sergeeva et al., 2006), Japanese pear fruits (Yamada et al., 2007)
and Lotus japonicus roots (Welham et al., 2009). Additionally, the AtVI2
protein level was found to be lower in older plants than in juvenile organs (Rojo
et al., 2003). Research on atvi2 plants revealed a reduction of HXK activities
and subsequent changes in other enzymatic parameters, and a phenotype of
significantly shorter roots (Nägele et al., 2010; Sergeeva et al., 2006). Recently,
GhVIN1, a VI from cotton, was shown to be able to complement the short-root
phenotype of the AtVI2 knockout line, while its overexpression in wild type
Arabidopsis enhanced root elongation and root hair size (Wang et al., 2010).
Accordingly, the primary role of VIs under unstressed conditions is probably the
provision of carbon and energy to support growth in actively growing tissues,
perhaps further sustained by glucose-mediated signaling. Under mild stress
and limited growth retardation, VI activities might contribute to continued
water uptake and cell expansion by lowering the cellular osmotic potentials.
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Alternatively, in Arabidopsis roots, VIs might regulate expansion in an osmosis-
independent way. Interestingly, Kohorn et al. (2006) reported that repression of
a cell wall-associated receptor-like kinase (WAK) reduced cell wall extensibility
as well as VI expression (Kohorn et al., 2006). Another way of thinking is that
VI activity contributes to glucose-mediated effects on auxin signaling (Mishra
et al., 2009).

All these observations strongly suggest that VIs are key mediators for normal
plant growth and for optimizing biomass accumulation, as recently suggested by
Nägele et al. (2010) reporting that AtVI2 takes a central role in plant growth
simulation models. Moreover, VIs expression level increased steeply increase for
rapid defence under wounding, water stress and other environmental stimuli
such as low temperature (Kim et al., 2000; Rosenkranz et al., 2001; Bhaskar
et al., 2010; Brummell et al., 2011). Furthermore, recently VIs also turned out
to be interesting enzymes in terms of food applications. For instance, grape VI
is the most abundant protein in wine, contributing to its quality (Jégou et al.,
2009; Dambrouck et al., 2005). VIs cause cold-induced sweetening during cold
storage of potato tubers. The quality loss could be prevented by downregulating
VIs (Brummell et al., 2011; Bhaskar et al., 2010). Overexpressing VI inhibitors
might be an alternative approach.

Cell wall invertases In contrast to A/N-Invs and VIs, CWIs are insoluble
and have basic iso-electric points (pIs). Their insolubility is due to their
binding to the cell wall through ionic interactions. Breaking these interactions
might result in freely soluble apoplastic enzymes (Sturm, 1999). In many
plant species, sucrose is unloaded apoplastically. Sink located CWIs are
believed to maintain sucrose gradients between source and sink tissues, their
sucrose splitting activities contributing to the supply of hexose for heterotrophic
growth and, perhaps, for defence responses. QTL (Quantitative trait locus)
analysis demonstrated that CWI activity is tightly linked to tomato fruit sugar
levels (Jin et al., 2009), CWI gene expression levels increasing during tomato
ripening (Godt and Roitsch, 1997). There is an increasing body of evidence
that CWIs are critical for plant reproductive development. For instance, the
transcription level and activity of grape berry CWI is upregulated during berry
development, marking the vegetative to reproductive growth transition (Zhang
et al., 2006). Furthermore, CWI-repressed transgenic tobacco and rice show
male sterility (Goetz et al., 2001; Cho et al., 2005) and reduction of CWI activity
under heat stress leads to pollen sterility in tomato (Pressman et al., 2006).
Furthermore, exogenous ABA-induced rice pollen sterility was explained by a
downregulation of anther CWI (Ji et al., 2011). Atβfruct1 (AtCWI1) is highly
expressed in germinating seeds and regulated by phytochrome, which induces
the biosynthesis of gibberellin (GA) by red light stimulation (Mitsuhashi et al.,
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2004). Accordingly, transcription levels of Lin7 were reduced in gibberellin
repressed tomatoes (Proels et al., 2006). Both CWIs and VIs are subjected
to inhibition by endogenous proteinaceous inhibitors (Hothorn et al., 2010).
Silencing such inhibitors in tomato (Jin et al., 2009) and in rice (Wang et al.,
2008) resulted in increased seed weights. This was further corroborated in
CWI defective transgenic maize plants showing severely reduced seed weights
(Kang et al., 2009). Later, this was linked to reductions in IAA levels and
kernel masses throughout kernel development (LeClere et al., 2010). Thus,
CWIs might be crucial players during seed development, producing glucose for
regulating tryptophan-dependent auxin biosynthesis (LeClere et al., 2010). One
report noted that ABA could induce CWI activity through post-translation
regulation, possibly including reversible phosphorylation (Pan et al., 2006), but
this could not be confirmed by any other group. Recently, Zanor et al. (2009)
reported that LIN5-silenced transgenic tomatoes display a reduction in seed
number per plant and reductions in fruit size. This was also accompanied by
altered plant hormone levels. Arabidopsis cwi4 plants are completely deficient
in nectar production (Ruhlmann et al., 2010). In sorghum, CWI expression
was the highest in starch-filling phase during endosperm development (Jain
et al., 2008), and leaf CWI silenced tomatoes were also affected in transitory
starch accumulation (Kocal et al., 2008). Besides its role in endosperm and
embryo development, CWIs are also considered as one of the “PR proteins” in
plant defence reactions, especially pathogen infection (Essmann et al., 2008;
Schaarschmidt et al., 2006, 2007). Moreover, CWI plays an important role in
cytokinin mediated delay of leaf senescence in tobacco. CWI might regulate cell
cycle progress, cell division and delays senescence through glucose production
and sugar signaling (Lara et al., 2004). Accordingly, silencing the CWI inhibitor
stimulated CWI activity in older leaves and this counteracted ABA-induced
leaf ageing (Jin et al., 2009; Ruan et al., 2009).

1.1.4 Sugar sensing and signaling

Sugars are not only sources of carbon and energy, but, similar to hormones,
they can also act as as primary messengers (signals). Sugar sensing and
signal transduction regulate plant growth during its whole life cycle, from seed
germination to flowering and senescence, and also determine plant resistance
to stresses. The regulation depends on the precise nature of the sugar species,
its concentration, plant developmental stage and genetic background (Koch,
2004; Rolland et al., 2006; Ramon et al., 2008; Smeekens et al., 2010; Bolouri-
Moghaddam et al., 2010). Photosynthesis and carbon metabolism in the whole
plant are strictly coordinated by feedback regulation and this is a main target of
sugar signaling (Smith and Stitt, 2007). Glucose represses the expression of α-
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amylase genes inhibiting transitory starch accumulation in suspension cultured
cells (Haseltine et al., 1996) as well as hypocotyl elongation and cotyledon
expansion (Arenas-Huertero et al., 2000). On the contrary, high concentrations
of sucrose induce patatin and ADP-glucose pyrophosphorylase for biomass
storage (Koch, 1996). Multiple sugar sensing pathways have been proposed to
exist in plants (Cho and Yoo, 2011; Li et al., 2011b), and interactions between
sugar and phytohormone response and other metabolic pathways were unraveled
(Price et al., 2004; Gibson, 2004; Yuan and Wysocka-Diller, 2006).

Hexokinase The reaction catalysed by hexokinase (HXK, D-glucose+ATP→D-
G6P+ADP+Pi) represents an important regulatory step for metabolic activity
in plants and other organisms. Researches in past years demonstrated that
HXK also operates as a glucose sensor, independent from its catalytic activity
(Rolland et al., 2006; Ramon et al., 2008). Thus, HXK plays a dual role as a
kinase and as a glucose sensor. HXK activity is maximal at pH 8.0, and the G6P
(glucose-6-phosphate) product formed acts as an inhibitor in plants. G6P can be
converted to G1P (glucose-1-phosphate) and finally to ADP-glucose (by AGPase)
for starch biosynthesis. HXK contributes to glucose-mediated downregulation
of photosynthesis and glycolysis-related gene expression (Rolland et al., 2006).
AtHXK1 overexpressing tomato plants contained discreased chlorophyll contents,
photosynthesis rate, and earlier senescence (Dai et al., 1999). HXK inhibitor
supply blocked the deoxyglucose-mediated photosynthetic gene inhibition (Pego
et al., 1999). AtHXK1 signaling appears to involve extensive crosstalk with
plant hormone signaling (Rolland et al., 2006; Balasubramanian et al., 2008).
Arabidopsis glucose-insensitive mutants (gin2/hxk1 ) show altered sensitivities
to the growth hormones auxin and cytokinin (Rolland et al., 2006), as well as
gin5 and gin6 for ABA (Arenas-Huertero et al., 2000). Furthermore, it has
been found that glucose alone could transcriptionally regulate 62% of genes
affected by IAA (indole-3-acetic acid), and affects auxin biosynthetic, auxin
transporter, and auxin signaling (Mishra et al., 2009).

Trehalose Trehalose is a widespread disaccharide consisting of two glucose
molecules linked through an α1,1 linkage (Paul et al., 2008). It is implicated in
stress resistance (osmoprotection, membrane stabilization) in yeast (Saharan
and Sharma, 2010) and in plants (Fernandez et al., 2010). The biosynthesis
of trehalose involves trehalose-6-phosphate synthase (TPS) and trehalose-6-
phosphate phosphatase (TPP) while trehalases are involved in its degradation
(Smeekens et al., 2010). The disruption of AtTPS1 leads to an embryo lethal
phenotype. AtTPS1 producing T6P was suggested to be involved in support of
cell division (Geelen et al., 2007), and in plant growth retardation (Van Dijken
et al., 2004). Furthermore, overexpression of AtTPS1 results in a glucose-
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insensitive phenotype (Avonce et al., 2004). AtTPS5 is inducible by sucrose
(Ramon et al., 2009; Schluepmann and Paul, 2009), it inhibits seedling growth
(Schluepmann et al., 2004), and Attps5 and mutants are thermosensitive (Suzuki
et al., 2008). AtTPS6 appears to be a regulator of cell shape (Chary et al.,
2008). Furthermore, overexpressing OsTPS1 or OsTPP1 could enhance abiotic
stress tolerance in rice (Li et al., 2011a; Ge et al., 2008). In addition, it was
reported that trehalose and T6P regulate starch biosynthesis in different ways
(Müller et al., 2001; Kolbe et al., 2005). Externally supplied trehalose was also
found to affect Susy and Inv activities (Müller et al., 1998).

Sucrose-specific signaling When equimolar amounts of glucose and fructose
fail to mimic the effect of sucrose alone, a sugar signaling pathway can be
considered sucrose-specific. So far, a sucrose-specific sensor has not yet been
discovered but sucrose-specific pathways have been demonstrated. For example,
patatin is specifically induced by sucrose in potato tubers (Jefferson et al.,
1990), as well as AtSUT2 (Barker et al., 2000). In sugar beet, Chiou and
Bush (1998) demonstrated that sucrose specifically regulates transcription and
translation of a sucrose symporter BvSUT1. Further, Susy expression can
only be induced by sucrose and not by glucose in potato, and this induction is
mediated by SnRK1 (SNF1-related kinase 1) (Jossier et al., 2009; McKibbin
et al., 2006). The Arabidopsis phosphate transporters Pht1;4 and Pht3;1
are also induced by sucrose and not influenced by the HXK sensing pathway
(Karthikeyan et al., 2007; Lejay et al., 2008). Downregulation of flowering genes
in Pharbitisnil (Parfitt et al., 2004), a higher frequency of embryos in spruce
(Iraqi et al., 2005), and emergence of lateral roots in Arabidopsis (MacGregor
et al., 2008) are induced by external sucrose supply, and could not be achieved
by supplying equimolar amounts of glucose and Fru. Furthermore, sucrose
specifically represses the translation of bZIPs (Weltmeier et al., 2009; Rahmani
et al., 2009). Sucrose also specifically regulates anthocyanin biosynthesis (Lev-
yadun and Gould, 2008). These are powerful antioxidants with additional
roles in plant defence (Lev-yadun and Gould, 2008; Guo et al., 2008), flower
pigmentation (Aizza et al., 2011), plant reproduction (Petroni and Tonelli,
2011). Known examples of sucrose-specific signaling pathways are summarized
in Fig. 1.3.

1.1.5 Sugar transporters

One essential requirement for higher plants as multicellular organisms, with
functionally distinct organ and tissue types, is the efficient partitioning of
carbohydrates (Hellmann et al., 2000). In plants, sugar transport direction and
rates are tightly controlled. Transmembrane sugar transporters are essential in
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Figure 1.3: Sucrose-specific signaling impacts on plant development
and physiology (Wind et al., 2010, and refs therein).

the process. Monosaccharide transporters (MST) and disaccharide transporters
(DST) can be distinguished. MST occur in most organisms. They transport
hexoses and pentoses. Transport of sugars across a membrane can be active,
driven by H+ symporters or antiporters, or alternatively, by passive diffusion
through facilitators (Chen et al., 2010; Yamada et al., 2010). So far, all
sugar carriers residing in the plant plasma membrane have been characterized to
catalyse proton-coupled sugar movement (Sauer, 2007; Büttner, 2010; Carpaneto
et al., 2010). In contrast, both facilitated diffusion and proton-driven antiport
mechanisms have been described for hexose and sucrose transport across the
vacuolar membrane (Poschet et al., 2011; Neuhaus, 2007).

Monosaccharide transporters MST are integral membrane proteins that
shuttle monosaccharides across membranes (Büttner and Sauer, 2000). This
superfamily is divided into seven subfamilies (Büttner, 2007) (Fig. 1.4). These
subfamilies show overlapping expression patterns, are capable of transporting
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Figure 1.4: Monosaccharide transporters and their orthologs in diverse
plant species (Slewinski, 2011). Recent reports stated that TMT and SWEET
can transport sucrose as well.

similar sugars, and can function in the same membrane (Slewinski, 2011).
Plasma membrane localized MST catalyse the uptake of hexose from the
apoplastic space into the cell (Büttner, 2010). They have a temporally and
spatially distinct expression pattern. Their transcription level can be influenced
by external and internal factors, such as pathogen attack, wounding, light,
circadian clock, programmed cell death (PCD), and senescence (Büttner, 2010).
Their function can be regulated by post translational phosphorylation (Nühse
et al., 2004), membrane potential (Deeken et al., 2002), and their own substrate
(Conde et al., 2006). Tonoplast monosaccharide transporters (TMT) are
localized at the tonoplast membrane, and are capable of transporting glucose,
along with other sugars such as fructose and sucrose (Wingenter et al., 2010;
Wormit et al., 2006; Slewinski, 2011). Most surprisingly, AtTMT1 was found
to be a sucrose/H+ antiporter as well (Schulz et al., 2011). Additionally,
TMT expression is induced by stresses like drought, high salt, high sugar
and cold (Büttner, 2007). Increased TMT activity in Arabidopsis induced
modified subcellular sugar compartmentation, altered cellular sugar sensing and
assimilate allocation, increased biomass of Arabidopsis seeds and accelerated
early plant development (Wingenter et al., 2010). Vacuolar glucose transporters
(VGT) are also localized at the tonoplast and they transport both glucose
and fructose (Aluri and Büttner, 2007). Recent evidence suggests that the
ERD6-like subfamily may be passive (but selective) facilitative transporters for
Hex, though only two members have been characterized (Yamada et al., 2010).
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They are induced upon dehydration and cold treatment, and localized at the
tonoplast (Yamada et al., 2010).

Other MST subfamilies include the Polyol transporter (PLT or PMT) sub-
family, the Inosito transporter (INT) subfamily, and the Plastidic glucose
transporter/Suppressor of G protein beta 1 (pGlucT/SGB1) subfamily. A new
class of MST has recently been described, referred to as SWEETs (Chen et al.,
2010). These are small novel proteins that are generally less than half the size
of most MST. Plant SWEETs localize to the plasma membranes and facilitate
bidirectional sugar transport. Noticeable, some SWEETs can also transport
sucrose (Chen et al., 2010).

Sucrose transporters Sucrose is subject of short and long distance transport
in plants, and membrane transport is central to its distribution. Sucrose trans-
port occurs between different tissues/organs and between different subcellular
compartments. Subsequent to phloem loading (mainly including apoplastic and
symplastic unloading), sucrose is transported over a long distance to sink tissues
(Lim et al., 2006; Sauer, 2007). Efficient sucrose transport influences both
biomass accumulation and photosynthetic efficiency (Lim et al., 2006; Kühn and
Grof, 2010). During these processes, sucrose needs to pass several membranes.
Both proton motive force and facilitated diffusion sucrose transporters have
been found at the tonoplast and the plasma membrane (Ayre, 2011). Proteins
catalysing sucrose/H+ symport are termed sucrose transporters (SUT) or sucrose
carriers (SUC), and those participating in passive transport are named sucrose
facilitators (SUF). No other genes or proteins catalysing sucrose/H+ antiport
have been identified besides AtTMT1 (Schulz et al., 2011).

The first SUC/SUT genes identified were isolated form spinach and potato
(Riesmeier et al., 1992, 1993). Subsequently, SUC were isolated from numerous
species (Braun and Slewinski, 2009; Kühn and Grof, 2010; Eveland and Jackson,
2011; Ainsworth and Bush, 2011). SUTs are encoded by small gene families
in plants, and have been divided into five major clades, showing organ and
tissue-specific expression patterns (Kühn and Grof, 2010). HvSUT2 (Endler
et al., 2006), AtSUC4 (Schneider et al., 2011; Endler et al., 2006), LjSUT4
(Reinders et al., 2008), PtaSUT4 (Payyavula et al., 2011), and OsSUT2 (Eom
et al., 2011) were characterized as sucrose/H+ symporters at the tonoplast for
exporting sucrose from the vacuolar lumen to the cytosol. Inhibition of OsSUT2
resulted in growth retardation with significant reduction in tiller number, plant
height, grain and root dry weight, indicating a role of SUT in sugar export
from source organ to sink organ and biomass accumulation (Eom et al., 2011).
Additionally, overexpression of PtaSUT4 showed increased ratio of leaf-to-stem
biomass suggesting a link between vacuolar transport of sucrose and biomass
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partitioning (Payyavula et al., 2011). On the other hand, SUCs localized at the
plasma membrane are involved in phloem loading, such as AtSUC2 (Gottwald
et al., 2000) and ZmSUC1 (Slewinski et al., 2009), or phloem unloading, such
as AmSUT1 (Voitsekhovskaja et al., 2009) and CmSUT1 (Gil et al., 2011).
Sucrose influx and efflux are essential for plant growth and development, and
related to the photosynthetic productivity (Ayre, 2011; Ainsworth and Bush,
2011). Furthermore, a new class of SUF was described and shown with broad
expression in pea (Pisum sativum) and bean (Phaseolus vulgaris) (Zhou et al.,
2007). SUFs facilitate bi-directional diffusion of sucrose, independent of pH and
ATP consumption.

1.1.6 Starch and RFOs in plants

Starch This is the major and the most abundant storage polysaccharide
in plants. It is synthesized in chloroplasts (transitory starch accumulating
at the end of the light phase) or in amyloplasts of storage organs (long
term reserve) (Hostettler et al., 2011). In some species, such as Solanum
tuberosum and Arabidopsis thaliana starch is the main storage form, whereas
in others, e.g. Pisum sativum and Spinacia olearacea sucrose is the end
product of photosynthesis (Stitt et al., 1983). Starch is composed of the
glucose polymers amylose and amylopectin. In general, starch biosynthesis
starts with the formation of ADP-glucose by AGPase (adenosine 5-diphosphate
glucose pyrophosphorylase) and the glucose moiety is subsequently transferred
to an acceptor, a growing malto-oligosaccharide chain. The velocity of starch
biosynthesis mainly depends on AGPase activity (Hostettler et al., 2011). Other
enzymes are involved in branching and debranching. The carbohydrate strains
interconnect and condense into a final starch granule. Starch degradation can be
divided into two phases: initiation of degradation, and digestion of amylopectin
and amylose into maltose, glucose and maltotriose. The key enzymes in
starch degradation are β-amylase, isoamylase 3 and disproportionating enzyme
(Kötting et al., 2010). The rate of starch decomposition can be affected by
several factors: the diurnal cycle, starch phosphorylation, and post-translational
regulation of enzyme activities (such as by redox potential, pH changes,
temperature, and phosphorylation) (Hostettler et al., 2011; Orzechowski, 2008).
Moreover, starch metabolism is influenced by sugar supply (Kötting et al.,
2010). For instance, Susy overexpression in transgenic potato tubers results in
increased levels of starch (Baroja-Fernández et al., 2009). In addition, starch
represents a cornerstone for human and animal nutrition and a feedstock for
many industrial applications (such as bioethanol production).
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Raffinose family oligosaccharides (RFOs) RFOs (sucrose-[Gal]n, n<13, n≥1)
are α1,6-galactosyl extensions of sucrose that occur frequently in higher plants.
The RFO biosynthetic pathway is initiated by galactinol synthase (GolS, EC
2.4.1.123) producing galactinol (Gol; 1-O-α-D-galactopyranosyl-L-myo-inositol)
from UDP-Gal and myoinositol. Subsequently, the α-galactosyltransferase
raffinose (Raf) synthase (RafS, EC 2.4.1.82) transfers a galactosyl moiety from
Gol to the C6 position of the glucose moiety in sucrose, forming an α1,6-
galactosidic linkage to generate the trisaccharide Raf. Similarly, stachyose (Sta)
synthase (StaS, EC 2.4.1.67) transfers a galactosyl moiety from Gol to the C6
position of the Gal moiety in Raf to yield the tetrasaccharide Sta. RFOs are
involved in carbon translocation and storage in a number of plant families. As
non-reducing sugars, RFOs can accumulate to high intracellular concentrations
without affecting metabolic processes. Carryophyllaceae lack Sta but accumulate
an alternative type of RFOs based on lychnose, a galactosyl extension at the
fructose part of Raf (Vanhaecke et al., 2010). Besides storage and transport
related functions (Turgeon and Medville, 2004), RFOs and alternative RFOs
probably also play a role in cold tolerance (Peters and Keller, 2009; Vanhaecke
et al., 2010).

1.2 Fructans and fructan metabolism

1.2.1 Fructans: occurrence, structure, and physiological func-
tion

Fructans have been described for the first time about 190 years ago. Fructans,
or polyfructosylsucroses, are fructose polymers that are generally derived from
sucrose. As such, they are non-reducing and contain a terminal glucose moiety.
However, also reducing types of fructans lacking such terminal glucose moiety
occur. The ability of plants to synthesize fructans correlates with their survival
in colder and dryer climates, indicating a role for fructans under these harsh
conditions. In addition, fructan storage is induced at high sucrose concentrations,
whereas the breakdown of fructans occurs during the regrowth of plants, for
example, after defoliation.

Apart from sucrose and starch, fructans are widely distributed as soluble
carbohydrate storage polymers in about 15% of flowering plants, in bacteria and
in fungi (Ritsema and Smeekens, 2003a,b). Fructans can be linear or branched
and their degree of polymerisation (DP) ranges from three up to a few hundred,
depending on the species, developmental stage and environmental conditions
(Vijn and Smeekens, 1999; Roberfroid, 2005). Fructans are classified according
to their differences in glycosidic linkage type (Fig. 1.5). The best studied
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Figure 1.5: Structures of inulin (A), levan (B), fructan neoseries (C), and
graminan-type fructans (D) (n ≥ 1).
1-SST, sucrose:sucrose 1-fructosyltransferase; 6G-FFT, fructan:fructan 6G-
fructosyltransferase; 6-SFT, sucrose: fructan 6-fructosyltransferase.

fructans are the linear inulin-type fructans (occurring in Asterales, e.g. chicory)
consisting of β(2-1)-linked fructose moieties attached to the sucrose starter unit.
Levan-type fructans (also termed phleins in plants) occur in many forage grasses
such as Dactylis glomerata, Phleum pratense and Poa secunda). These are linear
fructans containing β(2-6) linkages (Wei et al., 2002). Graminan-type fructans
contain both β(2-1) and β(2-6) fructosyl linkages. They occur in cereals such as
wheat and barley. Even more complex structures are known in which β(2-1)and
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β(2-6) linkages occur on both sites of the starter sucrose, at the C1 or C6 of
the fructose, and/or at the C6 of the glucose residue (e.g. in oat (Avena sativa)
and Lolium sp.) (Pavis et al., 2001). These are the neo-inulin and neo-levan
type of fructans. The physiological relevance behind the structural variation in
fructans is still unclear, but the structural diversity seems to be linked to the
different evolutionary origins of fructan biosynthesis in the different families
(Van den Ende et al., 2011).

As soluble vacuolar reserve carbohydrates, fructans can accumulate up to 20%
of fresh weight and 70% of dry weight in some organs (Wiemken et al., 1995).
Starch biosynthesis decreases dramatically when the temperature drops below
10 ◦C, whereas fructan biosynthesis is much less sensitive to low temperatures
(Pollock, 1986). Fructan synthesis is a mechanism to keep sucrose levels low, in
order to prevent sugar-mediated feedback inhibition. Therefore, storing fructan
has some physiological advantages. Several plant species were found to store
both fructans and starch (such as Lachenalia minima, Orthen, 2001). However,
the major type of reserve carbohydrate can differ between different organs and
tissues in one plant (Orthen, 2001). For example, in grasses fructans are mainly
stored in the leaf bases and used for regrowth after defoliation, whereas starch is
mostly stored in seeds. Fructan degradation and mobilization serves as carbon
source and energy for plant regrowth and sprouting (Morvan-Bertrand et al.,
2001). Frutans also play a role during flower opening. Fructan contents are
high in closed petals of Campanula rapunculoides and Hemerocallis delphinium,
while no fructan is present any more in petals of opened flowers (Vergauwen
et al., 2000). Fructan degradation enzymes (FEHs, see below) liberate massive
amounts of fructose, lowering the osmotic potential and contributing to water
inflow and flower opening.

Fructans appear to have additional functions in drought, salt, and freezing
tolerance of plants (Livingston III et al., 2009; Valluru et al., 2008). This is
further supported by the fact that fructan-accumulating plants are especially
abundant in temperate and arid climate zones with seasonal frost or drought
periods, and are almost absent in tropical regions (Hendry, 1993). In fructan
species, fructan accumulation can be induced under drought (De Roover et al.,
2000) and cold (Livingston and Henson, 1998). More direct evidence came
from bacterial levan accumulating transgenic tobacco plants showing enhanced
drought (Pilon-Smits et al., 1995) and freezing tolerance (Konstantinova et al.,
2002). Similar findings were reported in sugar beet (Pilon-Smits et al., 1999).
This indicates that the ability to synthesize fructans renders plants more tolerant
to various stresses. Since membranes are one of the primary targets of both
freezing and desiccation injury in cells (Oliver et al., 2000), membrane protective
effects have been dedicated to fructans. In vitro experiments have provided
evidences for this ability: fructans were shown to enhance membrane stability
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during freezing and cellular dehydration through their affinity for phospholipids
(Hincha et al., 2000; Vereyken et al., 2001, 2003; Hincha et al., 2002). Fructans
were found to insert between the head groups of lipids, both in mono- and
bilayers (Vereyken et al., 2001). Both inulin- and levan-type fructans have
been found to interact with phospholipids, protecting them from undergoing
phase transition during temperature changes and drying (Hincha et al., 2002;
Vereyken et al., 2003).

Microbial fructans are much longer than plant fructans (up to 100,000 fructose
units). They are often of the levan-type and are produced extracellularly by
levansucrases. Only a limited number of microorganisms produce inulin-type
fructans (Anwar et al., 2010). Fructans of microorganisms might act as adhesive
materials to attach themselves to plant surfaces (Suzuki and Chatterton, 2002).

Interest in fructans increased during the last decade due to their health-
promoting effects, selectively stimulating beneficial bacteria, acting as prebiotics
(Kolida and Gibson, 2007; Leach and Sobolik, 2010). Inulin, mainly isolated
from chicory roots, is added to a variety of products like yoghurt and müesli
(Roberfroid, 2007). Recently, inulin has been reported to have immuno-
stimulatory and antioxidant effects (Vos et al., 2007; Bosscher et al., 2009;
Chandrashekar et al., 2011; Leach and Sobolik, 2010; Van den Ende et al.,
2011). Short chain fructans (termed FOS or oligofructose) serve as sweeteners
and act as soluble food fibers, which can only could be utilized by beneficial
bifidobacteria and lactobacilli in the bowel (Falony et al., 2009). This is thought
to increase gut health (Kleessen et al., 2001). Further beneficial effects of fructan
on human health are reported such as an increased calcium resorption, or a
lowering of the concentrations of insulin and cholesterol (Jackson et al., 1999;
Delzenne and Kok, 2001).

1.2.2 Enzymes involved in fructan metabolism

Fructan biosynthesis

Plant fructans are generally derived from sucrose. Their synthesis requires
fructosyltransferases (FTs) that catalyse the transfer of fructosyl units from
a donor substrate (sucrose or fructan) to an acceptor substrate (sucrose or
fructan)(Fig. 1.6). Plant fructan biosynthesis requires different FTs. Synthesis
is always initiated by 1-SST (sucrose:sucrose 1-fructosyltransferase). It transfers
a fructosyl unit from one sucrose molecule to another sucrose molecule through
β(2-1) linkage in this way producing 1-kestose and Glc. Chain elongation to
higher DP fructan (DP > 3) occurs via the action of 1-FFTs (fructan:fructan
1-fructosyltransferases), 6-SFTs (sucrose:fructan 6-fructosyltransferases) and/or
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Figure 1.6: Schematic model of fructan biosynthesis in plants, adapted
from Vijn and Smeekens (1999) and Van den Ende et al. (2002).
1-SST, sucrose:sucrose 1-fructosyltransferase; 1-FFT, fructan:fructan 1-
fructosyltransferase; 6-FFT, fructan:fructan 6-fructosyltransferase; 6G-
FFT, fructan:fructan 6G-fructosyltransferase; 6-SFT, sucrose: fructan 6-
fructosyltransferase; 6-SST, sucrose:sucrose 6-fructosyltransferase; Suc, sucrose.

6G-FFTs (fructan:fructan 6G-fructosyltransferases), depending on the species.
1-FFT uses fructans as donor to transfer fructosyl units to another fructan or
to sucrose, producing β(2-1) linkages and generating linear inulin (Edelman
and Jefford, 1968). 6-SFT uses sucrose as donor to form bifurcose, the smallest
branched fructan, with 1-kestose as acceptor. Other fructans can act as acceptor
too, to generate graminan and levan (Simmen et al., 1993). 6-SFT is the only
enzyme so far known to form β(2-6) linkages in cereals. It has been purified
from barley (Sprenger et al., 1995) and wheat (Kawakami and Yoshida, 2002).
Surprisingly, 6-SFT as well as graminan-type fructans have been found in a
basal eudicot species, Pachysandra terminalis, as well (Van den Ende et al.,
2011). 6G-FFT uses 1-kestose as fructosyl donor and transfers fructose to the
glucose moiety of sucrose or to low DP-inulin via a β(2-6) linkage to form inulin
neoseries (Ritsema et al., 2003). Dual function 6G-FFT/1-FFT enzymes occur
in onion and ryegrass, while separate 1-FFT and 6G-FFT enzymes occur in
Asparagus (Lasseur et al., 2009). Nitrogen deficiency and drought induce 1-SST
and 1-FFT transcripts and enzyme activities in young chicory plants (Van den
Ende et al., 1999; De Roover et al., 2000). Nitrogen deficiency also induces
1-SST and 6-SFT activities in barley leaves (Wang et al., 2000; Morcuende
et al., 2004). Low temperature induces 6-SFT in Bromus pictus leaves (del
Viso et al., 2009a) and Poa pratensis (Rao et al., 2011), 1-SST and 6G-FFT in
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the leaves of Lolium perenne (Hisano et al., 2008), and 1-SST, 6G-FFT, and
6-SFT in perennial ryegrass (Hisano et al., 2008). All these (mild) stresses
lead to increased endogenous sucrose levels and subsequent FT expression and
fructan accumulation. Accordingly, exogenous sucrose supply induces 1-SST and
6-SFT transcripts and activities in barley leaves (Wagner et al., 1986; Müller
et al., 2000). Rice, although belonging to the Poaceae, is a typical non-fructan
accumulator. Introduction of wheat 1-SST and 6-SFT genes into rice resulted
in fructan accumulation and enhanced chilling tolerance (Kawakami et al.,
2008). Similarly, introduction of a 6-SFT from Bromus pictus (Bp6-SFT) into
tobacco plants exposed to freezing conditions significantly lowered electrolyte
leakage in leaves, and led to more rapid growth resumption, consistent with the
physiological functions of fructans (del Viso et al., 2011).

Fructan degradation

The enzymes responsible for fructan hydrolysis in plants are fructan exohy-
drolases (FEHs). In a stepwise manner, FEHs hydrolyse terminal fructose
units from fructan polymers at either β-(2,1)- or β-(2,6)-linkages. According to
linkage type preference, FEHs are further classified into 1-FEHs (EC 3.2.1.153),
6-FEHs (EC 3.2.1.154), and 6&1-FEHs, the latter class being able to degrade
both linkage types. 1-FEHs have been found in chicory (De Roover et al.,
1999; Van den Ende et al., 2000), Jerusalem artichoke (Marx et al., 1997) and
wheat (Van den Ende et al., 2003a); 6-FEHs have been described in perennial
ryegrass (Lothier et al., 2007), wheat (Van Riet et al., 2006), timothy (Tamura
et al., 2011), and, surprisingly, in sugar beet which is a non fructan accumulator
(Van den Ende et al., 2003b). 6&1-FEHs have been reported in cereals (Henson
and Livingston, 1998; Kawakami et al., 2005) and, surprisingly, in Arabidopsis
(De Coninck et al., 2005).

FEHs fulfil crucial roles in fructan mobilization after defoliation (grasses,
Prud’homme et al., 2007), during second year flowering or defoliation (Aster-
aceae, Van den Ende et al., 2001), and flower opening (Campanula, Le Roy
et al., 2007b). The transcription level of the chicory 1-FEHIIa gene increases
strongly after cold treatment and defoliation (Van den Ende et al., 2001; Michiels
et al., 2004). In vitro experiments demonstrated that most, but not all, FEHs
are strongly inhibited at the post-translational level by sucrose acting as a
competitive inhibitor (De Coninck et al., 2007). A former study on orchard
grass reported an inhibition of 6-FEH (phleinase) activity by sucrose, glucose and
fructose supply after defoliation (Yamamoto and Mino, 1985), but the distinction
between metabolic and signaling effects of sugars was not investigated. Recently,
Lothier et al. (2010) suggested that HXK-dependent sugar signaling could
repress FEH activity in Lolium perenne, but this requires further investigation.
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It has also been reported that FEHs might be involved in oligosaccharide
trimming during graminan biosynthesis in wheat, possibly playing an important
role in determining the overall fructan pattern (Van den Ende et al., 2003a).
Apoplastic FEHs are proposed to depolymerize apoplastic fructans for membrane
stabilization (Van den Ende et al., 2005b). However, vacuole-derived exocytosis
needs to be assumed to bring fructans from the vacuole to the apoplast (Valluru
et al., 2008).

The functions of FEHs expressed by non-fructan accumulating plants remain
unclear. First, they were suggested to play a role in defence responses, inhibiting
infection by fructan-producing pathogens, acting on microbial (exogenous)
fructans (Van den Ende et al., 2003b, 2004). Later, they were proposed to be
involved in sugar signaling or fufil novel, non-catalytic roles in plants (Le Roy
et al., 1932). Therefore, these FEHs should probably be considered as “defective
Invs” with unknown function (see also Chapter 6).

Molecular and biochemical properties of plant FTs and AcInvs

Both VIs and FTs are glycoproteins containing unusually long N-terminal
propeptides that are cleaved off after protein folding and final targeting (Sprenger
et al., 1995). FTs likely evolved from (different) VIs and the evolutionary
process could be mimicked by changing a VI into an FT by only a few mutations
(Ritsema et al., 2006; Schroeven et al., 2008). Further site-directed mutagenesis
experiments transform wheat 1-FFT into a 1-SST and (Schroeven et al., 2009)
and perennial ryegrass 6G-FFT/1-FFT into a 1-SST (Lasseur et al., 2009).
Most FTs still show intrinsic hydrolase side activities. These side activities can
be proportionally less or more important, probably depending on the progress
of the evolutionary process to create a full FT from a VI (Van den Ende
et al., 2011). In this respect, the recently characterized 6-SST/6-SFT from
Pachysandra terminalis should be considered a premature FT, since it still
shows prominent hydrolytic activities too.

In contrast to FTs, FEHs are more closely related to CWIs (Van den Ende et al.,
2000, 2001). Therefore, FEHs in fructan plants are now regarded as CWIs that
lost their sucrose degrading capacities, gained fructan binding properties and
captured a vacuolar targeting signal. To date, two out of six putative CWIs
from Arabidopsis (AtCWI3, AtCWI6) were shown to be “defective invertases”
or FEHs (AtCWI3=At6-FEH; AtCWI6=At6&1FEH) hydrolysing fructans to
some extent but not sucrose (De Coninck et al., 2005). Structure-function
research revealed that changing a single amino acid (Asp239) destroys the
sucrose degradation capacity of AtCWI1 while its intrinsic 1-kestose hydrolase
side activity, typical for most CWIs (Ji et al., 2007), was retained (Le Roy et al.,
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2007a). Both FEHs and CWIs might have evolved from a common ancestor, a
β-fructosidase (Le Roy et al., 2008). All these structure-function relationships
lead to the prediction that AtCWI5 should be a defective invertase too (Van den
Ende et al., 2009).



Chapter 2

Protein sorting

2.1 Introduction

A typical plant cell contains up to 10,000 different kinds of proteins. For proper
functioning, each of these numerous proteins must be localized to the precise
intracellular membrane, organelle or directed to the cell surface. The plant
endomembrane system is a complex system of organelles specialized for the
synthesis, transport, modification and secretion of proteins and other macro-
molecules. This system is composed of several functionally distinct membrane
compartments: the endoplasmic reticulum (ER), the Golgi apparatus including
the trans-Golgi network (TGN), secretory vesicles, the vacuole/lysosome and
endosomes. Notably, the membranes of mitochondria and chloroplasts do not
belong to the endomembrane system (Vitale and Galili, 2001; Dacks et al.,
2009). These compartments constitute functional units which can be physically
connected to or separated from parasitic bacteria. Connection between the
endosomal compartments occurs through tightly controlled, constant budding
and fusion of vesicle shuttles (Rojo and Denecke, 2008; Rosado and Raikhel,
2010). The endomembrane system integrates several dynamic routes: the
secretory pathway (including biosynthesis and sorting) and the endocytic
pathway. Due to their overlapping routes and cargo distribution centers, it is
rather difficult to clearly separate these pathways from each other. Proteins
and other cargoes are synthesized, and programmed to follow a certain sorting
pathway to reach their final destination. Although the dynamic activities
of endomembrane systems are highly conserved among all eukaryotes, higher
plants have developed some unique mechanisms (Jürgens, 2004). The secretory
pathway is of great importance in plant life. It is involved in gravitropism,
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autophagy, hormone transport, cytokinesis, and abiotic/biotic stress responses
(Carter et al., 2004; Surpin and Raikhel, 2004). Over the past several years,
remarkable progress has been achieved in the understanding of plant membrane
trafficking, using different systems and various approaches. Advances in live-cell-
imaging technology and fluorescent markers provided new insights into protein
sorting and trafficking. Moreover, bioinformatics approaches offer a more
global overview that allows for the discovery of new players in the field, while
loss-of-function mutants greatly help to unravel the integral machinery, which
in turn can be used to fine-tune computer programs predicting destination
and sorting determinants. The path followed by a protein depends on the
interactions between sorting motifs present in the protein and the machinery
that can recognize these motifs. Many of these motifs are rather conserved
among eukaryotes (yeast and human). However, sorting motif studies in plants
are still in their infancy compared to animal and yeast systems. In plants,
studies mainly address tissue-specific and organelle-specific trafficking processes.
Generally, the protein secretory pathway begins in the ER, passes through the
Golgi complex, and finally reaches the vacuole, other compartments or the cell
surface. In this chapter, I will discuss in more detail the mechanisms involved
in protein sorting to the respective subcellular compartments.

2.2 Protein sorting to the vacuole

Proteins are distributed to their intended destinations via the sequential action
of several sorting signals and multiple sorting events (Miller and Anderson,
1999). Vacuolar proteins reach the different types of vacuoles through the
vesicle-mediated secretory pathway which includes the ER, the Golgi apparatus,
TGN, and the endosome/prevacuole. The vacuolar protein sorting pathway is
presented in Fig. 2.1. In plant cells two different types of membrane receptors
are known: the VSR family (Vacuolar Sorting Receptor)(Paris et al., 1997) and
the RMR family (Receptor Membrane Ring-H2) (Cao et al., 2000).

2.2.1 Introducing the plant vacuole

Most plant cells contain at least one internal vacuole. The number and size of
vacuoles depends on cell type and developmental stage; a single vacuole may
occupy as much as 80% of a mature plant cell. Plant vacuoles are essential
multifunctional organelles distinct from similar organelles in other eukaryotes.
They serve physical and metabolic functions that are essential to plant life, and
are crucial to processes of cellular responses to environmental and biotic factors
and general cell homeostasis (Marty, 1999). They typically store water, ions,



PROTEIN SORTING TO THE VACUOLE 29

Figure 2.1: Model of vacuolar protein secretory pathway to the PSV
and the LV.
Secretory cargo is transported from the endoplasmic reticulum (ER) via the
Golgi/TGN to the central vacuole (CV). Cargo destined for the lytic vacuole
(LV) is sorted in a BP80 dependent fashion into clathrin-coated vesicles (CCV) at
the TGN and transported to the prevacuolar compartment (PVC); or sorted in
a BP80 independent fashion recognized by AP3 via unidentified vesicle shuttles
and transported to LV. Cargo destined for the protein storage vacuole (PSV) is
trafficked from the ER to intermediate compartments (DV, PAC), from Golgi
via dense vesicles (DV). Alternatively, secretory cargo could be secreted into
ER body from ER and by pass Golgi transported to LV. LV may generate from
PSV during development. PSV and LV may fuse to give a large central vacuole.
Vacuolar markers (α-TIP, γ-TIP), cargo receptors (BP80, ELP), coat proteins
(COPI, COPII, AP-1, AP-3); PAC, precursor-accumulation compartment.

secondary metabolites and nutrients. Similar to animal lysosomes, they act as
a receptacle for waste products, excess solutes and toxic substances (Hatsugai
et al., 2004). Vacuoles are also known to play roles in (programmed) cell death
(Hara-Nishimura and Hatsugai, 2011). These various functions contribute to
plant growth and development even under changing environmental conditions.
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Classification and function

Two main types of vacuoles can be found in plant cells, the lytic vacuole (LV)
and the protein storage vacuole (PSV). They are distinguished from one another
based on function and specific isoforms of tonoplast intrinsic proteins (TIPs)
(Chrispeels et al., 1997). LVs contain aquaporin γ-TIPs (Barrieu et al., 1998)
while PSVs have α-TIPs or δ-TIPs in their tonoplasts (Neuhaus and Rogers,
1998). Both LVs and PSVs occur together in the root tip cells of barley and pea
seedlings, mature tobacco plants, protoplasts of barley aleurone and tobacco, as
well as in the plumule cells of pea seedlings and in embryos (Hunter et al., 2007;
Olbrich et al., 2007). Interestingly, it was shown that, during Arabidopsis seed
germination, the LV is primarily embedded in the PSV and then derives from
it, instead of being generated de novo (Olbrich et al., 2007; Bolte et al., 2011;
Zheng and Staehelin, 2011). Moreover, depending on physiological conditions,
LVs can be transformed to into PSVs and vice versa (Murphy et al., 2005).
In addition to PSVs and LVs, a third type of vacuole has been discovered in
Arabidopsis. During leaf senescence, senescence-associated vacuoles (SAVs),
with smaller size and containing aggregates, are formed de novo. SAVs are
characterized by a higher cysteine-protease activity and a lower pH than the
LVs (Zouhar and Rojo, 2009).

Typically, vacuolar storage proteins accumulate in PSVs. PSVs predominate
in storage tissues (such as cotyledons and endosperm in seeds, tubers), as
well as vegetative tissues of adult plants (such as bark, leaves, pods) (Müntz,
1998). Proteins stored in PSVs are mainly used as nitrogen or carbon sources
during seed germination and plant development (Wang et al., 2007). However,
PSVs can also contain large amounts of toxic proteins (such as lectins, protease
inhibitors and ribosome inactivating proteins). These can be considered as the
result of a cytosolic detoxification process or as weapons against predators for
plant defence (Neuhaus and Paris, 2005). Compared to LVs, PSVs have higher
pHs and lower hydrolytic activities (Swanson and Jones, 1996). Nevertheless,
PSVs can contain proteases, glycosidases and RNAses (Hara-Nishimura et al.,
1993). PSV proteins can be processed through the action of vacuolar processing
enzymes (VPEs) (Yamada et al., 2005; Nakaune et al., 2005). LVs are usually
found in vegetative tissues, they have an acidic pH, and accumulate hydrolytic
enzymes and VPEs (Olbrich et al., 2007; Park et al., 2004). LVs are used as
a waste disposal system in plant cells. They receive extracellular components
via endocytosis and phagocytosis, and intracellular material via autophagy, as
well as via the biosynthetic pathway and membrane-bound transport systems.
LVs modulate the degradation of a multitude of macromolecules and other
compounds. Thus, they should be considered as key regulators in cellular
homeostasis (Rogers, 2008; Frigerio et al., 2008). The existence of two plant
vacuoles with distinct contents and functions implies that separate trafficking
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pathways must exist for their respective cargo, with a need of correct separation
in the Golgi/TGN apparatus. Furthermore, the concurrent existence of LVs and
PSVs in one cell offers the plant adaptation mechanisms to deal with changing
environmental conditions.

Tonoplast Intrinsic Proteins Aquaporins are tonoplast intrinsic proteins
(TIPs), belonging to the MIP (major intrinsic protein) superfamily, and are
localized at the tonoplast. The expression of TIPs is developmental stage and
tissue specific. TIPs are classified into five categories: α, β, γ, δ, and ε-TIPs
(Maurel et al., 1997). α- and β-TIPs are seed-specific. TIPs have been used
as intracellular markers for vacuolar biogenesis and vacuolar identity. γ-TIPs
associate with the LV, while α-TIP and δ-TIP associated with PSV (Gattolin
et al., 2011). Different TIPs can coexist in the same organelle, indicating
presence and fusion of LV and PSV in the same cell (Frigerio et al., 2008).

Vacuolar soluble markers It was found that the vacuolar pH can greatly vary.
One of the most commonly used dyes to visualize vacuolar pH is neutral red,
colouring acidic vacuoles. However, the use of various fluorescence scanning,
usually associated with confocal spectral detection systems, allows the use of
a more sophisticated probe: the Lysosensor yellow/blue DND-160 with pH-
dependent spectral peaks (Diwu et al., 1999). Further research led to the use
of fluorescent markers, Aleu-GFP (aleurain) as an LV marker, or GFP-Chi
(chitinase) and GFP-Sporamin as PSV markers (Di Sansebastiano et al., 1998;
Fluckiger et al., 2003). Besides these, chemicals (e.g. wortmannin and brefeldin
A (BFA)) and specific antibodies are widely used (Jiang and Rogers, 1998; Tse
et al., 2004).

2.2.2 Vesicular trafficking

Plant cells are structurally and metabolically subdivided in different com-
partments, with communication between organelles accomplished by vesicular
trafficking. This is a highly regulated and directional/targeted process, correct
targeting depending on specific proteins. The trafficking process includes
budding, vesicle release, targeting transport, tether, and membrane fusion (Cai
et al., 2007). Vesicle trafficking is also involved in secretion into the apoplast and
during endocytosis, recycling proteins from the plasma membrane (PM) to the
endosome, TGN, and to the lysosome/vacuole (Bassham et al., 2008; Jürgens,
2004). In all eukaryotes, CCV (clathrin coated vesicle), COPI, and COPII
vesicles have ubiquitous presence and budding machineries. Vesicle formation
is not a default, passive event but requires a specific driving force provided by
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several factors, based on a series of highly regulated events: recognition and
binding between the receptor at the donor membrane and an activated GTP-
Arf/Sar1 complex, recruiting of a coatomer, the distortion and dissociation
under the assistance of fatty acyl CoA, release and formation of a vesicle.
ARFs are a wide family of G-proteins necessary for COPI vesicles and CCV
formation, and the SAR1 family is mainly involved in COPII vesicle formation.
Afterwards the formed vesicles travel to the target compartment assisted by
actin filaments, and disassemble the coat with the help of the cytosolic Hsc70
chaperone. The uncoated vesicles can then specifically fuse to their target
compartment (Chen et al., 2011). Uncoating of transport vesicles exposes
specific v-SNARE (vesicle-SNARE) proteins on the surface of each type of
vesicle. Each v-SNARE specifically binds to cognate t-SNARE (target-SNARE)
proteins complexed with SNAP25 at the target vesicle’s membrane surface.
NSF (Nethylmaleimide Sensitive Factor) and SNAP (Soluble NSF Attachment
Protein) proteins then bind to the t-SNARE/v-SNARE/SNAP25 complex,
which dissociates after vesicle fusion. Sec1p and Rab proteins serve as effectors
for SNARE complex regulation during vesicle targeting and fusion (Wiederhold
and Fasshauer, 2009).

2.2.3 Sorting of plant vacuolar proteins initiates in the ER

The endoplasmic reticulum (ER) represents the first compartment of the plant
secretory system. The ER membrane connects to the nuclear envelope, and
forms a wide network of thin tubules and cisternae in the cortical and inner
parts of the cell (Bassham et al., 2008). Secretory proteins contain an ER
signal sequence, often located at their N-terminus and containing one or more
positively charged amino acids followed by a stretch of at least 6 hydrophobic
residues to ensure their cotranslational/post-translational (mostly < 100 amino
acids) transport into the ER lumen. The ER signal sequence interacts with
signal-recognition particle (SRP) which in turn binds a SRP receptor to initiate
the transfer of the nascent protein across the ER membrane, assembles with a
translocon, and subsequently translocates the protein into the ER lumen. Signal
peptidases in the ER lumen subsequently remove the signal sequences of the
soluble protein. On the contrary, integral membrane proteins contain a specific
stretch of 20∼25 hydrophobic amino acids forming an α-helical segment. This
allows anchoring of the protein in the phospholipid bilayer ensuring their proper
orientation during insertion into the ER membrane, where they then remain
membrane associated till they move to their final destinations (Shan et al., 2009;
Lodish et al., 2008). Based on the Singer model, integral membrane proteins can
be classified as follows: A. type I transmembrane proteins containing a single
transmembrane domain (TMD), with an Nout/Cin orientation (“in” means
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cytoplasmic side, “out” means lumen); B. type II transmembrane proteins (a
single TMD, Nin/Cout); C. type III membrane proteins (multiple TMDs in a
single polypeptide chain); and D. type IV membrane proteins (multiple TMDs
reside on a single or multiple individual polypeptide chain) (Fig. 2.2, according
to the model build by Singer and Nicolson, 1972).

Figure 2.2: Transmembrane protein topology (Singer and Nicolson, 1972).
Type I and II membrane proteins are single-pass transmembrane protein.
However, type I proteins have their N-terminus exposed to the extracellular or
luminal space and C-terminus exposed to the cytosol, while type II proteins have
a cytoplasmic N-terminus and an extracellular or luminal C-terminus, which
is just the reverse orientation of the type I. Type III proteins are multi-pass
transmembrane proteins.

Quality control at the ER

The ER is an important check point of correct protein folding and assembly. Only
properly folded and assembled proteins are allowed to exit the ER. Unfolded,
misfolded, and partly assembled proteins are recognized by molecular chaperones
and retained in the lumen of the ER, in an attempt to fold them into their
correct, native structure. Proteins that erroneously reached the Golgi can also
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return to the ER when ER retention signals are present (ER lumen proteins such
as Hsc70, BiP). Irreversibly misfolded proteins are transferred to the cytosol
and degraded by the proteasome system (Ellgaard and Helenius, 2003).

Traffic between the ER and the Golgi apparatus

While the sorting of plant vacuolar proteins is initiated at the ER (Niemes
et al., 2010), the Golgi apparatus is the major sorting station in the plant
cell (Matheson et al., 2006). The ER and Golgi communicate with each other
through a highly regulated traffic system. Transfer from ER to Golgi apparatus
is the first step in protein sorting via the secretory pathway. This is mediated by
coat protein complex II (COPII) vesicles. The retrograde transport from Golgi
to ER via the COPI vesicles, which are both morphologically and biochemically
different from the COPII vesicles (Fig. 2.3, Spang, 2009).

Figure 2.3: Schematic drawing of the shuttle trafficking between ER
and Golgi (Spang, 2009).
COPII vesicles are formed at ER exit sites (ERES) and travel to Golgi arrival
sites (GoAS), while COPI vesicles are formed at the Golgi exit sites (GoES)
and travel to ER arrival sites (ERAS). Ypt1/Rab1, Uso1/p115, TRAPPI, DSL,
and SNAREs are tethers being involved in the travelling of ER-Golgi shuttle.
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The COPII vesicles mediate the anterograde traffic export of proteins from ER
to Golgi apparatus in eukaryotic cells. COPII is composed of three components:
Sar1, Sec23/24, and Sec13/31. After budding off from the ER, COPII vesicles
can either directly fuse with cis-Golgi, or first fuse with each other and then to
the cis-Golgi. However, COPII is not the only anterograde ER→Golgi route
that has been proposed in plants (Jensen and Schekman, 2011). Soluble proteins
are exported out of the ER by a COPII-dependent bulk flow mechanism in
plants. Different types of motifs have been identified in animals. A di-acidic
(e.g. DXE/EXE) or di-basic (e.g. RKXRK) motif, as well as a di-aromatic motif
in the cytosolic tail of transmembrane proteins are reported to be important
for ER export. Moreover, the length of the transmembrane domain (TMD) is
involved in regulating the localization of single-spanning membrane proteins in
plants, while the export signals could further enhance the export rate, or even
override the length of TMD in determining the final destination (Hanton et al.,
2005).

Retrograde Golgi-ER transport of soluble proteins is achieved by C-terminal
H/KDEL motifs that are recognized by the receptor ER retention defective
2 (ERD2). Thus, H/KDEL motifs are considered to be responsible for the
retention of soluble proteins in the ER lumen. Such proteins never get the
typical modifications as observed in Golgi-derived enzymes (Hanton et al., 2009).

COPI vesicles are responsible for retrograde traffic from the Golgi to the ER
or within the Golgi apparatus from the trans- towards the cis-face. COPI
consists of a coatomer (F-COP and B-COP subunits) and an Arf G-protein.
COPI vesicles can be classified into two different classes: COPIa derive from
cis-cisternae, and COPIb derive from medial and trans-cisternae. Different
classes of COPI vesicles are caused by multiple isoforms of COP subunits. The
distribution of proteins between ER and Golgi is maintained by the balanced
cooperation of COPI and COPII transport routes. Inhibition of COPI function
results in impaired trafficking between ER and Golgi, and disruption of the ER
exit sites (ERES) (Donohoe et al., 2007).

2.2.4 Intra-Golgi and post-Golgi transport

The Golgi apparatus receives newly synthesized proteins from the ER, and
after covalent modification they are further distributed to various final destina-
tions. The Golgi apparatus is composed of stacked cisternae and continuously
remodelled. According to the different regions and functions of the cisternae,
they are defined as cis-Golgi, medial-Golgi and trans-Golgi. The cis-Golgi
constitutes the entrance of the apparatus and the trans-Golgi represents the
face where the vesicles leave to reach their final destination (Hawes et al., 2008).
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The Golgi can also be implicated in protein traffic to non-secretory organelles
such as peroxisomes and chloroplasts. The Golgi apparatus plays an important
role in post-translational modification, such as glycosylation, mainly through
transmembrane processing enzymes. Proteins enter the cis-Golgi, move through
the medial cisternae and reach the trans-Golgi where the modification process is
completed. Two models of intra-Golgi transport have been proposed, the vesicle
shuttle and the cisternal maturation models. Selective trafficking and retention
of protein and lipid species in the intra-Golgi transport process are mediated
by cytosolic coat proteins that assemble onto Golgi membranes. Notably,
multiple Golgi-independent protein transport pathways exist for delivering
cargo molecules from the ER to a variety of destinations (Matheson et al.,
2006).

Clathrin coated vesicles (CCVs) These vesicles were the first kind of coated
vesicles described in eukaryotes. Typically, CCVs are 50∼100 nm in diameter
vesicles formed at the PM, TGN/endosomes, and vacuoles (yeast and plant)
for transporting protein cargoes between them (Kirchhausen, 2000). CCVs are
involved in both secretory and endocytosis pathways, and play a role in other
processes such as defence responses and cytokinesis as well. The formation of a
clathrin coat requires various adapter proteins (APs), clathrin, and dynamin (a
GTP-binding protein, Arf). The clathrin unit is a three-limb shaped triskeleton,
each limb containing one clathrin heavy chain and one light chain (Fotin et al.,
2004a,b). Two other proteins, amphyphysin and synaptojanin, are involved in
CCV formation as well. The clathrin coat can be depolymerized by cytosolic
Hsc70, and re-used (Hwang and Robinson, 2009).

Adaptor Protein (AP) complexes They are heterotetramers mediating the
formation of transport vesicles as well as cargo sorting. According to Hirst
et al. (2011), five distinct AP complexes have been identified in eukaryotes
to date. They are probably responsible for different traffic pathways named
AP1, AP2, AP3, AP4, and AP5. AP complexes are composed of two large
subunits (termed γ/β1, α/β2, δ/β3 and ε/β4 respectively), a medium subunit
(µ1-µ4), and a small subunit (σ1-σ4) (Robinson and Bonifacino, 2001; Dacks
et al., 2008). Like the other four APs, the newly discovered AP5 is supposed
to have ζ and β5 as the large subunit, a medium subunit µ5, and a small σ5
subunit. The γ/β1 and α/β2 subunits of AP1 and AP2 have been found to
bind clathrin via clathrin binding sites within their hinge domains (Bonifacino
and Traub, 2003b). Each AP complex has a distinct localisation and function.
The AP1 complex interacts with VSRs and is involved in CCV formation at
the TGN and endosomes, mediating the trafficking between these organelles
(Nakatsu and Ohno, 2003). The AP2 complex contributes to the formation of
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CCV from PM and facilitates clathrin-mediated endocytosis (Owen et al., 2000).
The AP3 complex is involved in formation of vesicles with/without clathrin
from TGN/endosomes, and probably mediates transport to lysosome/vacuole
bypassing the prevacuolar compartment (PVC) (Nakatsu and Ohno, 2003). In
addition, AP3 subunit loss-of-function Arabidopsis mutants implicated AP3 in
biogenesis and function of the LV (Zwiewka et al., 2011; Feraru et al., 2010).
The AP4 complex is recently defined as a mediator of the transport of the
amyloid precursor protein from the TGN to the endosome (Burgos et al., 2010).
It was postulated to be involved in vesicle formation with or without clathrin
(Abou Jamra et al., 2011; Moreno-De-Luca et al., 2011). The AP5 complex
does not associate with clathrin, localizes in late endosomal compartments, and
mediates endosomal sorting (Hirst et al., 2011). In contrast to other APs, AP5
and AP2 were found to be BFA insensitive (Hirst et al., 2011).

In the secretory and endocytic pathways, AP complexes selectively recognize
sorting signals (Bonifacino and Traub, 2003b). A number of such sorting signals
have been identified in the last decade, such as tyrosine signals (NPXY and
YXXΦ signal; X can be any amino acid and Φ is a bulky hydrophobic amino
acid), and dileucine signals ([DE]XXXXL[LI] and DXXLL consensus motif)
(Nakatsu and Ohno, 2003). AP complexes are known to interact with tyrosine
based sorting signals via their µ subunits, but which AP subunits recognizes
dileucine-based sorting signals remains unidentified. Evidence has been provided
that AP1 binds via its γ and σ1 subunits (Janvier et al., 2003), while AP3 binds
via its β unit (Bonifacino and Traub, 2003b; Badolato and Parolini, 2007).

Vacuolar sorting receptors (VSR)

The vacuolar sorting receptor BP80 (binding protein of 80 kDa, VSR family),
was first identified from a pea cotyledon CCV preparation in 1994 by its ability
to bind the vacuolar sorting determinant (VSD) of barley aleurain in vitro, and
the receptor-ssVSD ligand binding depends on the pH (Kirsch et al., 1994).
VSRs are type I membrane proteins with a cytosolic motif and a large lumenal
domain. They are not related to sorting receptors of TGN such as MPRs in
animals or Vps10 in yeast (Kim et al., 2010; Wang et al., 2011). VSR family
proteins generally recognize NPIR-(like) consensus motifs of cargo proteins
(mostly at the N-terminus) which in turn are recognized by AP1 via their
YMPL consensus motif at the C-terminus. VSRs are generally considered to
mediate protein sorting to the lytic vacuole (LV), a concept supported by several
pieces of evidence. First, VSRs recognize and bind the ssVSDs present in lytic
vacuolar proteins, such as barley aleurain and sporamin (Ahmed et al., 2000).
Second, VSRs contain a tyrosine motif for interaction with the AP1 complex µ1
subunit that are subsequently packaged into the CCV (Jürgens, 2004). Third,
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AtVSR1 interacts with AtEpsinR1, its mammalian orthologue being involved
in the CCV-mediated traffic to lysosomes (Song et al., 2006). Fourth, the
AtVSR C-terminal cytosolic tail interacts with AtVPS35, a PVC localized
retromer (Oliviusson et al., 2006). Fifth, despite the fact that VSR-cargo ligand
interactions might be initiated in the ER (Niemes et al., 2010), VSRs are mainly
localized in the PVC with a small part in the TGN (Miao et al., 2006). Last,
the pH-dependent ligand binding indicates that the receptor-cargo complex
needs to end up in an acidic environment to release its cargo (Luis et al., 2005).

However, several studies also showed interactions between VSRs and VSD
facilitated by storage proteins such as 2S albumins (Brown et al., 2003).
PV72, a pumpkin orthologue of VSR, was identified in precursor-accumulating
compartments (PACs, Shimada et al., 1997) that are proposed as intermediates
in the transport of storage proteins to the PSV (Shimada et al., 2002). Similar
results have been found in sunflower (Molina et al., 2006) and castor bean
(Jolliffe et al., 2005). In contrast to BP80, ligand binding to PV72 is calcium-
dependent, as it is released at a low calcium concentrations. Additionally,
AtELP, a Arabidopsis orthologue of VSR, was shown to play a role in sorting
storage proteins in seeds, which also shows calcium-dependence (Shimada et al.,
2003). These results indicate that different isoforms may be involved in different
sorting pathways. The recent finding that VSRs could be localized at the PM
suggested an additional role for VSR proteins in mediating protein transport
towards PM and endocytosis in germinating pollen tubes of lily and tobacco
(Wang et al., 2011).

The RMR protein family (receptor-like membrane RingH2) was originally found
by their homology to protease-associated (PA) domains in VSR receptors. This
was already indicative of their role in binding vacuolar proteins (Cao et al., 2000).
In vitro experiments showed the capability of RMR to bind to the ctVSD of
barley lectin, bean phaseolin and tobacco chitinase, which are then transported
to the protein storage vacuole (PSV) (Park et al., 2007). The RMRs are type I
transmembrane proteins containing a typical N-terminal signal peptide, followed
by a PA domain and a single transmembrane domain (Mahon and Bateman,
2000). In contrast to the short cytoplasmic tail of VSRs, plant RMRs contain
a long cytoplasmic tail with a typical C3H2C3 RING-H2 domain (Cao et al.,
2000). AtRMR1 has been mainly localized in the late Golgi apparatus, DV
and PSV in Arabidopsis embryos by using immunogold electron microscopy
(Hinz et al., 2007). AtRMR2 was localized in the PSV (Park et al., 2005),
and other RMRs were also found in the PSV in tomatoes (Jiang et al., 2000)
and in members of the Brassicaceae (Gillespie et al., 2005). These findings are
compatible with the hypothesis of its role as a receptor in protein sorting to
PSV (Wang et al., 2011). Recently, Shen et al. (2011) demonstrated that rice
RMR1 associates with an intermediate vacuolar-like compartment related with
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the PSV.

Vacuolar Sorting Determinants (VSDs)

Besides the ER motif KDEL as described above, plant cells contain three
different categories of VSDs: (i) sequence-specific vacuolar sorting determinants
(ssVSDs), (ii) C-terminal vacuolar sorting determinants (ctVSDs) and (iii)
protein structure-dependent vacuolar sorting determinants (psVSDs) (Hwang,
2008). These VSDs are efficient and necessary for correct post-Golgi sorting to
the vacuole. Without these motifs, vacuolar proteins are secreted to the cell’s
surface following the default pathway (Craddock et al., 2008). In general, VSDs
are removed during maturation after vacuolar sorting (Matsuoka and Nakamura,
1999). ssVSDs function independent from their molecular position, although
they are most often situated at the N-terminus of a protein (NTPP). However,
there are examples of C-terminal and even internal ssVSDs (Maruyama et al.,
2006). ssVSDs are generally considered to be recognized by VSRs for sorting
to the LV, as in the case of barley aleurain and sporamin (Koide et al., 1997).
Furthermore, ssVSDs were also found to be involved in sorting to the PSV.
Functional ssVSDs were described in castor storage protein 2S albumin and
ricin (Jolliffe et al., 2004) and in the 2S albumin of pumpkin (Mitsuhashi et al.,
2000). ssVSDs contain NPIXL/NPIR consensus motifs (such as IRPV in castor
ricin, and LRMP in 2S albumin of castor, bean). Deletion of these motifs
led to secretion to the cell surface, whereas their introduction into a secreted
protein could redirect it to the vacuole. Moreover, sporamin ssVSDs are still
able to direct proteins to the vacuole when moving it from the N-terminus to
the C-terminus (Koide et al., 1999). ctVSDs were first discovered in barley
lectin and tobacco chitinase (Neuhaus et al., 1991). They contain a hydrophobic
region which is not highly conserved (Matsuoka and Neuhaus, 1999). The
minimal length is four amino acids (AFVY in phaseolin, Frigerio et al., 2001).
Many random C-terminal peptides are sufficient to target a reporter protein to
the vacuole. For example, the ctVSD of tobacco chitinase A (GLLVDTM), and
the FAEAI and LVAE motifs of barley lectin are necessary and sufficient for
vauolar targeting (Neuhaus et al., 1991; Bednarek and Raikhel, 1991; Schroeder
et al., 1993). Moreover, the IAGF motif from 2S albumin of Passifloraceae, the
PLSSILRAFY motif of the β-conglycinin α-unit of soybean, and the KISIA
motif from the 11S albumin of Amaranthus are all functional ctVSDs (Petruccelli
et al., 2007; Bottanelli et al., 2011). However, ctVSD must strictly localize
to the C-terminal part of the protein. Moreover, introduction of C-terminal
glycosylation sites or addition of extra alanine stretches at the C-terminus led to
cell surface secretion (Vitale and Hinz, 2005; Jolliffe et al., 2005). Some proteins
even combine ssVSD and ctVSD that may serve for dual targeting to the PSV
matrix and the globoids (Nishizawa et al., 2006). The psVSD can be subdivided
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in two types: the first type is constituted of a particular three-dimensional (3D)
structure present in native proteins such as particular internal domains (signal
patch) observed in legumin (Saalbach et al., 1991). The second type is based on
protein aggregation mediated transport to the PSV by means of DV either at
ER or at Golgi. This process has been escribed only for seed storage proteins
and was so far proposed as a non-receptor-mediated sorting mechanism (Hinz
et al., 1997).

2.2.5 Trafficking from Golgi to the vacuole

Protein sorting to the PSV

Storage proteins are transported to the PSV via Golgi-dependent or -independent
pathways depending on the cargo protein and plant development stage (Rojo
and Denecke, 2008).

Unlike LV, traffic of storage proteins from the Golgi apparatus into the PSVs
is mediated by dense vesicles (DVs) rather than by CCVs (Hohl et al., 1996).
DVs are small, uniform vesicles (150∼200 nm in diameter) containing intrinsic
membrane proteins destined for the PSVs, and by their high density electron-
opaque lumenal contents (Vitale and Hinz, 2005). They were first discovered in
common bean (Chrispeels, 1983), and later in other plant species such as pea
(Hinz et al., 1999), broad bean (Zur Nieden et al., 1984), wheat (Kim et al., 1988)
and Arabidopsis (Hinz et al., 2007). Within the cis-Golgi, accumulation and
condensation of storage proteins initiates the formation of DVs. Subsequently
these discrete small vesicles intact with the Golgi membrane and are transferred
to the TGN concomitant with increased density, and finally they are released
from the TGN (Hinz et al., 2007; Hwang, 2008). Mature DVs are not protein
coated; they can directly fuse with PSVs with multivesicular bodies (MVBs)
first (Jiang et al., 2000, 2001). MVBs contain multiple internal vesicles, are
present in all eukaryotes and are involved in various post-Golgi processes of
the secretory pathway. DVs fuse into the MVB and discharge their contents
there (Tse et al., 2004). They are then received by PSVs together with their
cargoes. Therefore, the Golgi-dependent PSV trafficking pathway can be defined
as a ER→Golgi→DV(→ MVB)→PSV pathway. Protein transport to the PSV
mainly occurs through aggregation sorting, but receptor-mediated sorting might
play a role as well (Molina et al., 2006). In this case, the involved VSRs are
BP80 orthologues (such as PV72, AtELS1) and RMRs (Li et al., 2006; Fuji
et al., 2007; Hwang, 2008). Many proteins have been reported that sort to PSVs
via DVs, such as legumin, vicilin and SBP (sucrose-binding-protein homologue)
(Molina et al., 2006).
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Transport of storage proteins to the PSV can take an alternative route from
the ER bypassing the Golgi. Globulins, the major vacuolar storage proteins in
pumpkins, were suggested to reach the PSV via precursor-accumulating vesicles
(PAC), which are much larger (diameter: 200∼400 nm) than DVs, and reach the
PSV directly from the ER, bypassing the Golgi complex (Hara-Nishimura et al.,
1998). The existence of this route is supported by the fact that transport can
not be inhibited by monensin, which specifically inhibits Golgi export to the
vacuole (Hayashi et al., 1988). Similar results have been obtained for cysteine
proteinases and α-TIPs (Toyooka et al., 2000). PACs contain unglycosylated
precursors of storage proteins, and mediate aggregation sorting. PACs have
been found in pumpkin, castor beans and in wheat (Takahashi et al., 2005).
Although directly generated from the ER, PACs can accept glycosylated proteins
derived from the Golgi during their transport to the PSV (Jolliffe et al., 2005).
PAC vesicles are incorporated in the lumen of PSVs. The incorporation follows
one of two models: fusion between PACs and PSVs occurs through autophagy
(Robinson et al., 1995) or by direct membrane fusion (Shimada et al., 1994).

Protein sorting to the LV

Secretory pathway leading to the LV Different pathways for post-Golgi
sorting of proteins to lysosomes/vacuoles have been found in yeast and mammals.
The pathway through CCVs seems conserved among all eukaryotes (plants,
yeast, human). Inside the TGN, specific sorting signals are recognized by
the TGN membrane localized receptor, recruited into CCVs, and transported
into LV/lysosomes (Rouillé et al., 2000). In mammalian cells, sorting of acid
hydrolases destined to the lysosome is facilitated by the mannose-6-phosphate
receptor (MPR) (Ghosh et al., 2003). MPR-ligand complexes are recruited into
CCVs at the TGN. This process is mediated by Golgi-localized, gear containing
ARF-binding proteins (GGAs) and by the AP1 complex through interactions
with MPR’s tyrosine (YXXΦ) and dileucine (LL) motifs at the cytosolic tail
(Doray et al., 2002; Ghosh et al., 2003). In yeast, sorting and delivery to the
LV is very similar to the MPR pathway of mammalian cells (Deloche et al.,
2001; Costaguta et al., 2001). This mechanism is believed to be used for the
traffic to plant LVs as well, although LV proteins interact with VSRs, showing
no homology to MPRs or Vps10p (Kirchhausen, 2000). Plant VSRs recognize
ssVSDs (e.g. NPIR consensus motifs) in LV targeted proteins, such as barley
aleurain (Matsuoka and Neuhaus, 1999; Paris and Neuhaus, 2002). VSRs then
interact with AP1 through a tyrosine-based sorting motif (e.g. YMPL) instead
of through a dileucine motif as observed in yeast and mammals (Happel et al.,
2004). CCVs, containing cargo-VSR, then bud from the TGN, and discharge
their contents after fusion into the PVC (Hinz et al., 1999; Tse et al., 2004).
Due to the lower pH of the PVC, ligands dissociate from their receptor, and
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the receptor is subsequently recycled back to the Golgi apparatus (Seaman,
2005). Importantly, in mammalian cells, there is also an MPR-independent
pathway for sorting directly to the lysosome. A similar route has been proposed
to exist in plants, probably bypassing the PVC (Braulke and Bonifacino, 2009).
This pathway involves a different adaptor complex (AP3), which does not
associate with clathrin. In mammals, both dileucine as well as tyrosine motifs
are recognized by AP3, whereas in yeast only dileucine signals are involved
(Bonifacino and Traub, 2003b). Recent reports suggested that AP3 subunits
play a role in the biogenesis, morphology, and function of PVC and vacuoles in
plants (Feraru et al., 2010; Zwiewka et al., 2011).

Remarkably, in plants LV resident proteins can be transported directly from the
ER to LV, by means of ER bodies as intermediate compartments, bypassing the
Golgi apparatus. One of the emerging differences that appears to distinguish
plants from the other eukaryotes is the plasticity of the ER to form protein, oil,
or rubber containing subcellular structures best termed ER body (Matsushima
et al., 2003), which either stably accumulate or are transported to the vacuole.
ER bodies are in most instances spherical, less than 1 µm in diameter, and
consist of a dense core consisting of a self-assembling or aggregating protein, oil,
or rubber and a membrane of ER origin. There is evidence for nonconventional
ER trafficking bypassing the Golgi to the lysosome in animal cells (Teckman
and Perlmutter, 2000). It was proposed that ER bodies in plants can follow a
similar path bypassing the Golgi and directly fusing with LV, as observed under
stress conditions (Hayashi et al., 2001; Herman and Schmidt, 2004).

2.3 Protein sorting to other organelles

2.3.1 Protein import into mitochondria

Mitochondria play a key role in the regulation of programmed cell death (PCD),
triggering a controlled destruction of the cell in response to environmental stress
and internal damage (Lam et al., 2001). Many crucial enzymes related with
cell energy production are present in mitochondria, such as members of the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation. Mitochondria
are dynamic organelles that move rapidly and vary in size and shape (Sheahan
et al., 2005). Mitochondria are proposed to have been derived from an ancestral
α-proteobacterium through the process of endosymbiosis (Andersson et al.,
2003). The biogenesis of mitochondria requires the synthesis and import of
hundreds of different proteins from the cytosol (around 98% of mitochondrial
proteins are encoded by nuclear DNA). Although protein import into plant
mitochondria was first reported in 1987 (Boutry et al., 1987), it was not until the
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complete genome sequence of Arabidopsis and associated technologies became
available that the actual components of the protein import apparatus could be
investigated in detail (Millar et al., 2008).

Mitochondria consist of four subcompartments, the outer (OM) and inner
membranes (IM), the intermembrane space (IMS), and the matrix. After
synthesis on cytosolic ribosomes as a precusor, mitochondrial proteins need to
be directed to this organelle, first passing the OM for further subcompartmental
sorting. Thus, mitochondrial protein targeting requires (1) sorting signals to
identify proteins destined to the mitochondrion, and (2) an apparatus located
at the mitochondrion to recognize and facilitate the import of these proteins
across either one or both mitochondrial membranes or their insertion into
either of these two membranes (Endo and Yamano, 2009; Chacinska et al.,
2009). Broadly, two types of sorting signals exist: (1) a cleavable mitochondrial
targeting peptide (mTP) mostly located at the N-terminal end of a precursor
protein, and (2) internal targeting signals embedded within a protein (Chatre
et al., 2009; Huang et al., 2009). mTPs primarily direct mitochondrial precursors
through the two membranes to the matrix. For protein delivery to the IMS or
IM, additional signals (mostly integral signals) are needed (Bolender et al., 2008;
Endo et al., 2011). No primary consensus sequence exists for mTPs. However,
they are usually rich in positively charged residues (Arg, Lys) and hydroxylated
residues (mainly Ser) interspersed with hydrophobic residues. They are mostly
deficient in negatively charged residues (Asp, Glu), and might contain regions
that form α-helical secondary structures with amphipathic properties (Habib
et al., 2007). These general features of mTPs are conserved in plants, fungi,
and animals. Particularly, plant mTPs tend to be slightly longer, and are
more rich in Ser residues (Bhushan et al., 2006). Internal signals can direct
proteins to the inner/outer mitochondrial membrane and to the IMS (Danne
and Waller, 2011). Very little is known about the nature of these signals.
Most mitochondrial proteins enter mitochondria via an OM translocator, the
TOM complex. Then the protein-sorting pathway branches out for different
mitochondrial subcompartments with the aid of distinct sorting-specific import
machineries. The TIM23 (translocase of the inner mitochondrial membrane)
complex mediates sorting of precursor proteins with an N-terminal cleavable
presequence to the matrix and IM. The TIM22 complex facilitates insertion
of polytopic membrane proteins without a presequence into the IM membrane.
The SAM (sorting and assembly machinery) complex in the OM mediates the
entry of a protein into the matrix as a TIM23-SAM complex or assemble β-barrel
membrane proteins into the OM by the assistance of the TOM complex (Becker
et al., 2008; Endo and Yamano, 2010).
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2.3.2 Protein import into the chloroplast

Similar to mitochondria, chloroplasts also originated from an endosymbiotic
event, in which an ancestral photosynthetic cyanobacterium was incorporated
by a heterotrophic host cell that already contained mitochondria (Martin et al.,
2002). During the endosymbiotic process, genes have been transferred from the
chloroplast genome to the host nuclear genome. Accordingly, the vast majority
of chloroplast proteins are encoded by the nuclear genome and synthesized in
precursor form on cytosolic ribosomes. As chloroplasts are the most recent
organelles that were added into the eukaryotic cell, several post-translational
protein-targeting systems probably already existed in the host cell. Therefore,
the arising chloroplast protein-import system had to develop unique features to
ensure organelle specificity, as the correct sorting of proteins in a eukaryotic
cell is essential for its functionality.

Chloroplasts are highly structured and contain three distinct membrane systems:
the outer- and inner-envelope membranes (which surround the organelle), and
the thylakoid membrane network (containing the photosynthetically active
protein complexes). In such a way, three subcompartments can be distinguished:
the space between the envelope membranes, the stroma, and the thylakoid lumen
(Soll and Schleiff, 2004). Chloroplast localized proteins are generally synthesized
as precursor proteins with cleavable N-terminal chloroplast transit peptides
(cTPs), which function as a ticket for entry into chloroplasts (Von Heijne et al.,
1989). The cTPs are both necessary and sufficient for organelle recognition
and translocation initiation. As for mTPs, no conserved motifs can be defined
for cTPs (Bhushan et al., 2006), but, in general, the transit sequences vary in
length from 20 to 150 amino acids, and are remarkably similar with respect to
the amino acids composition of mitochondrial presequences (Zhang and Glaser,
2002). cTPs carry an overall positive charge and are enriched in the hydroxylated
amino acids serine and threonine (Zybailov et al., 2008). Once nuclear DNA
encoded proteins entered the chloroplast, the N-terminal cTPs are cleaved by
the general stromal processing peptidase. Chloroplast proteins may be further
processed by additional cleavage and/or acetylation of N-terminal residues
(Zybailov et al., 2008). Preproteins that contain a cleavable cTP are recognized
by the Toc (translocon at outer envelope of chloroplast) complex (Toc159/Toc34)
(Sveshnikova et al., 2000), and then transferred to the Tic (translocon in the
inner envelope of chloroplast) complex (Tic20/Tic21) (Teng et al., 2006). The
Toc and Tic translocons function together during the translocation process.
Completion of import requires energy, which probably comes from the ATP-
dependent functioning of molecular chaperones in the stroma. The stromal
processing peptidase then cleaves the cTP to produce mature protein (Soll and
Schleiff, 2004; Li and Chiu, 2010). Further transport into the thylakoid lumen
involves two pathways: the cpSec pathway and the cpTat pathway. Proteins
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that are localized in the thylakoid lumen contain bipartite targeting signals, an
N-terminal domain, responsible for chloroplast targeting and envelope-transfer,
and a C-terminal thylakoid-transfer domain (Vojta, 2006). cpTat-directed
signal peptides contain an essential twin arginine (RR) motif just before their
hydrophobic domain, and the cpSec system appears to operate as in bacteria
(Cline and Dabney-Smith, 2008). However, several known plastid proteins
appear to have no obvious cTP. Chloroplast outer envelope proteins never
contain a cleavable cTP except TOC75 (Millar et al., 2006). Furthermore,
it was also suggested that another chloroplast protein, a carbonic anhydrase,
takes an alternative route through the ER, in addition to the proteins directly
synthesized in the chloroplast by the chloroplast genome and those imported
from the cytosol through the Toc/Tic apparatus (Villarejo et al., 2005).

2.3.3 Protein sorting to the nucleus

The nucleus is undoubtedly the most important regulatory compartment of the
eukaryotic cell. It contains the genetic information and regulates cell activity.
The double membrane nuclear envelope ensures the separation of the nucleus
from the other compartments, selectively regulating bidirectional transport of
macromolecules between the nucleus and the cytoplasm (Mehdi et al., 2011).
Proteins destined for accumulation in the soluble compartment of the nucleus
are synthesized on cytoplasmic ribosomes, and then transported by specific
soluble carrier proteins: karyopherins (Radu et al., 1995), importins (Görlich
et al., 1994) and exportins (Stade et al., 1997). Small molecules, for instance
sugars, can generally pass through the nuclear pores by diffusion, but proteins
larger than 30 ∼ 40 kDa require at least one nuclear localization signal (NLS)
within their primary structure for nuclear import (Lange et al., 2007). NLS
motifs are short and enriched in basic amino acids, they exist in all eukaryotic
cells and even in viral proteins. Generally, NLSs can be categorized into three
classes: monopartite NLSs, bipartite NLSs, and Matα2 like NLSs (Lange et al.,
2007). The best-studied monopartite NLS is the one found within the SV40
large T-antigen, which is composed of a single peptide region containing basic
residues. The bipartite NLS, as observed in the Xenopus protein nucleoplasmin,
is composed of two peptide regions containing basic residues that are separated
by a space of 10 ∼ 12 residues. Both types of NLS contain a six-peptide core
containing 4 Lys or Arg, without acidic or large amino acid, and also show a Gly
or Pro on either side, followed by a hydrophobic region (Hall et al., 1990). The
third and most unusual class of NLSs is defined by the amino-terminal signal
of the yeast protein Mat α2, NKIPIKD. In addition to basic amino acids, this
class of signals possesses one or more hydrophobic residues in between (Hicks
and Raikhel, 1995). Although NLSs have been grouped into these categories,
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no consensus sequence can be defined. In addition, some NLSs were recently
discovered that do not seem to fit in any of the above mentioned groups, and
therefore a new classification into six classes has been proposed (Kosugi et al.,
2009). NLS-mediated nuclear import requires the recognition of the NLS at the
nuclear envelop by nuclear transport receptors (NTR) (such as importin), and
then import occurs through the nuclear pore complex (NPC) (Merkle, 2011;
Kanneganti et al., 2007).



Chapter 3

Exploring the neutral
invertase-oxidative stress
defence connection in
Arabidopsis thaliana1

3.1 Introduction

Over the past decades, considerable advances have been made in understanding
the crucial role and the regulation of sucrose metabolism in plants. Among
the various sucrose catabolizing enzymes, A/N-Invs have long remained poorly
studied. However, recent findings have demonstrated their presence in various
organelles in addition to the cytosol, and their importance for plant development
and stress tolerance. Furthermore, when plants are exposed to abiotic and biotic
stresses, reactive oxygen species (ROS) homeostasis is disturbed, resulting in
oxidative stress. Chloroplasts, peroxisomes, and mitochondria are the major
sources of ROS production in plant cells (Mittler, 2002; Neill et al., 2002).
Superoxide dismutase (SOD) is the first line of defence against oxidative stress
by catalysing the dismutation of superoxide to molecular oxygen and hydrogen
peroxide (Okamoto et al., 2001). Three types of SOD isoenzymes have been

1This work has been described in Neutral invertase, hexokinase and mitochondrial ROS
homeostasis, Plant Signaling & Behavior (2011); and Exploring the neutral invertase–oxidative
stress defence connection in Arabidopsis thaliana, Journal of Experimental Botany (2011)
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reported in various plant species: Mn-SOD, Cu/Zn-SOD, and Fe-SOD (Alscher
et al., 2002). Mn-SOD is located in mitochondrial while Cu/Zn-SOD and Fe-SOD
are chloroplastic. In addition, both catalases (CATs) and ascorbate peroxidases
(APXs) – the latter using ascorbate (AsA) as a substrate – play crucial roles in
H2O2 scavenging processes, in concert with the different enzymes of the so-called
Halliwell-Asada pathway which represents one of the most important antioxidant
systems of the cytosol, chloroplasts, and mitochondria (Mittova et al., 2004;
Arora et al., 2002). Recently, a specific vacuolar antioxidant mechanism has been
proposed to work in concert with the well-known cytosolic, chloroplastic, and
mitochondrial antioxidant mechanisms in plants (Bolouri-Moghaddam et al.,
2010). Moreover, a scenario is emerging in which the catalytic activity of
mitochondria-associated hexokinase (mtHXK) regulates ROS levels and perhaps
also the signaling pathways leading to antioxidant defence responses(Camacho-
Pereira et al., 2009; Bolouri-Moghaddam et al., 2010). Therefore, in this chapter,
we focused on a cytoplasmic and a mitochondrial A/N-Inv, and examined their
correlation with antioxidant defence.

3.2 Results

3.2.1 Phylogenetic relationships within the A/N-Inv gene
family

For decades, A/N-Invs were believed to occur exclusively in the cytosol, although
proper localization data to corroborate this assumption were not available.
Phylogenetic and in silico analyses, however, suggested the existence of two
A/N-Inv subfamilies with different subcellular localization: an α-group with a
predicted mitochondrial or plastidic localization and a β-group with a predicted
cytosolic localization (Ji et al., 2005). Murayama and Handa (2007) were the
first to experimentally demonstrate the presence of A/N-Invs in (or attached to)
mitochondria and plastids of rice (Oryza sativa, OsNIN1 and OsNIN3), while
Vargas et al. (2007) provided additional evidence for a chloroplast-targeted
A/N-Inv in Arabidopsis (At-A/N-InvE; At5g22510). Similarly, some Susy forms
have been localized in mitochondria (Subbaiah et al., 2006). AtSUS2 seems to
be localized in (or attached to) plastids of the embryo (Nunez et al., 2008).

Figure 3.1 shows an unrooted phylogenetic tree with nine putative A/N-Invs (At-
A/N-InvA∼I) from Arabidopsis together with other functionally characterized
plant A/N-Invs. The α and β clusters are clearly separated. Within the α
cluster, two further subgroups can be discerned (LtINV, OsNIN3, BvINV,
and At-A/N-InvE on the one hand; OsNIN1, DcINV, At-A/N-InvC, At-A/N-
InvH, and At-A/N-InvA on the other hand). Members of the latter subgroup
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Figure 3.1: Unrooted phylogenetic tree of A/N-Invs.
An unrooted phylogenetic tree containing nine Arabidopsis A/N-Invs (At-A/N-
Inv A∼I) and other functionally studied A/N-Invs, drawn by ClustalW2. The
α and β type of A/N-Invs can be discriminated. At-A/N-InvA and At-A/N-
InvG, studied in this manuscript, are encircled. At-A/N-InvA, At1g56560;
At-A/N-InvG, At1g35580; At-A/N-InvF, At1g72000; At-A/N-InvH, At3g05820;
At-A/NInvC, At4g06500; At-A/N-InvI, At4g09510 (Barratt et al., 2009); At-
A/N-InvE, At5g22510; At-A/N-InvD, At1g22650; At-A/N-InvB, At4g34860;
AsinvA, Anabaena sp. PCC 7120; BvINV, AJ422050, Beta vulgaris; DcINV,
Y16262, Daucus carota; LjInv1, AJ717412, Lotus japonicus; LtINV, AJ003114,
Lolium temulentum; OsNIN1, AK103334; OsNIN3, AK121301, Oryza sativa; Ta-
A/N-INV, AM295169, Triticum aestivum. Referring to the (putative) subcellular
localization of the enzymes, the confidence levels generated by Target P are
indicated. mTP, mitochondrial; cTP, chloroplastic; OP, other (presumably
cytosolic); star, proven by localization studies. For a more extensive phylogenetic
tree of (putative) At-A/N Invs, we refer to the supplementary data of Vargas
et al. (2008).
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localize in mitochondria as demonstrated experimentally (At-A/NInvA, this
study; OsNIN1, Murayama and Handa, 2007) or as predicted by Target P
(http://www.cbs.dtu.dk/services/TargetP/; DcInv, At-A/N-InvC and At-A/N-
InvH). The other subgroup harbours OsNIN3 and At-A/N-InvE (At5g22510)
which are localized in plastids (Murayama and Handa, 2007; Vargas et al., 2008).
BvINV is also predicted to be localized in plastids. However, LtINV is predicted
to localize in mitochondria.

The cytosolic At-A/N-InvG is in the β cluster. All the members of this cluster
are believed to be cytosolic proteins based on computational prediction. Besides
At-A/N-InvF, At-A/N-InvD and At-A/N-InvB, Oscyt-Inv (AK102741, Jia et al.,
2008), LjInv1 (Flemetakis et al., 2006), Ta-A/N-Inv (Vargas et al., 2007), and
At-A/N-InvI (Barratt et al., 2009) are well characterized A/N-Invs.

3.2.2 At-A/N-InvA is located at mitochondria

To test the organellar localization of At-A/N-InvA and At-A/N-InvG in the
α and β subgroups as predicted by Ji et al. (2005) and Murayama and Handa
(2007), full-length and N-terminal versions of At-A/N-InvA and At-A/N-InvG
in frame with GFP were designed. Confocal microscopy was used to localize
the resulting GFP fusion proteins (and a GFP only control) in Arabidopsis
protoplasts, incubated for 18 h under dim light. In each case, 50 cells were
investigated and > 95% showed the subcellular localization as described. As
expected based on the phylogenetic tree, the protoplasts expressing At-A/N-
InvGn-GFP (Fig. 3.2 C) and At-A/N-InvG-GFP (Fig. 3.2 B), as well as the
GFP control (Fig. 3.2 A), showed fluorescence in the cytosol. In contrast,
At-A/N-InvA-GFP (Fig. 3.2D) and At-A/NInvAn-GFP (Fig. 3.2E) were mainly
detected in small structures surrounding the chloroplasts. A clear overlap with
the MitoTracker Orange marker demonstrated the mitochondrial location of At-
A/N-InvA and suggests that the targeting signal for mitochondrial localization
is in the N-terminal part of the protein. Hexokinase 1 (AtHXK1) (At4g29130)
associated with the mitochondrial outer membrane (outer membrane; Kim
et al., 2006) was used as an additional control for mitochondrial localization
(Fig. 3.2F). The results show that At-A/N-InvA and AtHXK1 occur remarkably
close to each other. However, further examination for colocalization is still
needed.
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Figure 3.2: Transient expression of fusion proteins in Arabidopsis
protoplasts.
(A) GFP fluorescence and bright field (BF) of GFP control protein; (B) GFP
fluorescence and BF of At-A/N-InvG-GFP fusion protein; (C) GFP fluorescence
and BF of At-A/N-InvGn-GFP fusion protein; (D) GFP, MitoTracker
fluorescence, merge of GFP and MitoTracker, and BF of At-A/N-InvA-
GFP fusion protein; (E) GFP, MitoTracker fluorescence, merge of GFP
and MitoTracker, and BF of At-A/N-InvAn-GFP fusion protein; (F) GFP,
MitoTracker fluorescence, merge of GFP and MitoTracker, and BF of AtHXK1-
GFP fusion protein.
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3.2.3 Enzymatic activities of recombinant At-A/N-InvA and
At-A/N-InvG, and inhibition by TRIS

To confirm their catalytic activities, At-A/N-InvA and At-A/N-InvG were
heterologously expressed in E.coli. Fully functional recombinant enzymes were
obtained. The pH optima, the Km, and the inhibitory effect of TRIS at pH
8.2 were determined. At-A/N-InvA shows a neutral pH optimum at about pH
7.5, and its activity is rather stable over a wide pH range (from pH 5.0 to 10.0:
Fig. 3.3 a). In contrast, the pH optimum of At-A/N-InvG is ∼9.5 (Fig. 3.3 a),
indicating that it can be classified as an alkaline invertase. A typical inhibitory
effect of TRIS on At-A/N-InvA activity was found (Fig. 3.3b), as observed for
other A/N-Invs (Van den Ende and Van Laere, 1995; and references therein).
In contrast, the At-A/N-InvG activity increased at lower TRIS concentrations
(0.5 ∼ 4 mM range; Fig. 3.3 b); 25 ∼ 30 mM TRIS is needed for 50% inhibition,
and the activity is strongly inhibited by 50 mM TRIS. The estimated Km for
At-A/N-InvG was 8.4 mM, compared with 17 mM for At-A/N-InvA (Fig. 3.3 c).
This is in the same range as the Km of other A/N-Invs (Vargas et al., 2003).

3.2.4 Growth phenotype and total A/N-Inv activities of At-
inva and Atinvg knockout plants

The unexpected presence of A/N-Inv and Susy forms in organelles and the
observed interaction of At-A/N-InvG with phosphatidyl monophosphate 5
kinase (PIP5K9; Lou et al., 2007) suggest that some of these sucrose degrading
proteins are involved in signaling (Vargas and Salerno, 2010). Recently, it
was convincingly demonstrated in Arabidopsis that cytosolic A/N-Invs (cA/N-
Invs) are indispensable for normal plant growth and development (Barratt
et al., 2009) as postulated in previous studies (Qi et al., 2007; Jia et al., 2008;
Yao et al., 2009). Thus, the A/N-InvG knock out lines were used here as
a control to analyse the phenotype of A/N-InvA knock out plant. T-DNA
insertion lines for At-A/N-InvA (SALK_109830 and SALK_015233, termed
Atinva) and At-A/N-InvG (SALK_095807, termed Atinvg) (Fig. 3.4a) were
grown on half-strength MS medium supplemented with 0, 1, and 5% (w/v)
sucrose or mannitol, and growth was compared with that of wt plants up to
15 d post-germination (Fig. 3.4b). The mannitol treatments resulted in more
severe phenotypes compared with the sucrose treatments. While sucrose and
mannitol both cause osmotic stress, mannitol is probably imported much more
slowly and cannot be further metabolized once taken up. Consistent with the
results of Barratt et al. (2009), Atinvg showed a severe root growth defect
and a weaker leaf growth compared with the wt, at 0, 1, and 5% sucrose and
mannitol. Surprisingly, Atinva knockout plants showed an even more severe
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Figure 3.3: Properties and kinetics of the recombinant At-A/N-InvA
and At-A/N-InvG.
(a) Invertase activity of At-A/N-InvA and At-A/N-InvG as a function of the pH
(5.0∼11.0). Reaction conditions: 100 mM sucrose, 30 ◦C, 30 min. Vertical bars
represent the SE for n=3. (b) Invertase activity of At-A/N-InvA and At-A/N-
InvG (pH 8.2) as a function of Tris concentration. Vertical bars represent the SE
for n=3. (c) Substrate velocity plots for fructose production by At-A/N-InvA
(pH 7.5) and At-A/N-InvG (pH 9.5) at varying sucrose concentrations (1∼50
mM). Reaction time: 30 min. Reaction temperature: 30 ◦C. The corresponding
linear Hanes plots are shown as inserts.
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Figure 3.4: Phenotypes of wild type (wt), Atinva, and Atinvg knockout
plants (continued).
(a) Gene and PCR data of wt, Atinva (SALK_109830, SALK_015233), and
Atinvg (SALK_095807). Primer pairs: LBb1.3, LP, and RP, according to
http://signal.salk.edu/tdnaprimers.2.html. (b) Seedling phenotypes (15 d after
germination) of wt, Atinva, and Atinvg at 0, 1, and 5% sucrose (Suc) and
mannitol (Mtl), respectively. (c) Root length of wt, Atinva, and Atinvg plants
(15 d after germination). Vertical bars represent the SE for n = 3.

growth phenotype compared with Atinvg, affected in both leaf growth and root
development (Fig. 3.4b). However, the main root length of Atinvg knockouts
was relatively less affected at 1% sucrose, suggesting that mitochondrial At-A/N-
InvA activity is more important under conditions of both sugar starvation (0%
sucrose) and excess sugar or osmotic stress (5% sucrose). Root lengths of wt,
Atinva, and Atinvg plants (MS agar plate, 1.5% sucrose, 15 d post-germination)
were recorded. Fifty plants of each type were selected. The mean root length of
Atinva knockouts is remarkably shorter (44% of the wt), while Atinvg knockout
roots are less affected (Fig. 3.4c). Soil-grown Atinva plants also showed a
significantly reduced leaf and shoot development compared with Atinva and wt
plants (Fig. 3.4d).
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Figure 3.4: Phenotypes of wild type (wt), Atinva, and Atinvg knockout
plants.
(d) Soil-grown phenotypes of wt, Atinva, and Atinvg plants (5 and 14 weeks,
respectively). (e) Relative total A/N-Invs activities of Atinva and Atinvg
compared with the wt leaves (5 weeks). Vertical bars represent the SE for
n = 3.

A/N-Invs were extracted from freshly harvested leaf material of Atinva, At-
invg, and wt plants. Total A/N-Inv activities were measured at pH 8.5 (to
minimize side activities of acid invertases). By comparison with wt plants,
the total A/N-Inv activities of Atinva and Atinvg were ∼40% and 35% lower
(Fig. 3.4e). Knocking out only one out of nine A/N-Invs considerably affects
both the growth phenotype and the total A/N-Inv activity, suggesting that
both At-A/N-InvA and At-A/N-InvG make up a considerable part of the total
activity. Alternatively, the At-A/N-InvA and At-A/N-InvG proteins themselves
(independently of their catalytic activities) might play a role in controlling the
total A/N-Invs activity and overall plant development, as suggested before by
Lou et al. (2007) for At-A/N-InvG.
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3.2.5 Expression of genes involved in oxidative stress defence

It was hypothesized that A/N-Invs might assist in delivering glucose to mtHXK.
Therefore, the expression levels of At-A/N-InvA, At-A/N-InvG, HXK1, and the
oxidative stress-responsive genes (MSD1, FSD1, CSD1, CAT2, and APX2 ) in
response to H2O2 were examined by qRT-PCR. Detached mature leaves from
wild type, Atinva, and Atinvg were incubated in water or 20 mM H2O2 for 10
h prior to RNA isolation. Except for FSD1, all transcript levels significantly
increased by the application of exogenous H2O2 in wild type leaves (Table 3.1).

Addition of exogenous H2O2 to the mutants generally resulted in even higher
transcript levels, but untreated mutant leaves already showed enhanced basal
levels of oxidative stress-associated gene expression. In line with previous
observations (Fryer et al., 2003; Costa et al., 2010), APX2 seems to be the most
sensitive to H2O2 treatment. Therefore, this gene was investigated further, and
an APX2 promoter–luciferase (LUC) construct was created as an oxidative
stress reporter for cellular assays (see Discussion).

The effect of transient At-A/N-InvA and At-A/N-InvG overexpression was
analysed in Arabidopsis mesophyll protoplasts incubated for 4 h in the light or
in darkness (Table 3.2) with addition of glucose (30 mM), sucrose (30 mM),
mannitol (30 mM), H2O2 (200 µM), ABA (10 µM), ascorbic acid (30 mM),
DCMU (10 µM), and a combination of H2O2 and sucrose (HS). Both H2O2
and ABA activated the APX2 promoter in transfected wild type protoplasts
(Table 3.2). In contrast, the addition of the metabolizable sugars glucose and
sucrose as well as ascorbic acid downregulated APX2 promoter activity, while
mannitol had no effect. Interestingly, the addition of sucrose together with
H2O2 resulted in a less pronounced activation of the APX2 promoter compared
with H2O2 alone. Furthermore, overexpressing At-A/N-InvA and At-A/N-InvG
down-regulated the APX2 promoter, both in the control and treated conditions.
DCMU, an inhibitor of photosystem II, abolishes the production of chloroplastic
H2O2 and subsequently the induction of APX2 in Arabidopsis leaves in the
light but not in the dark (Table 3.2). In the dark, cytosolic H2O2 levels are
more likely depending on the level of mitochondrial ROS production. APX2
promoter activity is around six times higher in the light than in the dark.

3.3 Discussion

Recently, cytosolic A/N-Invs have been recognized as important regulators
of plant growth and development, possibly involved in metabolic signaling
processes, especially under stress conditions (Barratt et al., 2009; Vargas and
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Salerno, 2010). However, to date no research has been dedicated to studying the
links between A/N-Invs and antioxidant defence. In the model plant A. thaliana,
At-A/N-InvA and At-A/N-InvG are expressed proteins belonging to the α and
β subgroups (Fig. 3.1) and with a different localization (Fig. 3.2). The optimal
pH and TRIS inhibition differed strongly between the two recombinant enzymes,
but the physiological implications of these differences, if any, remain unclear.
Depending on conditions, both At-A/N-InvA and At-A/N-InvG knockouts
showed arrested root growth (Fig. 3.4b, c), which are typical phenotypes for
plants suffering from oxidative stress, limited nitrate availability or deficient
in signaling (Foreman et al., 2003; Pnueli et al., 2003; Rizhsky et al., 2003;
Qi et al., 2007). In Atinva seedlings grown on 1% sucrose, typically resulting
in optimal growth, the phenotype was less prominent compared with 0% and
5% sucrose, respectively (Fig. 3.4b). These findings are in line with previous
observations, suggesting that soluble sugars can help protect plants prior to
or under oxidative stress (Bolouri-Moghaddam et al., 2010). When plants are
stressed, the steady-state level of ROS usually increases, but ROS (especially
H2O2 ) can also act as a signal for turning on stress-related genes (Mittler
et al., 2004). Exogenous application of H2O2 is widely used to induce oxidative
stress-related gene expression. Table 3.1 shows the induction of several of these
marker genes. Intriguingly, the H2O2 treatment also induced At-A/N-InvA and
At-A/N-InvG gene expression (Table 3.1). In particular, the APX2 promoter
responds significantly and can be used as an oxidative stress reporter for further
testing.

Consistent with the results under light (Table 3.2), DCMU abolishes the
production of chloroplastic H2O2 and subsequently the induction of APX2
in Arabidopsis leaves (Chang et al., 2004). These observations confirm the idea
that APX2 promoter activity, at least to some extent, can be used as a rough
indicator of endogenous H2O2 levels. In the dark, chloroplastic ROS production
is hampered and cytosolic H2O2 levels are thus more likely to be determined
by the level of mitochondrial ROS production. Nonetheless, an upregulation
of APX2 expression upon addition of H2O2 and ABA, and down-regulation
by metabolizable sugars is still observed in the dark albeit to a lesser extent
(Table 3.2), suggesting that the decrease in APX2 promoter activity reflects the
decreasing mitochondrial ROS production in the At-A/N-Inv overexpressing
cells.

The importance of A/N-Inv activity may reside in regulating the sucrose
concentration in the cytosol and/or in organelles, or in the production of
glucose which could be sensed by mitochondria-associated HXKs (Rolland et al.,
2006; Li et al., 2007; Bolouri-Moghaddam et al., 2010) or serve as a substrate
for HXK to control mitochondrial ROS production (Camacho-Pereira et al.,
2009). The increased expression of antioxidant defence-related genes in Atinva
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and Atinvg knockout plants, the reported increased expression of A/N-Invs and
HXK under stress conditions (Vargas et al., 2008, Table 3.1), and the decrease
in APX2 promoter activity in protoplasts overexpressing At-A/N-InvA and
At-A/N-InvG strongly suggest that A/N-Invs are part of the antioxidant system
involved in cellular ROS homeostasis. Lou et al. (2007) demonstrated that
At-A/N-InvG (AtCYTINV1 in their terminology) interacts with an Arabidopsis
phosphatidylinositol monophosphate kinase (PIP5K9), and also localized in the
nucleus, in contrast to the exclusive cytosolic localization that was observed
here in Arabidopsis protoplasts. Similarly, it was suggested that AtHXK1
may be involved in a nuclear protein complex that directly modulates specific
target genes in a glucose-dependent manner (Cho et al., 2009). Therefore, one
hypothesis is that the presence of At-A/N-InvG in the nucleus is associated with
the production of sucrose-derived glucose for the AtHXK1-mediated control
of gene expression (Vargas and Salerno, 2010). However, the fact that glucose
probably can diffuse freely through nuclear pores argues against the need for a
sucrose-hydrolysing enzyme activity in the nucleus.

Arabidopsis mesophyll protoplasts are widely used as a versatile cellular system
for transient gene expression analysis. However, protoplasts immediately initiate
new cellulose biosynthesis requiring massive amounts of UDP-glucose derived
from the activity of sucrose synthase (Fujii et al., 2010). Since this requires an
enormous investment of ATP and carbon skeletons, mesophyll protoplasts have
a tendency to enter into sugar starvation conditions quite rapidly, and as such
are sensitive to additional stresses such as exogenous H2O2 and ABA (Table 3.2).
Exogenously supplied metabolizable sugars and abscisic acid can counteract the
oxidative stress as judged from the decreased APX2 gene expression (Table 3.2).
The increase in APX2 expression upon addition of 30 mM mannitol, however,
suggests that this non-metabolizable sugar might generate additional stress,
although Qi et al. (2007) reported that mannitol could also enhance endogenous
At-A/N-InvG activity levels.

Sugar supplementation or enhanced glucose production by overexpressing A/N-
Invs might help to increase the number of mitochondria, the respiration rate, and
ATP generation (Giegé et al., 2005), both in the light and in the dark (Table 3.2).
However, it cannot be excluded that sugar-mediated feedback regulation of
photosynthesis occurs in the light, thus partly decreasing the chloroplast-
generated H2O2. Recently, a chloroplastic A/N-Inv has been suggested as
a putative player in this process (Tamoi et al., 2010). However, this reasoning
seems inconsistent with the fact that somewhat weaker but otherwise similar
results were recorded in the dark (Table 3.2), suggesting that mitochondrial
ROS-producing processes are important both in the light and in the dark, as
recently discussed in other manuscripts (Dinakar et al., 2010; Rossouw et al.,
2010; Nunes-Nesi et al., 2011).
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It has been demonstrated that cytosolic HXK isoforms are typically associated
with the mitochondrial outer membrane (Graham et al., 2007; Balasubramanian
et al., 2007, Fig. 3.2f). We proposed here that a continuous and efficient supply
of glucose to mtHXK is necessary to maintain its activity at a rather constant
level, which itself is needed to control the flux through the mitochondrial electron
transport chain (ETC), influencing mitochondrial ROS production (Fig. 3.5). In

Figure 3.5: Model showing the putative role of A/N-Invs and mtHXKs
in antioxidant defence-related processes in plant mitochondria.
acetyl CoA, acetyl coenzyme A; ANTs, adenine nucleotide transporters; Cytc,
cytochrome c; DHA, dehydroxyascorbate; DHAP, dihydroxyacetone phosphate;
ETC, electron transport chain; F1,6-bP, fructose 1,6-bisphosphate; F6P, fructose
6-phosphate; FK, fructokinase; G6P, glucose 6-phosphate; GPX, glutathione
peroxidase; IM, Inner membrane; IMS, intermembrane space; MeJa, methyl
jasmonate; mtHXK, HXK bound to the OM; OM, outer membrane; PC, Pyr
carboxylase; PGA, phosphoglycolic acid; Pyr, pyruvate; Q, plastoquinone pool;
SPP, sucrose phosphate phosphatase; SPS, sucrose phosphate synthetase; TCA,
tricarboxylic acid; VDACs, voltage-dependent anion channels.

particular, it has been demonstrated that mtHXK can contribute to the steady-
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state recycling of ADP (ADP production by mtHXK, bound to the mitochondrial
outer membrane; ADP consumption through oxidative phosphorylation) which
regulates H2O2 formation in the electron transport chain on the mitochondrial
inner membrane (Fig. 3.5). Importantly, this mitochondrial ADP recycling
mechanism leads to a decrease in the mitochondrial membrane potential while
an inhibition of the associated mtHXK causes an increase in H2O2 production.
Thus, a tightly bound outer membrane mtHXK produces ADP that can be
transported through both mitochondrial membranes to reach the F0F1ATP
synthase complex (Fig. 3.5). In conclusion, a tightly bound outer membrane
mtHXK could provide a basal level of ADP for ATP synthesis, preventing over
polarization of the mitochondrial inner membrane and consequent accumulation
of ROS, including H2O2. This mechanism would be particularly useful when
other sources of ADP become limiting for oxidative phosphorylation.

What could be the source of the glucose substrate for HXKs in leaf mesophyll
cells? First, glucose can originate from the activity of cA/N-Invs (Fig. 3.5).
Secondly, cytosolic glucose might result from starch breakdown during the
night, and, finally, it is proposed here that glucose could originate from the
action of mtA/N-Invs (Fig. 3.5). Indeed, it was demonstrated in Helianthus
tuberosus that mtA/N-Inv is present in the mitochondrial matrix (Szarka et al.,
2008). In this species, separate, bidirectional sucrose, glucose, and fructose
transporters are presumably present in the inner membrane (Szarka et al., 2008;
Fig. 3.5). The mitochondrial outer membrane contains numerous porins (e.g.
voltage-dependent anion channels (VDAC); Fig. 3.5) and is permeable to all
molecules ≤ 5000 Da (Colombini, 1979). Therefore, cytosolic sucrose could enter
through these porins and enter the matrix via a sucrose transporter in the inner
membrane (Fig. 3.5), leading to the formation of glucose and fructose by the
activity of mtA/N-Inv. It is hypothesized that glucose is transported back into
the intermembrane space (Fig. 3.5) and through pores of the outer membrane to
serve as a substrate for mtHXK (Fig. 3.5). Intriguingly, the backflow of glucose
into the intermembrane space is tightly regulated by abscisic acid (Fig. 3.5).
Indeed, abscisic acid very specifically inhibits the glucose transporter but not the
sucrose and fructose transporters in the inner membrane (Fig. 3.5; Szarka et al.,
2008). In case mitochondrial abscisic acid contents become too low (e.g. as a
result of oxidative stress), glucose outflow and mtHXK activity are promoted,
ADP recycling is stimulated, ATP synthesis-related limitation of respiration is
avoided, and subsequent H2O2 release is reduced/avoided (Camacho-Pereira
et al., 2009). This mtHXK/mtA/N-Inv-controlled regulatory mechanism might
be less critical when sufficient abscisic acid and antioxidant-related enzymes
are present to prevent ROS accumulation. Therefore, consistent with the data
presented here, it is suggested that the inhibition of glucose outflow by abscisic
acid can be considered as an efficient feedback mechanism to control mtHXK
activity and mitochondrial ROS production (Fig. 3.5).



Chapter 4

Up to understanding sorting
and function of vacuolar
invertases in Arabidopsis
leaves

4.1 Introduction

Plant vacuolar invertases (VIs) are believed to contribute to sink strength
especially in young sink tissues (Nie et al., 2010; Bonfig et al., 2007). High VI
activity and gene/protein expression are observed in such tissues and stressed
plants (Ruan et al., 2010; Kim et al., 2000; Reinders et al., 2005). The model
plant Arabidopsis contains only two VI isoforms termed AtVI1 (Atβfruct3,
At1g62660) and AtVI2 (Atβfruct4, At1g12240). The function of AtVI2 has been
studied in great detail (Nägele et al., 2010; Wang et al., 2010). By comparing
metabolites in Atvi2 and wild type plants and a modelling approach, Nägele
et al. (2010) concluded that AtVI2 may have a substantial regulatory influence
on whole plant metabolism. VIs are supposed to play a role in futile sucrose
cycles that are intimately linked to cytosolic sugar phosphate homeostasis and
photosynthetic efficiency.

In contrast to cell wall invertases (CWIs) containing very typical, rather short N-
terminal signal sequences, the N-terminal propeptide (NTPP) of VIs is atypical
because it is much longer and more complex. Ji et al. (2005, 2007) noticed
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considerable homology between the NTPPs of plant VIs and the yeast alkaline
phosphatase (ALP). In particular, very similar basic regions flanking a single
transmembrane domain (TMD) were detected, in accordance with an Nin/Cout

topology. This suggested that plant VIs reached the tonoplast as Type II
membrane proteins, using a path that was proposed before for a modified
yeast invertase with an ALP sorting signal in transgenic tobacco (Barrieu and
Chrispeels, 1999). AtVI2 localizes in the central vacuole (CV) of Arabidopsis
roots (Rojo et al., 2003) and in leaf mesophyll cells (Carter et al., 2004). It
was speculated that leaf VIs may reside in extra-vacuolar structures, not in
contact with the vacuolar sucrose pool (Koch, 2004). In seedling roots, AtVI2
also resides for a longer time in ER bodies (also termed precursor protease
vesicles, PPV) (Rojo et al., 2003). The factors controlling the time interval that
VIs reside in these extra-vacuolar structures remain unclear, but are of great
physiological importance. Constitutive and (stress)-induced ER bodies can be
discriminated, and stress might speed up the delivery of ER bodies to the CV
(Ogasawara et al., 2009). Constitutive ER bodies have never been observed in
Arabidopsis rosette leaves, although AtVI2 gene expression and total VI are
typically very high in these tissues (Rojo et al., 2003). Jung et al. (2011) recently
demonstrated that leaf AtVI2 passes through the ER, the Golgi-apparatus and
the PVC before reaching the vacuole in leaf mesophyll protoplasts.

We visualize here that AtVI2 travels through a membrane anchor secretion
pathway (MASP). AtVI2 was visualized in small structures derived from the
ER and Golgi apparatus. Membrane-localized AtVI2 was also observed in larger
structures probably representing (late) PVCs (Jung et al., 2011) or fusions
thereof. AtVI2 finally reaches the LV but not the PSV. Furthermore, this work
focused on unravelling the sorting information in the complex AtVI2NTPP.
Correct sorting requires a dileucine-cored motif SSDALLPIS as well as an intact
basic region and TMD. The sorting process occurs independently of BP80.
Sorting is disturbed in AP3β knockout lines but not in AP3µ knockout lines.
In evolutionary terms, the MASP might have originated as an alternative,
VSR-independent pathway to carry abundant proteins, such as VIs, to the LV.

4.2 Results

4.2.1 AtVI2 is targeted to the vacuole by a complex N-
terminal propeptide

VIs typically show long, complex NTPPs containing a dileucine motif, a YXXΦ
motif, a basic region and a TMD (Fig. 4.1). The subcellular localizations of full
length (AtVI2full) and N-terminal (AtVI2NTPP) AtVI2 GFP fusion proteins
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Figure 4.2: Subcellular localization of AtVI GFP fusion proteins.
Full length and NTPP GFP fusion protein were produced for AtVI1 (AtVI1full,
AtVI1NTPP) and AtVI2 (AtVI2full, AtVI2NTPP), and the constructs were
transformed into Arabidopsis mesophyll protoplasts. Photos were taken under
GFP fluorescence and bright field (BF) at 18h post transformation for the
AtVI2 fusion proteins (a), and at 15h post transformation for the AtVI1 fusion
proteins (b).

were determined in Arabidopsis protoplasts (18h post transformation). Both
fusion proteins reached the CV confirming that the AtVI2NTPP is essential
and sufficient for vacuolar targeting (Fig. 4.2). Similar results were obtained for
AtVI1full and AtVI1NTPP at 15h post transformation (Fig. 4.2), indicating
that sorting of AtVI1 was faster compared to AtVI2.

4.2.2 AtVI2 reaches the vacuole through a membrane anchor
secretion pathway (MASP)

To determine the path followed by AtVI2NTPP-GFP fusion proteins, time-
dependent (12, 15 and 18h) localization studies were performed. ER (p24-mRFP)
and Golgi (KAM1∆C-mRFP) markers were used for comparison. At 12h post
transformation, most of the AtVI2NTPP fusion protein lighted up in the ER
network, as confirmed by the p24-mRFP ER marker (Fig. 4.3A). Small punctate
structures were observed. Fig. 4.3 possibly representing ER-derived COPII
vesicles. Although chloroplast autofluorescence impedes clear observations, at
15h post transformation the fusion protein presented in the Golgi apparatus as
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well as in punctate structures (Fig. 4.3B). It can be speculated that some of these
structures derive from the TGN and represent CCVs, as recently demonstrated
by Ito et al. (2012). Importantly, fluorescence was detected in the membrane of
these structures, demonstrating the MASP. At 18h post transformation, most
of the AtVI2NTPP fusion protein was located in the CV (Fig. 4.3C), and in the
membrane of structures with variable size as well (Fig. 4.3C right panel). These
structures might represent PVCs, late PVCs or fused PVCs, also termed “small
vacuoles”. Similar structures were detected in many, but not all, protoplasts
upon wortmannin treatment (Fig. 4.3D), known to stimulate PVCs fusions and
the formation of “small vacuoles” (Wang et al., 2009). Since intact AtVI2 was
recently detected in PVCs (Jung et al., 2011), it can be concluded that AtVI2
follows the classical ER→Golgi→PVC pathway before reaching the CV. During
the process, AtVI2 remains intact and inserted in membranes via the TMD in
its N-terminus (Fig. 4.1).

4.2.3 AtVI2 reaches the lytic vacuole (LV) but not the protein
storage vacuole (PSV)

The ctVSD of tobacco chitinase A (GFP-Chi) is localized in the neutral PSV,
and the NTPP of barley aleurain (Aleu-GFP) is targeted to the acidic LV.
Here, AtVI2NTPP-mRFP was coexpressed together with these two distinctive
vacuolar markers in Arabidopsis mesophyll protoplasts. Fig. 4.4B shows that
AtVI2NTPP-mRFP and Aleu-GFP are partially coexpressed in some, but not
all, punctate structures (arrows) while such coexpression is not observed with
GFP-Chi (Fig. 4.4A). The results indicate that AtVI2 is sorted into the LV
before entering the CV. No fluorescence was detected in the membranes of LVs
(Fig. 4.4), indicating processing of the AtVI2NTPP-mRFP fusion protein in the
acidic environment of the LVs.

4.2.4 Sorting of AtVI2 in bp80 and AP3β loss-of-function
protoplasts

To examine whether AtVI2NTPP and aleurain follow an identical sorting
pathway, AtVI2NTPP-GFP and Aleu-GFP were transformed into protoplasts
isolated from two bp80 lines (SALK_123661 and SALK_150894) and wild type
plants, respectively. Interestingly, although the transport of Aleu-GFP was
mistargetted to the cytosol in bp80 protoplasts as expected, the AtVI2 fusion
protein was correctly transported to the CV in bp80 protoplasts (Fig. 4.5A). This
indicates that both AtVI2 and aleurain travel through the classical pathway, but
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Figure 4.3: The AtVI2NTPP fusion protein sorts through a MASP.
A, Coexpression of AtVI2NTPP-GFP fusion protein with the ER marker
p24-mRFP. Image was taken 12h post transformation. Magnification shows
a putative ER-derived structure with membrane localized AtVI2NTPP. B,
Coexpression of AtVI2NTPP-GFP fusion with the Golgi marker KAM1∆C-
mRFP. Confocal images from two different Z-dimension layers 1 (upper panel,
arrow) and 2 (lower panel) were taken at 15h post transformation. Magnification
shows putative TGN-derived structures with membrane localized AtVI2NTPP.

aleurain trafficking depends on BP80 (Fig. 4.6A) while AtVI2 is not (Fig. 4.6B).

Further examination was performed on the alternative, AP3-dependent and
wortmannin insensitive pathway. It is known that the AP3µ subunit recognizes a
YXXΦ motif, and the AP3β subunit recognizes a dileucine motif (Bonifacino and
Traub, 2003a; Robinson et al., 2005; Bassham et al., 2008). Thus, AtVI2NTPP-
GFP was transformed into protoplasts isolated from ap3µ lines (SALK_064486
and SALK_127431; Niihama et al., 2009), ap3β lines (pat2-1 and pat2-2;
Feraru et al., 2010), and wild type plants. Aleu-GFP was used as a control. As
expected, Aleu-GFP was correctly sorted into the CV in all the three different
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Figure 4.3: The AtVI2NTPP fusion protein sorts through a MASP.
C, Expression of AtVI2NTPP-GFP fusion at 18h post transformation. D,
Expression of AtVI2NTPP-GFP fusion in protoplasts. The samples were
treated with 20 µm wortmannin for 1h before took the photo. The left lane was
taken at 14h post transformation, the right lane at 18h post transformation.

types of protoplasts (Fig. 4.5B, C), confirming that it is transported through the
AP3-independent pathway (Fig. 6B). Intriguingly, AtVI2NTPP fusion proteins
showed a variable behaviour. The AtVI2NTPP-GFP was correctly sorted to
the CV in both the wild type and ap3µ protoplasts (Fig. 4.5B). However, in
ap3β protoplasts, it was expressed in punctate structures (40%), the CV (40%),
and in the cytosol (20%) (Fig. 4.5C).

4.2.5 A dileucine motif contributes to MASP sorting

VIs as Type II transmembrane proteins are believed to take the Nin/Cout

orientation (Ji et al., 2005; Rae et al., 2011; Jung et al., 2011), as confirmed by the
TMpred prediction programme (http://www.ch.embnet.org/software/tmpred-
_form.html). To unravel the exact amino acids involved in the MASP sorting,
we designed a series of mutants in the AtVI2NTPP by site-directed mutagenesis
(Fig. 4.7), and examined their localization at 18h post transformation. In
each case, 80 protoplasts were examined. As expected, the integrity of the
TMD was essential for proteins entering the secretory pathway (AtVI2m28,
Fig. 4.7). Deletion of the first 25 amino acids resulted in ER localization
(AtVI2m1, Fig. 4.7). This region was further explored by an array of specific
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Figure 4.4: AtVI2 is localized in the LV.
A, AtVI2NTPP-mRFP was coexpressed with PSV marker (GFP-Chi). Photos
were taken at 16h post transformation. B, AtVI2NTPP-mRFP was coexpressed
with LV marker (Aleu-GFP). Photos were taken at 16h post transformation,
and the colocalization with Aleu-GFP was marked by arrows.

deletion mutants listed in Fig. 4.7. Deletions in the 3SSDALLPIS11 region
(AtVI2m3∼AtVI2m12, Fig. 4.7) greatly affected the protein sorting (Fig. 4.8A).
Single deletions of D5, I10 and S11, and removal of the dileucine motif L7L8
and the diserine motif S3S4 blocked the protein in the ER network (Fig. 4.7,
Fig. 4.8A). Deletion of only one of the L or S in the dileucine or diserine motif
resulted in partial obstruction, as well as changing P9 into an alanine (Fig. 4.7).
Importantly, deletion of A5 and A12 had no effect (Fig. 4.7). In conclusion, the
explored 3SSDALLPIS11 sequence contains features that partially resemble the
well-known DXXLL dileucine consensus motif, a conserved sequence derived
from protein sorting studies in animals and yeasts (Bonifacino and Traub,
2003b), in which the requirement for the D and LL were found to be strict, and
the presence of S was not essential. Of particular importance, deletion of the
YXXΦ consensus motif (YTRL), crucial for the sorting of BP80 (YTML motif,
see discussion) to the LV (Happel et al., 2004; Foresti and Denecke, 2008), did
not lead to disrupted sorting of AtVI2 (AtVI2m17, Fig. 4.8D).
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Figure 4.5: Sorting of AtVI2 in bp80, ap3β, and ap3µ protoplasts.
Images were produced at 18h post transformation, and Aleu-GFP was used as
a control. A. AtVI2NTPP-GFP is expressed in protoplasts isolated from bp80
(vsr1 ) SALK lines. B. AtVI2NTPP-GFP is expressed in protoplasts isolated
from ap3µ SALK lines. C. AtVI2NTPP-GFP is expressed in protoplasts isolated
from ap3β SALK lines.

4.2.6 MASP requires a basic region

A chain of positively charged amino acids, immediately preceding the TMD,
is needed for correct delivery of alkaline phosphatase (ALP) to the yeast
vacuole (Ji et al., 2005). A similar basic region (PRRRRP) preceding the
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Figure 4.6: Models for proaleurain and proAtVI2 sorting: a
comparison.
A. BP80 and clathrin dependent sorting (proaleurain), adapted from Fouquaert
(2008). The N-terminal part of the type I transmembrane receptor BP80
interacts with proaleurain by means of the NPIRL motif. The C-terminal part
of BP80 interacts with AP1 via the YMPL motif. Subsequently, AP1 binds
to clathrin coated proteins. The basic region KYRIR, probably assisting in
correct insertion of BP80 in the membrane, is indicated. B. BP80-independent
sorting (proAtVI2). ProAtVI2 inserts as a type II transmembrane protein. The
basic region PRRRRP, probably assisting in correct insertion of proAtVI2 in
the membrane, is indicated. Likely, the dileucine motif 3SSDALLPIS11 in its
N-terminal is directly recognized by AP1. C. AP3-mediated sorting (proAtVI2).
ProAtVI2 inserts as a type II transmembrane protein. The dileucine motif
3SSDALLPIS11 is recognized by AP3, and then sorted via the alternative
pathway (see Fig. 4.10). The clathrin coat is possibly not involved.

TMD is observed in AtVI2NTPP (Fig. 4.8E). Deletion of all four arginines
(AtVI2m21, Fig. 4.7) led to protein accumulation in the ER or in the cytosol
(Fig. 4.8B). Deletion of 2 arginines (AtVI2m22) led to delay in protein sorting,
with fluorescence present in punctate structures in ∼50% of the protoplasts
(Fig. 4.8B). Mutation of 2 arginines to alanines (AtVI2m23) resulted in partial
ER localization. Similar effects were found when P36, P41 or both were mutated
into an alanine (AtVI2m24∼AtVI2m26, Fig. 4.8B). Mutation of both prolines
showed an ER localization in the majority (>80%) of the protoplasts, while
others showed a correct vacuolar localization (AtVI2m26, Fig. 4.8B). It can be
concluded that at least two arginines are needed for sorting to the vacuole via the
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Figure 4.8: Localization of a selection of mutated AtVI2NTPP-GFP
fusion proteins (continued) (Fig. 4.7).
Images were collected at 18h post transformation. A, Localization of
AtVI2NTPP mutated in the dileucine motif 3SSDALLPIS11. AtVI2m4, S3S4
deletion; AtVI2m5, D5 deletion; AtVI2m6, 6ALLP9 deletion; AtVI2m11, I10
deletion; AtVI2m12, S11 deletion.

MASP, and these arginines should preferably be stabilized by two neighbouring
prolines.

4.2.7 Timing of vacuolar delivery: the role of a glutamate
stretch

The motifs NDEG, TITS, RARL and LWKL downstream of the TMD
(AtVI2m32, AtVI2m34, AtVI2m35, AtVI2m40, Fig. 4.7) were also found
to be involved in vacuolar sorting. Deletion of these motifs partially slowed
down the delivery of proteins to the CV, with about 40% of the protoplasts
exhibiting fluorescence in the ER (Fig. 4.8F). Other amino acid regions have
been investigated as well (Fig. 4.7, Fig. 4.8E, marked underline), but were found
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Figure 4.8: Localization of a selection of mutated AtVI2NTPP-GFP
fusion proteins (continued) (Fig. 4.7).
Images were collected at 18h post transformation. B, Localization of
AtVI2NTPP mutated in the basic region 36PRRRRP41. AtVI2m21, four
arginine (RRRR) deletion mutant; AtVI2m22, two arginine deletion mutant;
AtVI2m23, R37R38 changed to A37A38; AtVI2m24, a P36 to A36 mutant;
AtVI2m25, a P41 to A41 mutant; AtVI2m26, both prolines changed into alanines.
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Figure 4.8: Localization of a selection of mutated AtVI2NTPP-GFP
fusion proteins (continued) (Fig. 4.7).
Images were collected at 18h post transformation. C, Localization of AtVI2 after
inserting two extra glutamic acids in the acidic motif 13REEEP17. AtVI2m15,
two extra glutamic acids added (REEEEEP). D, Localization of AtVI2 after
deletion of the YTRL motif. AtVI2m17, 21YTRL 25 deletion mutant. E,
Overview of sorting determinants in the AtVI2NTPP sequence. The TMD is in
bold and shadow. AtVI2 is type II transmembrane protein, during translation,
its TMD is inserted in the ER membrane, the N-terminal remaining in the
cytosol, the C-terminal is in the ER lumen. Positively charged residues in the
basic region motif are indicated. Boxed amino acids play a critical role in the
sorting process, while squared regions assist in the sorting process. All the
underlined amino acids have been tested too, but showed no substantial effect
on sorting.

not to be involved in the sorting process. However, a noticeable exception is
the glutamate stretch (13REEEP17 motif). Insertion of two extra glutamates
in this motif (REEEEEP; VI2m15, Fig. 4.7, Fig. 4.8C) resulted in a delay of
delivering these punctate structures to the CV.

In summary, as shown in Fig. 4.8E, the TMD (bold and shadow) is essential as
transmembrane anchor to translocate the protein into the ER membrane and
keep it in a membrane bound form through and beyond the Golgi, probably up
to the PVC. The dileucine-based sorting signal 3SSDALLPIS11 and the basic
region 36PRRRRP41 motifs are crucial for correct sorting, while the NDEG,
TITS, RARL and LWKL motifs (shadow) likely assist in the sorting procedure.
Possibly, the glutamate stretch is involved in the delivery of punctuate structures
(e.g., PVCs) to the CV.
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Figure 4.8: Localization of a selection of mutated AtVI2NTPP-GFP
fusion proteins (Fig. 4.7).
Images were collected at 18h post transformation. F. Localization of AtVI2
mutants. AtVI2m32, 71NDEG74 deletion; AtVI2m34, 80TITS83 deletion;
AtVI2m35, 84RARL87 deletion; AtVI2m40, 97LWKL100 deletion.

4.3 Discussion

Since long, the longer, atypical and complex nature of VI NTPPs, as compared
to CWIs, had been considered to contain vacuolar targeting information. The
presence of a basic region and a TMD, similar to those occurring in yeast
ALP, suggested the use of a MASP to bring plant VIs to the CV Feraru et al.
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(2010), probably via a classical pathway through the PVC (Ji et al., 2005; Rae
et al., 2011). Part of the results presented here are in line with the proposed
ER→Golgi→PVC→CV route for AtVI2 Jung et al. (2011). However, previous
research failed to visualise a MASP. Here, a MASP was visualized by confocal
microscopy in putative ER- and Golgi-derived structures as well as in putative
(fused) PVCs or “small vacuoles” (Fig. 4.3). Furthermore, we show that AtVI2
specifically targets to the LV but not the PSV (Fig. 4.4). All these findings
suggest that AtVI2 remains intact and membrane bound through the whole
pathway, up to the PVC (Fig. 4.3, Jung et al., 2011). This fits with a former
analysis of a modified yeast soluble invertase (extended with a C-terminal
TMD derived from calnexin) that was transformed into tobacco. This protein
was localized both in the vacuolar lumen and in the membrane fraction of
microsomes (Barrieu and Chrispeels, 1999). However, invertase activity could
only be detected in vacuolar extracts. Moreover, the invertase was processed,
with a lower molecular weight occurring in the vacuole comparing with that in
the microsomes. Taken together, it can be speculated that (i) AtVI2 followed a
MASP to the CV, similar to the path followed by the modified yeast invertase
in transgenic tobacco; (ii) AtVI2 remains bound as an inactive protein in
the membranes of the ER, the Golgi, and up to the PVC (Fig. 4.37). The
assumption that VIs are activated in LVs/CVs fits well with the acidic pH
optima of VIs and the related FTs. VPEγ is an example of a proteolytic
enzyme that is promptly activated when it is released in the acidic vacuolar
environment, and it is known to catalyse AtVI2 degradation during ageing
(Rojo et al., 2003). It can be hypothesized that vacuolar degradation of VIs
and FTs (in fructan plants) is carefully regulated, in order to delineate a time
window for sucrose degradation and fructan synthesis, before these proteins are
subjected to subsequent degradation.

We demonstrate that BP80 is essential for proaleurain but not for AtVI2 sorting
through the classical pathway (Fig. 4.5A, Fig. 4.6A, B). Typically, wortmannin
causes the secretion of BP80 cargoes into the apoplast (Luis et al., 2005),
but this was not observed for AtVI2 (Fig. 4.3D), supporting that AtVI2 is
not a cargo of BP80. An AP3-mediated, MPR/Vps10-independent pathway,
which is known for protein sorting to the vacuole/lysosome bypassing the PVC,
was reported in yeast and mammalian cells (Braulke and Bonifacino, 2009). A
similar route probably exists in plants too (Fig. 4.10). It was recently found that
AP3 is essential for vacuolar function (Feraru et al., 2010; Zwiewka et al., 2011).
We noticed that although the AP3µ subunit (recognizing tyrosine based motifs)
does not interfere with AtVI2 sorting, sorting being differentially affected in
AP3β subunit (recognizing dileucine based motifs) loss-of-function protoplasts
(Fig. 4.5B, C). Thus AtVI2 could, at least partially, follow this alternative
AP3-mediated pathway to the CV (Fig. 4.5C). Therefore, we speculate that the
TGN-membrane exposed SSDALLPIS motif in the N-terminal part of AtVI2
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Figure 4.9: AtVI2 follows a MASP.
In the ER, AtVI2NTPP anchors in the membrane as explained in Fig. 4.6. It
remains membrane bound during its passage through ER derived vesicles, the
Golgi and probably up to the PVC (Jung et al., 2011). The precise N-terminal
processing point for enzyme activation is not clear, but it can be proposed that
the process is initiated in the acidic environment of the LV. Figure adapted
from Barrieu and Chrispeels (1999).

can be recognized both by AP1 (classical pathway, Fig. 4.6B) and by AP3
(alternative pathway, Fig. 4.6C) leading to the CV, but this requires further
investigation.

Rae et al. (2011) and Jung et al. (2011) proposed that the YXXΦ consensus
motif in plant VIs may act as sorting signal. However, in our hands, the YXXΦ
consensus motif in AtVI2 (YTRL, Fig. 4.7) did not affect the sorting process
(AtVI2m17, Fig. 4.8D). Accordingly, the YTRL motif in the cytosolic N-terminus
of the Type II transmembrane protein AtVI2 (Fig. 4.7) is topologically in the
reverse orientation of the YMPL motif in the cytosolic C-terminus of the Type
I transmembrane protein (Fig. 4.6, Fig. 4.11). The importance of the dileucine
core motif 3SSDALLPIS11 was explored in great detail. Any change in this
motif markedly affected the sorting process (Fig. 4.7, Fig. 4.8A). Next to the
essential dileucine core, leading serines are also often observed in animal and
yeast derived dileucine-based signals (Bonifacino and Traub, 2003b). The acidic
amino acid D5 is crucial for correct sorting to the vacuole, similar to the acidic
residues that are necessary for lysosomal targeting (Storch et al., 2004).

The VI NTPPs of Arabidopsis, rice, carrot, and sugar beet usually contain
basic regions upstream of their TMDs, and negatively charged amino-acid
stretches (glutamates) downstream (Fig. 4.1). These charged regions are
known to be involved in nuclear and nucleolar localization (Chang et al., 2000),
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Figure 4.10: Model of secretory pathways leading to the LV in
vegetative plant cells.
Secretory cargo is transported from the endoplasmic reticulum (ER) via the
Golgi to the central vacuole (CV). Generally, cargo destined for the lytic vacuole
(LV) is recognized by BP80 and packed into clathrin-coated vesicles (CCV) by
AP1, and then transported to the prevacuolar compartment (PVC) in post-Golgi
trafficking before reaching the LV. Alternatively, cargo may be sorted in a BP80-
independent pathway (this work), which is perhaps mediated by AP3 (Niihama
et al., 2009; Feraru et al., 2010; Zwiewka et al., 2011). Alternatively, secretory
cargo can be secreted into ER bodies and bypass the Golgi for transport to
the LV or CV. Vacuolar markers (γ-TIP, α-TIP), vacuolar sorting receptors
(BP80, VSR) and coat proteins (COPI, COPII, AP1, AP3) are indicated. Figure
adapted from Jürgens (2004).

Figure 4.11: Detail of the 3’ cytoplasmic tail of BP80 (AtVSR1).
The basic region motif KYRIR is boxed, the YMPL motif is in grey, and the
TMD is in bold.

basolateral sorting (Wolff et al., 2010), vacuolar targeting (Mercanti et al., 2005),
ER export (Votsmeier and Gallwitz, 2001), and in membrane translocation
processes (Bogdanov et al., 2009). An extra stretch of negatively charged
residues (glutamates) is sometimes also present at the N-terminus of VI NTPPs
(Fig. 4.1). Further extension of this acidic cluster in AtVI2NTPP by two extra
glutamates enhanced its retention in punctate structures, delaying its delivery
to the CV (AtVI2m14, AtVI2m15, Fig. 4.7, Fig. 4.8C). Accordingly, AtVI1
lacking such acidic cluster (Fig. 4.1) was transported faster to the CV compared
to AtVI2 (Fig. 4.2). Basic regions are also known as important determinants
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for the orientation of proteins with a single TMD, either inserting as Type I
or Type II transmembrane proteins (von Heijne, 1992). For instance, BP80
inserts as a Type I membrane protein with its C-terminus in the cytoplasm
(containing the KYRIR motif; Fig. 4.6A, Fig. 4.11), while AtVI2 inserts as
Type II with its N-terminus in the cytoplasm (containing the 36PRRRRP41
motif; Fig. 4.6B, C). Next to their cytosolic retention capacity (Bogdanov et al.,
2009), basic regions are known to be important for trafficking and cell specific
transduction of viral proteins (Johnson et al., 2010) and for correct sorting
of yeast ALP fusion proteins (Boyd and Beckwith, 1989). Furthermore, they
are involved in the twin arginine translocation (Tat) pathway allowing some
proteins to cross thylakoid or bacterial membranes (Lee et al., 2006; Gérard
and Cline, 2006). Finally, basic regions are also emerging as key mediators for
targeting some proteins to chloroplasts and to mitochondria (Lee et al., 2011
and references therein). The basic region in AtVI2 likely fulfils a key role in
membrane orientation. Any substantial deletion in the area disturbs correct
exposal of the dileucine motif and further sorting to the vacuole, leading to
ER-retention phenotypes (Fig. 4.8B). In conclusion, key features for correct
sorting and processing of AtVI2 via MASP require: (i) a dileucine-like motif
with an acidic amino acid preceding the dileucine; (ii) an intact N-terminal
basic region motif adjacent to the TMD; (iii) a TMD with a certain length and
hydrophobicity and, most likely, (iv) a yet unidentified motif to be specifically
recognized by vacuolar proteases, activating VIs in the LV/CV.

It was shown before that, in Arabidopsis roots, AtVI2 can be sorted in ER-
bodies, which can be transported to the LV or CV (Fig. 4.10, Rojo et al., 2003).
Here, we present details on AtVI2 following the classical sorting pathway to the
LV, via the PVC (Jung et al., 2011). Finally, the partial mistargetting of leaf
AtVI2 in the AP3β loss-of-function plants suggests that it can also reach the
CV through an emerging, alternative AP3-dependent pathway in plants. An
array of different sorting possibilities provides plants an enormous flexibility
to adapt themselves under changing environmental conditions. This further
confirms the general notion that sorting processes and their speed differ at the
organ-, tissue- or cellular level and on changing environmental conditions (Rose
and Lee, 2010).

The necessity of performing in-depth fundamental research on the sorting
mechanisms of plant VIs can be better understood by highlighting their
physiological importance at the cellular and whole plant levels. Two clear
functions stand out when considering the plethora of possible functions that
have been attributed to these enzymes (Koch, 2004; Ruan et al., 2010). First,
they play essential roles in cell expansion processes by generating hexoses for
growth. Second, when growth is arrested under stress, VI activities contribute
to osmoregulation. Recent data suggest that VIs may form part of a complex



82 SORTING MECHANISM OF ATVI2

Figure 4.12: Model for the role of VI(s) in Arabidopsis mesophyll cells.
Triose phosphates are generated during photosynthesis and exported to the
cytosol. Cytosolic sucrose synthesis (SPS/SPP) sustains sucrose export
by SWEETs (Chen et al., 2010). However, pending post-translational
phosphorylation, part of the sucrose is probably imported into the CV by
the activity of AtTMT1 (a tonoplastic glucose/sucrose importer). Within the
CV, sucrose is hydrolysed into glucose and fructose by VI. The generated hexoses
might flow back to the cytosol through facilitated diffusion mediated by ESL1.
Subsequently, hexoses are phosphorylated by HXKs and FKs, and may be used
to resynthesize sucrose. Sucrose might also be processed by A/N-Invs present in
the cytosol and in the mitochondron as explained in Xiang et al. (2011b). A/N-
Inv, alkaline/neutral invertase; Chlop, chloroplast; ESL1, ERD six-like 1; F6P,
fructose-6-phosphate; FK, fructokinase; Fru, fructose; G6P, glucose-6-phosphate;
Glc, glucose; HK, hexokinase; Mito, mitochondrion; PS, photosynthetic system;
SPS, sucrose phosphate synthetase; SPP, sucrose phosphate phosphatase; Suc,
sucrose; SWEET, sucrose efflux transporter; V-ATPase, vacuolar ATPase.

network integrating vacuolar, cytosolic and apoplastic processes (Sergeeva et al.,
2006; Nägele et al., 2010). We propose here that AtVI2, AtTMT1 (proton-
driven tonoplast monosaccharide transporter), and AtESL1 (monosaccharide
transporter) cooperate with each other. AtTMT1 imports sucrose into the
vacuole (Schulz et al., 2011), AtVI2 degrades the sucrose, and AtESL1 releases
excess generated vacuolar hexoses back into the cytosol by facilitated diffusion
(Yamada et al., 2010; Fig. 4.12). Additionally, AtTMT1 drives active glucose
import (Fig. 4.12) contributing to cytosolic glucose homeostasis (Wormit et al.,
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2006). Temporal imbalances between AtVI2 activity and AtESL1 transport
may be corrected by product mediated feedback inhibition of AtVI2 activity
(Fig. 4.12). After phosphorylation of hexoses (Fig. 4.12), part of the sugar
phosphates might be used by SPS and SPP to synthesize sucrose (Wang et al.,
2000). It has been observed that fluxes through futile cycles of cytosolic sucrose
formation and vacuolar degradation increased under stress (Wang et al., 2000).
The VI sorting mechanisms presented here can be exploited to speed up or
delay VI delivery to the CV. Once arrived, VI is subjected to a vacuolar
posttranslational degradation process. Manipulation of these processes might
somehow contribute to plant overall growth and stress responses.





Chapter 5

Localization and sorting of
Cichorium intybus 1-SST
(Ci1-SST) and 1-FFT
(Ci1-FFT)

5.1 Introduction

Fructan biosynthesis in plants includes S-type fructosyltransferases (FTs)
(sucrose as donor substrate: 1-SST, 6-SST and 6-SFT) and F-type FTs (fructans
as donor substrates: 1-FFT and 6G-FFT). S-type FTs that use sucrose as an
acceptor are responsible for the initiation of fructan synthesis, while F-type
FTs are involved in the elongation of the fructan chain. By combination
of different FTs, distinct fructan chains can be formed. It is reported that
enhanced FT expression is concomitant with fructan accumulation (Kawakami
and Yoshida, 2002; del Viso et al., 2009a). Overexpression of FTs leads to
fructan accumulation in both transgenic fructan (Gadegaard et al., 2008) and
non-fructan plants (Stoop et al., 2007), sometimes resulting in clear phenotypes
regarding to cold and drought tolerance (Hisano et al., 2008; Li et al., 2007;
Kawakami et al., 2008), as well as higher growth rates and an increased yield
(Zuther et al., 2011). However, the presence of high FT transcription levels not
always correlates with fructan accumulation (Lüscher et al., 2000; Gallagher
et al., 2004; Lasseur et al., 2006, 2011). Additionally to a clear regulation at
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the transcriptional level, FTs are also considered to be post-transcriptionally
regulated in a tissue-specific way (Xue et al., 2008). S-type FTs are involved
in regulating the source/sink balances in plant development (Ji et al., 2010).
FTs activities and expression levels are increased by low temperature (del Viso
et al., 2009b; Hisano et al., 2008), drought (Xue et al., 2008), light, and nitrogen
deficiency (Ritsema and Smeekens, 2003c), and by sucrose (Müller et al., 2000;
Martinez-Noel and Pontis, 2000; Ritsema and Smeekens, 2003c; Stoop et al.,
2007). However, most of these studies were performed on the tissue/organ
level, while less data are available shedding a light on the cellular level. In this
chapter we unravelled the subcellular localization and secretory pathway of
chicory 1-SST (S-type FT) and 1-FFT (F-type FT).

5.2 Phylogenetic relationship and sequence analy-
sis of FTs

In a phylogenetic tree containing all type of FTs (1-SSTs, 1-FFTs, 6-SFTs
and 6G-FFTs), dicot FTs (clusters Ia and Ib) can be clearly discriminated
from monocot FTs (clusters IIa, b and c). (Table. 5.1, Fig. 5.1). Striking is
the unique, intermediate position of Pt6-SFT, derived from the basal eudicot
Pachysandra terminalis (Van den Ende et al., 2011). Core eudicot 1-SSTs
(subgroup Ib) and 1-FFTs (subgroup Ia), all belonging to the same family
Asteraceae, are clearly separated. Within the monocots, FTs of the same
species group together and are more related to each other than to FTs with
the same functionality from other species. The Asparagales form a subgroup
(IIa) separated from the Poales (IIb, c). Within the Poales, SFTs (IIc) are
distinguished from the other FTs (subgroup IIb). All 6G-FFTs and 6-SFTs
reported to date belong to monocot plants, except the Pt6-SFT. Fig. 5.2 shows
a multiple sequences alignment of the N-terminus of FTs from different plant
dicot and monocot species. The N terminus amino acids show considerable
differences between monocots and dicots, indicating evolutionary changes. Since
different types of FTs are supposed to have evolved from different ancestral
VIs (Schroeven et al., 2008, 2009), the N-terminal propeptide (NTPP), not
retained in the mature protein, is supposed to carry targeting and sorting
information responsible for the correct transportation of the protein to a certain
cellular compartment, similar to the case of AtVI2, as explained in Chapter
4. The alignment (Fig. 5.2) shows particular differences among dicot and
monocot NTPPs. As observed for VIs, all FTs are characterized by a basic
region preceding their transmembrane domain (TMD). A survey of more than
50 VIs revealed that they all contain either dileucine [(D/E/N)XnLL with n
varying between 1 and 7 but predominantly equals to 2 or 3] or YXXL type of
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Ac1-SST CAA06838 Allium cepa m
Ac6G-FFT P92916 Allium cepa m
Aes1-SST ACL13557 Aegilops searsii m
Aet1-SST ACL13558 Aegilops tauschii m
Agc6-SFT AAK27319 Agropyron cristatum m
Agt1-SST ABG00265 Agave tequilana m
Agt1-FFT ABS72186 Agave tequilana m
Al1-FFT BAJ24841 Arctium lappa d
Ao6G-FFT Q5FC15 Asparagus officinalis m
As1-SST AAM21931 Allium sativum m
Bp1-FFT CAH18938 Bellis perennis d
Cc1-SST CAA70855 Cynara scolymus d
Cc1-FFT CAA04120 Cynara scolymus d
Ci1-SST AAB58909 Cichorium intybus d
Ci1-FFT AAD00558 Cichorium intybus d
Dp1-FFT CAH18937 Doronicum pardalianches d
Er1-FFT CAH18891 Echinops ritro d
Fa1-SST CAC05261 Festuce arundinacea m
Ht1-SST CAA08812 Helianthus tuberosus d
Ht1-FFT CAA08811 Helianthus tuberosus d
Hv1-SST CAD98793 Hordeum vulgare subsp m
Hv6-SFT CAA58235 Hordeum vulgare subsp m
Lp1-SST AAO86693 Lolium perenne m
Lp6G-FFT1 AAM13671 Lolium perenne m
Lp6G-FFT2 BAF99808 Lolium perenne m
Lp6-SFT CAL51274 Lolium perenne m
Ls1-SST ABX90019 Lactuca sativa d
Ls1-FFT ABX90020 Lactuca sativa d
LtFT CAD58682 Lolium temulentum m
Php6-SFT BAH30252 Phleum pratense m
Pj6-SFT AAG24787 Psathyrostachys juncea m
Pos6-SFT AAG36767 Poa secunda m
Ps6-SFT AAG24788 Pascopyrum smithii m
Pt6-SFT CBM41476 Pachysandra terminalis d

Table 5.1: List of the genes used in Fig. 5.1 and Fig. 5.2 (continued).
d, dicot; m, monocot.

motifs, or in some cases a combination of both. As observed in the alignment,
none of the 6-SFTs (subgroup Ic and IIc) contain a dileucine motif but all
contain conserved YXXL motifs, followed by negatively charged amino acids.
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Ta1-SST BAB82470 Triticum aestivum m
Ta1-FFTa BAE19751 Triticum aestivum m
Ta1-FFTb ACH73191 Triticum aestivum m
Ta6-SFT BAB82469 Triticum aestivum m
Td1-SST ACH73196 Triticum durum m
Td1-FFT ACH73190 Triticum durum m
To1-SST CAB60153 Taraxacum officinale d
ToFFT1 CAH25486 Taraxacum officinale d
ToFFT2 CAH25487 Taraxacum officinale d
Tu1-SST ACL13556 Triticum urartu m
Tu1-FFT ACH73188 Triticum urartu m
Vd1-FFT CAH18892 Viguiera discolor d

Table 5.2: List of the genes used in Fig. 5.1 and Fig. 5.2.
d, dicot; m, monocot.

On the contrary, all dicot 1-FFTs contain intact dileucine-like motifs but lack
downstream YXXL motifs. Instead, their dileucine motifs are typically followed
by Pro rich regions preceding the basic region and the TMD. Most monocot
6G-FFTs show imperfect dileucine motifs, and only one contains a YXXL motif.
Noticeably, the YXXL motif has been selectively removed between 2 isoforms
of Lolium perenne 6G-FFTs (Lp6G-FFT1 contains a YXXL motif while Lp6G-
FFT2 does not), which might suggest a biological significance (Lasseur et al.,
2006). In what concerns the 1-SSTs, the Asparagales (subgroup IIa) members
contain an intact dileucine motif but lack a YXXL motif, the Poacean (subgroup
IIb) members contain perfect YXXL motifs and imperfect dileucine motifs (e.g.
DSSRVILI, the last leucine is substituted to an Ile). The dicot Asteracean
(subgroup Ib) members also contain incomplete dileucine-like motifs (e.g. acid
is lacking and last Leu is mostly replaced by an Ile) and lack YXXL motifs.

Strikingly, both SSTs and FFTs from cereals (group IIb) contain a GVSEK
motif, typically present in almost all plant VIs (see Fig. 4.1 Chapter 4), while
such motif is lacking in all other groups. Likewise, only the 6G-FFTs from
L. perenne show an intact GVSEK motif. All Poacean 6-SFTs have lost the
GVSEK motif, although a similar sequence (GVPEK) is still detectable in the
Pt6-SFT. Moreover, some cereal 1-SSTs contain an EEE motif which is absent
in closely related 1-FFTs derived from the same species (e.g. compare the
Triticum aestivum FTs Ta1-SST with Ta1-FFTa and Ta1-FFTb). Dicot FFTs
are characterized by a EPΦ[T/S]DLE (Φ is preferably hydrophobic amino acid)
N-terminus motif not observed in dicot 1-SSTs. Typically, they contain Arg or
Lys as their second amino acid which might assist ER export. On the other
hand, dicot 1-SSTs contain a MASS N-terminus motif which is followed by a
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Figure 5.1: Unrooted phylogenetic tree of plant FTs.
Further details are described in Table 5.1.

unique Thr stretch that is not present in monocots.

Overall, FTs have selectively lost some specific sorting domains in their NTPPs
and this might be linked to differential protein sorting and/or processing. Some
of these motifs, such as the dileucine motif that is necessary for ER export,
have been modified.
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5.3 Subcellular localization and trafficking of Ci1-
SST and Ci1-FFT

5.3.1 Subcellular localization of Ci1-SST and Ci1-FFT

Both Ci1-SST and Ci1-FFT genes were isolated from sucrose-induced chicory
leaves. However, due to some difficulties it has been impossible to clone the full
length of the two genes. Therefore, both the 5’ and 3’ part (300 bases encoding
the 100 N-terminal and C-terminal amino acids) were separately cloned and
inserted in frame with GFP in the expression vector (HBT35S-GFP-NOSter;
Sheen, 1993) at cleavage sites of restriction enzymes (NcoI/BamHI and StuI).
In this way, four constructs were obtained: Ci1-SSTn-GFP, GFP-Ci1-SSTc, Ci1-
FFTn-GFP and GFP-Ci1-FFTc. The N-terminal amino acids from the target
gene was inserted at the N terminal of the GFP, and the C-terminal amino acids
from the target gene was inserted at the C terminal of the GFP. After transient
expression of these constructs in protoplasts at 21 ◦C in light, the subcellular
localization was investigated by confocal microscopy. As expected, both the
GFP-Ci1-SSTc and GFP-Ci1-FFTc fusion proteins could only be detected in the
cytosol. This indicated that the C terminus of the two genes does not contain
any sorting signals, and as a result the fusion protein lacks an N-terimnal
signal peptide to direct is to the ER. On the contrary, the Ci1-SSTn-GFP and
Ci1-FFTn-GFP were detected in different cellular compartments depending on
the time of transient expression. After 12h, Ci1-FFTn-GFP is present in the ER
(Fig. 5.3). After 15h, Ci1-FFTn-GFP is, at least partly, present in the Golgi, as
can be observed by comparison with a KAM∆C-mRFP Golgi marker (Fig. 5.3),
and also some other punctate structures. At 18h after transformation, Ci1-
FFTn-GFP is found in punctate structures, and the CV while Ci1-SSTn-GFP
is still localized in the ER. (Fig. 5.4). A vesicular and vacuolar localization of
Ci1-SSTn-GFP could only be detected after prolonged incubation (28h), or after
18h when the incubation temperature was raised to 28 ◦C in order to speed
up the process (Fig. 5.4). Taken together, it can be concluded that Ci1-FFT
follows a similar pathway and timing as described before for AtVI2 (Chapter 4),
while the localization of Ci1-SST is more intriguing since it seems to stay longer
in the ER (or its surroundings in case the ER bodies keep attached to the bulk
ER) and in vesicles before it finally reaches the CV. It is not clear whether
using an increased temperature for speeding up this process is physiologically
relevant in terms of fructan synthesis in field-grown chicory roots during the
July-September period. Moreover, the conditions in leaf protoplasts might be
different. It was speculated before that fructan synthesis might be initiated in
vesicles (see below) but it is not clear whether such vesicles can import enough
sucrose to properly initiate fructan synthesis by 1-SSTs characterized by high
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Figure 5.3: The Ci1-FFT protein sorts through a MASP.
The images were taken at 12h, 15h, 16h, and 18h post-transformation for Ci1-
FFTn and Ci1-FFTc GFP fusion protein, respectively. The KAM∆C-mRFP
was used as Golgi marker. The 16h image shows a membrane localization of Ci1-
FFTn protein on small vacuoles (arrow), and indicates the MASP mechanism.
The Ci1-FFTc GFP fusion protein localized in the cytosol at different time
points, only the image taken at 18h is presented. BF, bright field.

Km’s for their substrates.

5.3.2 Ci1-SST and Ci1-FFT are likely transported through
MASP

As explained in Chapter 4, it became clear that AtVI2 was transported to the
LV via MASP. On the other hand, it is generally assumed that FTs evolved from
VIs by relatively few mutational changes (Vijn and Smeekens, 1999; Van Laere
and Van den Ende, 2002) Moreover, all FTs contain the typical basic region and
TMD regions as observed in VIs. Therefore, it is very likely that both Ci1-SST
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Figure 5.4: The Ci1-SST protein sorts through a MASP.
Images were taken at 18h and 28h post incubation for protoplasts kept at 21 ◦C,
and at 18h post incubation for protoplasts kept at 28 ◦C. The 28h/21 ◦C and
18h/28 ◦C images show the membrane localization at the small vacuoles.

and Ci1-FFT will be also transported in a similar manner. It has been proposed
that the hydrophobicity and distribution of charged amino acids on either end of
the TMD is a reliable determinant to predict the insertion orientation. Indeed,
more positively charged flanking sequences are usually found at the cytosolic
side of the membrane and lead to lumenal N-terminus insertion in eukaryotic
cells (Von Heijne, 1986; Hartmann et al., 1989; Rösch et al., 2000; Goder and
Spiess, 2003). Accordingly, it is predicted by the program TMHMM 2.0 that
Ci1-SST and Ci1-FFT are type II transmembrane proteins with an Nin/Cout

topology. The same topology was predicted for all other plant FTs, indicating
that the whole plant VI/FT family is probably transported through MASP.
Hard evidence for MASP is provided for Ci1-SSTn-GFP (Fig. 5.4, 21 ◦C for
28h, and 28 ◦C for 18h) and Ci1-FFT (Fig. 5.3, 21 ◦C, 16h) showing that some
smaller vacuoles selectively display fluorescence at their membranes.

5.3.3 Ci1-FFT reaches the central vacuole (CV) through a
ER → Golgi → LV pathway

Similar to AtVI2, Ci1-FFT shows a clear CV subcellular localization, in
accordance with the subcellular localization of fructans. Since Ci1-FFT is
a glycosylated enzyme, it is expected that a finalisation of the glycosyl chain
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Figure 5.5: Ci1-FFT is localized in the lytic vacuole (LV).
Ci1-FFT-CFP was coexpressed with PSV (Chi) and LV (Aleu) markers,
respectively. Images were taken at 18h post transformation, and showed partial
colocalizion with Aleu. CFP, cyan fluorescent protein; Aleu, aleurain-GFP, LV
marker; Chi, GFP-chitinase, PSV marker.

processing needs to occur in the Golgi apparatus before reaching its final
destination. Therefore, the subcellular localization of Ci1-FFTn-GFP was
followed at different time points (Fig. 5.3). As shown in Fig. 5.3, the fluorescence
is detected in the ER after 12h incubation, and at the Golgi after 15h incubation.
After 18h incubation, Ci1-FFT is mainly detected in small vacuoles and in the
CV. Like all other plant FTs and VIs, Ci1-FFT shows an acidic pH optimum, a
typical characteristic of LVs in contrast to PSVs. Therefore, the localization of
Ci1-FFTn-CFP, Aleu-GFP (a marker for LV), and GFP-Chi (a marker for PSV)
was compared in Ci1-FFTn-CFP + Aleu-GFP and Ci1-FFTn-CFP + GFP-Chi
coexpression studies. The results demonstrate that Ci1-FFT was secreted to
LVs since it colocalized best with Aleu-GFP but not GFP-Chi (Fig. 5.5).

5.4 Discussion

For a long time, it was believed that dicotyledonous species only store inulin-
type fructans, while levan-type and graminan-type fructans predominate in
monocots. However, recently Van den Ende et al. (2011) discovered a 6-
SST/6SFT producing cereal-type levans and gaminans present in Pachysandra
terminalis, a primitive basal eudicot. Strikingly, looking at the phylogenetic tree
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this basal eudicot 6-SST/6-SFT (hereafter named Pt6-SST/6-SFT) is positioned
far away from monocot 6-SFTs (Fig. 5.1 ). This indicates that fructan synthesis
most probably evolved at least 4 times throughout plant evolution: in basal
eudicots, dicots, Asperagales and Poales. As speculated before (Schroeven
et al., 2008, 2009), in dicots an ancestral VI evolved into a premature FT
that was duplicated, finally leading to specialized 1-SST and 1-FFT type of
enzymes. Meanwhile, in Poales, an ancestral VI evolved into a premature FT
that probably duplicated into a 6-SFT and a 1-SST type of enzyme. It could
further be speculated that duplications of the latter gave rise to 6G-FFTs in
Lolium and 6G-FFTs and 1-FFTs in wheat. Similar processes likely occurred
independently in the Asparagales. All taken together, it is clear that monocots
contain more complicated fructan biosynthetic enzymes and store consequently
a more complicated type of fructans when compared to dicots. In monocots and
basal eudicots, fructan synthesis probably originated later in evolution compared
to the core eudicots. This is reflected in the multifunctional characteristics of
the enzymes involved. Indeed, Pt6-SST/6-SFT shows prominent invertase side
activities in P. terminalis (Van den Ende et al., 2011). Also the development
of 1-FFT from 1-SST in wheat is likely a relatively recent evolutionary event
(Schroeven et al., 2009); Ta1-FFT still shows a notable 1-SST side activity in
contrast to the eudicot Ci1-FFT (Schroeven et al., 2009). Moreover, introduction
of a single mutation in Ta1-FFT and a triple mutation in Lp6G-FFT only, has
been demonstrated to be sufficient to create an enzyme with a main 1-SST
activity (Lasseur et al., 2009; Schroeven et al., 2009), suggesting that both
enzymes in fact evolved from 1-SST type of ancestors by few mutational changes.

Fructans as well as FTs were detected in vacuole preparations of barley
leaves and Jerusalem artichoke tubers (Wagner et al., 1986; Wiemken et al.,
1986), implicating fructan synthesis in this organelle. However, Kaeser (1983)
and Cairns et al. (2008) provided some circumstantial evidence in favour of
extravacuolar fructan synthesis. Nevertheless, no visual evidence for the presence
of different FTs in vacuolar or extravacuolar compartments has been generated
so far. Here, we demonstrate unequivocally that Ci1-FFT, the elongation
enzyme leading to inulin synthesis, is localized in the CV, consistent with
its pH optimum (pH5-6) (Van den Ende et al., 2006). In vitro experiments
showed that Ci1-SST, like all other 1-SSTs (Lüscher et al., 2000; Han et al.,
2010) is characterized by a low affinity for sucrose, with an apparent Km of
about 300 mM which is not conform the in vivo vacuolar sucrose concentrations
that are usually estimated at about 100 mM (Roessner et al., 2000; Cairns,
2003). Therefore, very high 1-SST concentrations would be necessary to sustain
vacuolar fructan synthesis by simultaneous presence of 1-SST and 1-FFT in
the vacuole. Although such high 1-SST concentrations could be used to realize
fructan synthesis in vitro (Van den Ende et al., 1996a), it is a matter of long-
standing debate whether such high enzyme concentrations could be reached
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in the vacuole in planta. On the other hand, the estimation of the Km for
1-kestotriose of Ci1-FFT is complicated (Van den Ende et al., 1996a; Vergauwen
et al., 2003, 2000) since sucrose, as a product of donor 1-kestotriose splitting,
is also an excellent acceptor for this enzyme, and at higher concentrations it
can even inhibit the donor site as well. However, 1-FFTs catalyzing high DP
synthesis are more convenient for such studies. Both high DP synthesizing
Echinops ritro (Er1-FFT) and Cynara scolymus 1-FFTs (Cc1-FFT) are similar,
typically using 1-kestotriose as preferential donor substrate and higher DP
fructans as acceptor substrates (Hellwege et al., 1998; Vergauwen et al., 2003).
Importantly, sucrose is not a very good acceptor for Er1-FFT (Vergauwen
et al., 2003). Consequently, an important implication is that this 1-FFT is
less poisoned by sucrose, counteracting futile transfers between 1-kestotriose
and sucrose, which typically cause long lag phases in fructan polymerization
processes. It was speculated before that Er1-SST and Er1-FFT together (also
Cc1-SST and Cc1-FFT) could reasonably act together in the CV in vivo. Indeed,
Er1-FFT not only has a low affinity for sucrose but it also shows a high affinity
for 1-kestotriose as a donor substrate. 1-kestotriose donor Km estimations for
Er1-FFT were in the range of 15 mM (Van den Ende et al., 2005a) which is
much lower than the apparent Km’s derived for the S-type enzymes 1-SSTs
and for 6-SFTs and 6G-FFTs as well (Schroeven et al., 2008; Lasseur et al.,
2006). The general requirement for high enzyme and substrate concentrations
(with Echinops ritro and Cynara scolymus as exceptions) indicate that the
CV may not be the most ideal subcellular compartment for combined fructan
synthesis initiation and polymerization. In chicory for instance, it would be
highly beneficial to separate fructan initiation and polymerization since Ci1-FFT
can only efficiently polymerize fructan when the 1-kestotriose/sucrose ratio is
high enough (Van den Ende et al., 1996c; Van den Ende and Van Laere, 1996;
Vergauwen et al., 2003). Based on our findings, it can be proposed that fructan
synthesis might be initiated by Ci1-SST in the endomembrane system, prior
to entering the CV. As postulated by Kaeser (1983), substrates can probably
be more concentrated in such endomembrane vesicles. Indeed, we found that
Ci1-SST was retained longer in the ER (Fig. 5.4 )and in peculiar punctuate
structures (Fig. 5.4 ). This delay in timing for Ci1-SST but not for Ci1-FFT
might be sufficient to create 1-kestotriose from sucrose and deliver a mixture
with increased 1-kestotriose/sucrose ratio to the CV were Ci1-FFT is ready to
start polymerization. Before arrival of the Ci-1-SST and 1-kestotriose containing
vesicles, vacuolar Ci-1-FFT is not operative since it cannot act on sucrose as a
single substrate. Therefore, FFT types of enzymes might be waiting on the right
environmental conditions inducing 1-SST (which are more regulated compared
to other FTs: Nagaraj et al., 2004). Such mechanisms might be particularly
useful to start inulin synthesis more rapidly. Interestingly, when compared to
Ci1-FFT, Ci1-SST shows no intact dileucine motif (Fig. 5.2). Since such motifs
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are known to stimulate ER export, it can be speculated that such an imperfect
dileucine motif is responsible for the retention of Ci1-SST in the ER. Strikingly,
and in accordance with the above discussion, Cs1-SST (Er1-SST is not cloned)
is the only dicot 1-SST that still shows the presence of an intact LL motif,
suggesting that this form might be less retained in the endomembrane system,
and reaching the CV at about the same time as Ci1-FFT.

In summary, the results presented here and before suggest that dicot fructan
producers developed two different strategies to efficiently start up inulin
biosynthesis. One group of plants (Echinops, Cynara, Vigueira) developed
specific 1-FFTs with high donor substrate specificity for 1-kestotriose and low
acceptor substrate specificity for sucrose, but higher specificity for higher
DP fructans, resulting in the synthesis of high DP fructans. Meanwhile,
other Asteracean species (Cichorium, Helianthus, Taraxacum) might perform
fructan initiation by 1-SST in the endomembrane system, building up a 1-
kestotriose/sucrose ratio that is suitable for elongation by 1-FFT. This brings
us to the following intriguing question: can Ci1-SST indeed get access to such
high sucrose concentrations needed for its optimal activity? To the best of our
knowledge, no specific studies have yet been performed on the actual sucrose
concentrations in the endomembrane system of plants. However, it should be
noticed that bacterial FTs were expressed in several transgenic plants (reviewed
in Cairns, 2003). In particular, tobacco plants overexpressing Bacillus subtilis
levansucrase (which has an optimal pH at ∼6.0) accumulated fructans up to
21% on dry weight level. Strikingly, it was demonstrated that this levansucrase
was blocked in the endomembrane system, not reaching the vacuole (Ortiz-
Soto et al., 2008; Esawy et al., 2008). This indicates that at least non-fructan
accumulating plants contain sucrose concentrations in their endomembrane
system that are high enough to sustain bacterial type fructan synthesis. Taken
all together, this emphasises the need to investigate in more detail the sucrose
contents and 1-SST activities in specific endomembrane structures derived from
sucrose-induced chicory leaves and/or very young roots that are in the early
stages of fructan synthesis.

In conclusion, AtVI2, Ci1-SST and Ci1-FFT localization studies together with
multiple alignments of several FT NTPPs strongly suggest a differential loss
or modification of the typical sorting motifs among different classes of FTs.
Based on the observed variations in the dileucine motifs together with previous
biochemical experimental data, speculation on the differential strategies to
efficiently start up fructan synthesis in core eudicots is allowed. Also, the
differential presence of YXXL type of motifs probably hint similar mechanisms.
Further studies, especially on monocot fructan species, are needed to fully
understand the significance of such motifs in the timing and spatial separation
of fructan synthesis and the effects on the final fructan patterns which are much
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more complex in monocots.



Chapter 6

Localization and sorting of
Cichorium intybus 1-FEHIIa
(Ci1-FEHIIa) and Arabidopsis
thaliana 6&1-FEH
(At6&1-FEH)

6.1 Introduction

Fructans are reserve polysaccharides also contributing to plant stress tolerance
and osmoregulation (Valluru and Van den Ende, 2008). Their degree of
polymerization (DP) depends on the balance between synthesis (catalysed by
fructosyltransferases, FTs) and degradation (catalysed by fructan exohydrolases,
FEHs). FEHs evolved from cell wall invertases (CWIs) (Le Roy et al., 2007a),
and their activities have been detected in the vacuole and in the apoplast
(Livingston and Henson, 1998; Van den Ende et al., 2005a). In contrast to
CWIs, FEHs are unifunctional enzymes unable to degrade sucrose. FEHs lack
the typical D/R or D/K couple in their amino acid sequences. These couples
are responsible for stable binding and hydrolysis of the sucrose donor substrate
(Van den Ende et al., 2009). Different type of FEHs have been described
according to the particular fructose-fructose bond that they cleave: 1-FEHs,
6-FEHs and 6&1-FEHs (De Coninck et al., 2007). Intriguingly, not only fructan
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plants, but also non-fructan accumulating plants such as A. thaliana and B.
vulgaris (De Coninck et al., 2005; Van den Ende et al., 2004) contain FEHs.
Meantime, it became clear that these so-called FEHs should be considered as
defective invertases that lost their ability to degrade sucrose while their FEH
side activity was retained. Most likely, such defective invertases are ubiquitous
in plants since homologues are found in several genomes (rice, potato, maize,
etc.). Although functions in defence and signaling were proposed (Van den
Ende et al., 2004), so far no hard evidence could be generated to uncover the
precise role of such defective invertases in planta.

In fructan plants, FEHs have multiple functions: (1) they supply substrates
and energy when needed like for regrowth after defoliation (Kawakami et al.,
2005; Van den Ende et al., 2001); (2) they adjust the fructan concentration
and DP when plants undergo stresses (Van den Ende et al., 1996b); (3) they
act as trimmers during fructan biosynthesis by partially hydrolysing fructan
substrates, e.g. in wheat (Van den Ende et al., 2003a); (4) they increase the
osmotic pressure by releasing monomers to drive flower opening (Vergauwen
et al., 2000; Le Roy et al., 2007b).

In this chapter, it is demonstrated that a defective invertase with remaining
intrinsic 6-FEH and 1-FEH activity from Arabidopsis (At6&1-FEH; AtCWI6)
is localized in the cytosol and in the nucleus. A non-apoplastic localization for
a member of the CWI/FEH group has never been reported before. This result
hints new functions for defective invertases in plants. Furthermore, this chapter
also elaborates on the subcellular localization, sorting signals present in and
the sorting pathway followed by the most studied and most abundant FEH in
chicory (Cichorium intybus): Ci1-FEHIIa. A specific vacuolar targeting signal
is responsible for the vacuolar localization and mediated by a BP80-dependent
pathway. The results presented here will help to further understand the function
of defective invertase, and the differences between their functions in fructan
and non-fructan accumulating plants.

6.2 Results

6.2.1 Gene expression of defective invertases (FEHs) in Ara-
bidopsis

The well-studied model plant Arabidopsis thaliana contains 6 CWI encoding
genes (AtCWI1–6). Intriguingly, 3 of these assumed CWI genes turned out to
encode defective invertases (AtCWI3, 5 and 6) (Van den Ende et al., 2009),
characterized by the absence of a distinct invertase activity but with a remaining
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6-FEH (AtCWI3) or 6&1-FEH (AtCWI6) side activity (De Coninck et al., 2005).
Data derived from the Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/cgi-
bin/efpWeb.cgi) and Genevestigator (https://www.genevestigator.com) allow
the study of the tissue/organ specific expression of Arabidopsis FEHs. AtCWI3
(At1g55120, At6FEH) seems to be constitutively expressed throughout de-
velopment in hypocotyls, rosette leaves, roots, stems, siliques and flowers
with the highest expression in the node (Fig. 6.1). The expression level of
AtCWI3 could be enhanced in leaves after pathogen invasion, and in young
flowers during reproduction (data not shown). The highest expression level
of AtCWI5 (At3g13784), a putative FEH based on sequence homology, was
found in sperm cells and senescent leaf, with a positive correlation between
the expression (Fig. 6.1) and the ageing (eFP Browser). Finally, AtCWI6
(At5g11920, At6&1FEH) is expressed in roots and rosette leaves (Fig. 6.2) with
the highest expression levels observed in senescing leaves (Fig. 6.1).

6.2.2 At6&1FEH: subcellular localization and promoter-GUS/
GFP expression analysis in seedlings

Earlier, it was predicted by Ji et al. (2005) that At6&1-FEH lacks a typical
N-terminal signal sequence responsible for leading it to the ER. The At6&1-FEH
cDNA was cloned by RT-PCR on total RNA derived from the Arabidopsis
rosette leaves allowing further analysis of its subcellular localization and sorting
determinants. The full length cDNA, as well as both the N-terminal (31aa) and
C-terminal (33aa) parts of At6&1-FEH were cloned in frame with the GFP
reporter gene with NcoI and StuI restriction sites, and resulted in the following
constructs: At6&1FEH-GFP, At6&1FEHn-GFP, and GFP-At6&1FEHc. The
full length and N terminal of At6&1FEH were ligated at the N terminal of
GFP, and the C terminal of At6&1FEH were ligated at the C terminal of
GFP. Subsequently, these constructs were transiently expressed in Arabidopsis
protoplasts, and their expression was examined by confocal microscopy after a
18h incubation. As shown in Fig. 6.3, fluorescence was detected in the cytosol or
in the nuclear region, sometimes even at both places in a single protoplast; 90%
of the transformed protoplasts show a cytosolic localization, a nuclear region
localization is shown in 35% of the protoplasts. Remarkably, similar results were
obtained for the N- and C-terminal parts (Fig. 6.3). However, the PredictNLS
program (http://www.predictprotein.org/) indicates that At6&1-FEH does not
contain a typical NLS motif. Consequently, it seems that both the N- and
C-terminal part of At6&1-FEH contain specific, atypical signal sequences for
nuclear localization, able to direct the GFP-fusion proteins to the nucleus, at
least in a vast majority of protoplasts.
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Figure 6.1: Arabidopsis defective invertases gene expression levels.
The Anatomy tool (Genevestigator) display the average expression levels of a
given gene across tissues and organs. The data is shown as a heat map.
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Figure 6.2: Heat map of Arabidopsis defective invertases gene
expression level during development.
The Development tool (Genevestigator) displays the average expression levels
of a given gene across different stages of development, from conception or
germination to the adult organism.

Furthermore, the 2 kb promoter region of At6&1-FEH was cloned using the
Gateway technology (Invitrogen), and subsequently fused to GUS/GFP reporter
genes. This construct was introduced into Arabidopsis (as explained in Chapter
8) and the GUS expression was analysed in seedlings (15 d; grown on 0.5xMS, 1%
sucrose). As shown in Fig. 6.4, At6&1-FEH was strongly expressed in primary
and in lateral roots, especially at the root tips. Treatments including the extra
supply of sucrose and ABA did not affect neither the subcellular localization
of the GFP fusion proteins, nor the expression of the promotor-GUS/GFP
construct in seedlings. Moreover, also parallel experiments in continuous light
or dark conditions gave rise to comparable results (not shown).

6.2.3 Subcellular localization of other candidate FEHs in Ara-
bidopsis

The localization of both AtCWI3 (At6FEH) and AtCWI5 was investigated as
well, with AtCWI1 (encoding an active cell wall invertase) used as a control.
In analogy to the earlier described experiments, constructs with both full-
length cDNA and the N-terminal part (n) were produced. AtCWI1-GFP,
AtCWI1n-GFP, At6FEH-GFP, At6FEHn-GFP, and AtCWI5n-GFP (there
were difficulties to get the full length AtCWI5) were transiently expressed in
Arabidopsis protoplasts which were analysed 18h after transformation. Based
on multiple alignment data of the 6 “CWIs” of Arabidopsis, AtCWI3 showed
an extended C-terminal part compared to the others (Fig. 6.5),

it was decided to examine the C-terminal part (GFP-At6FEHc) as well. The



104 FEH LOCALIZATION AND SORTING

Figure 6.3: Subcellular localization of the At6&1-FEH protein.
A, Transient expression of full length At6&1-FEH GFP fusion protein; B,
Transient expression of At6&1-FEHn-GFP; C, Transient expression of GFP-
At6&1-FEHc. The images were taken after 18h incubation, and 0.5 h after
staining with DAPI (405nM). DAPI specifically colours the nucleus. Around 90
protoplasts were examined for each construct, and ≥90% protoplast showed the
presented localization.

AtCWI1n-GFP construct was detected in the ER, while no fluorescence could
be detected in this case (AtCWI1-GFP), indicating that the fusion protein
was excreted into the medium, which is as expected and consistent with an
apoplastic localization in planta (Fig. 6.6). Examination of the AtCWI5n-
GFP constructs revealed a similar pattern as observed for the AtCWI1n-GFP
constructs, (Fig. 6.6), suggesting that both AtCWI1 and 5 probably follow
the default secretion pathway (ER→Golgi→apoplast). Transient expression
of At6FEH constructs, on the contrary, led to different and complex results.
Strikingly, in case of both At6FEH-GFP and At6FEHn-GFP fusion proteins,
fluorescence could only be detected in a very limited number of protoplasts.
In these rare cases, the fusion proteins were detected in punctate structures
localized in the vicinity of chloroplasts (Fig. 6.7). This might indicate that
most of the fusion proteins were secreted out of the protoplasts. Intriguingly,
on the contrary, the expression of GFP-At6FEHc fusion proteins resulted in
protoplasts transformed with a normal efficiency. Fluorescence was in this case
also detected in punctate structures as well as in the cytosol, while limited in
the CV (Fig. 6.7). The N-terminal part of At6FEH shows a classic ER targeting
motif as observed in AtCWI1 and 5. It can be hypothesized that the C-terminal
part of At6FEH contains information to delay the secretion and keep the protein
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Figure 6.4: Analysis of GUS activity in transgenic Arabidopsis
expression the At6&1-FEH promoter-GUS gene seedlings.
GUS is expressed in the 12-day-old germinated seedling, blue staining is present
in the root, especially concentrated on the root tip. Around 30 seedlings were
analysed.

in punctuate structures or vacuoles. However, the identity of these punctuate
structures is unknown.

6.2.4 Ci1-FEHIIa is sorted to the central vacuole

So far, Ci1-FEHIIa is one of the most studied fructan enzymes being thoroughly
investigated at the level of gene expression as well as at the protein level,
including depth three dimensional structural studies (Verhaest et al., 2005).
However, its proposed vacuolar localization, assumed because of its unusual
low pI (Van den Ende et al., 2001), has never been proven by subcellular
localization studies. Compared to other members of the dicot CWI/FEH
subgroup belonging to the GH32 subfamily, Ci1-FEHIIa typically contains a
slightly longer N-terminal signal peptide motif (Table 6.1, Fig. 6.8), that might
harbor a vacuolar targeting signal (Van den Ende et al., 2001). Therefore, the
Ci1-FEHIIan-GFP construct was produced followed by a transient expression
in chicory protoplasts(unfortunatly, full length Ci1-FEHIIa cDNA could not be
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Figure 6.6: Subcellular localization of AtCWI1n and AtCWI5n.
Images were taken after 18h incubation.

Figure 6.7: Subcellular localization of At6FEH.
Images were taken after 18h incubation. At6FEH, full length cDNA of At6FEH;
At6FEHn, N terminal of At6FEH; At6FEHc, C terminal of AtFEH. Around 90
protoplasts were examined for each construct, and ≥90% protoplast showed the
presented localization.

cloned into the vector). Fluorescence was detected in the CV of most protoplasts
at 18h post transformation (≥ 90%), as well as in a few punctate structures
(Fig. 6.9). Interestingly, at 16h post transformation, fluorescence was detected
at the membranes of “small vacuoles” with variable sizes at 16h.

6.2.5 Ci1-FEHIIa is sorted in the BP80/VSR1-mediated traf-
ficking pathway

As described in Chapter 4, there are probably two possible pathways in plants
for sorting proteins into the LV. The classic pathway involves the CCV and the
PVC, with binding of BP80 to AP1 and subsequent delivery to the LV. The
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Aes1FEH FJ184993 Aegilops speltoides m
Aet1FEH FJ184994 Aegilops tauschii m
Al6&1FEH GL348718 Arabidopsis lyrata d
At6&1FEH AY060553 Arabidopsis thaliana d
At6FEH AB029310 Arabidopsis thaliana d
Bp1-FEHa GQ247882 Bromus pictus d
Bv6-FEH AJ508534 Beta vulgaris d
Ci1-FEH I AJ242538 Cichorium intybus d
Ci1-FEHIIa AJ295033 Cichorium intybus d
Ci1FEHIIb AJ295034 Cichorium intybus d
Cr1-FEH AJ509808 Campanula rapunculoides d
Hv1-FEH AJ605333 Leymus chinensis m
Lc1FEH FJ178114 Leymus chinensis m
LpFEH AAZ29514 Lolium perenne m
Lp1-FEHa DQ016297 Lolium perenne m
Lp6FEH EU219846 Lolium perenne m
LpFEH? DQ073968 Lolium perenne m
LpFEHa AY693396 Lolium perenne m
PopFEHb GU228510 Poa pratensis m
PopFEHc GU228509 Poa pratensis m
Pp6FEH1 AB583555 Phleum pratense m
Ta6-FEH AM075205 Triticum aestivum m
Ta6&1FEHw1 AB089269 Triticum aestivum m
Ta1-FEHw1 AJ516025 Triticum aestivum m
Ta1-FEHw2 AJ508387 Triticum aestivum m
Ta1-FEHw3 AJ564996 Triticum aestivum m
Ta6-KEHw1 AB089271 Triticum aestivum m
Ta6-KEHw2 AB089270 Triticum aestivum m
Tu1FEH FJ184992 Triticum urartu m
Vh1-FEH AM231149 Vernonia herbacea d

Table 6.1: Description of FEH genes used in Fig. 6.8.
d, dicot; m, monocot.

alternative pathway, on the other hand, is independent of BP80 and probably
requires AP3. In order to investigate which of these pathways is followed
by Ci1-FEHIIa, a Ci1-FEHIIan-GFP fusion protein was transiently expressed
in protoplasts isolated from Arabidopsis wild type and two BP80 knockout
lines (bp80/vsr1, SALK_123661 and SALK_150894). AtVI2 and aleurain
were used as a control in the same experiment. As described in Chapter 4,
after 18h incubation, both AtVI2 and aleurain were correctly sorted into the
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Figure 6.9: Subcellular localization of Ci1-FEHIIa.
Images were taken 18h post incubation for the left panel, and 16h post incubation
for the right panel. At 16h post incubation, fluorescence was detected in the
membrane of small vacuoles (arrow). Around 90 protoplasts were examined for
each time point, and ≥90% protoplast showed the presented localization.

Figure 6.10: Ci1-FEHIIa is sorted through a BP80-dependent pathway.
The protein is expressed in protoplasts isolated from bp80 lines, and the images
were taken after 18h incubation. Around 90 protoplasts were examined for each
construct, and ≥90% protoplast showed the presented localization.

CV in the wild type protoplasts. However, in the protoplasts isolated from
bp80/vsr1, AtVI2 was still correctly sorted into the CV, while aleurain was
mistargetted into the cytosol (Fig. 6.10). In the case of Ci1-FEHIIa, at 18h post
transformation, the Ci1-FEHIIan-GFP fusion protein was detected in the CV in
the protoplasts isolated from the wild type plants, and by contrast, fluorescence
was only detected in the cytosol of protoplasts isolated from the bp80/vsr1 lines
(Fig. 6.10), which is similar as aleurain. These results strongly suggest that
both Ci1-FEHIIa and aleurain are sorted through the classic pathway to the



RESULTS 111

Figure 6.11: List of Ci1-FEHIIa NTPP mutants and their localization.
X, deleted amino acid

CV, requiring BP80 and the AP1 orthologue of chicory for correct sorting. The
membrane localization of Ci1-FEHIIa GFP in Fig. 6.9 can be explained by the
fact that Ci1-FEHIIa acts as a cargo of membrane bound BP80.

6.2.6 Motifs in the Ci1-FEHIIa NTPP for vacuolar targeting

The NTPP of Ci1-FEHIIa was further analysed in order to pinpoint the exact
amino acids involved in its vacuolar sorting. The mutants that were created are
listed in Fig. 6.11. As expected, deletion of the complete MKKSLSSFIVLCFLVII
region containing a hydrophobic motif led to a cytosolic localization (Fig. 6.12).
This confirmed that this part likely functions as a TMD for insertion into
the ER membrane. However, also the deletion of the RNLNDVIMLAN part
(Ci1-FEHIIa4, Fig. 6.11) resulted in a cytosolic localization (Fig. 6.12),

suggesting that the presence of an additional short hydrophobic motif, NLNVIM-
LAN, is probably required for correct sorting of Ci1-FEHIIa into the CV. More
detailed mutational analyses showed that deletion of the NLN motif blocked
the fusion protein within the ER (Fig. 6.12, 1FEHIIa5, Fig. 6.11). Deletion of
single amino acids in this motif partially affected the secretion of Ci1-FEHIIa to
the CV since about 30% of the protoplast showed an ER localization (Fig. 6.12,
1FEHIIa6, 7, 8, Fig. 6.11). Deletion of 26TS27, D31, and 35LA36 did not affect
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Figure 6.12: Localization of a selection of mutated Ci1-FEHIIaNTPP-
GFP fusion proteins (Fig. 6.11).
Confocal images were taken at 18h post transformation. Around 90 protoplasts
were examined for each construct, and ≥90% protoplast showed the presented
localization. 1FEHIIa1, 1MKKSLSSFIVLCFLVIIL18 deleted; 1FEHIIa4,
28RNLNDVIMLAN38 deleted; 1FEHIIa5, 29NLN31 deleted; 1FEHIIa6, N29
deleted; 1FEHIIa7, L30 deleted; 1FEHIIa8, N31 deleted.
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Figure 6.13: Possible BP80 recognition site in FEHs.
AlEH1, AB611034, Arctium lappa; Bv6FEH, AJ508534, Beta vulgaris; Ci1-
FEHIIa, AJ295033, Cichorium intybus; Ci1FEHIIb, AJ295034, Cichorium
intybus; PtFEH, XP_002309496, Populus trichocarpa, predict FEH, defective
invertase; Vh1FEH, AM231149, Vernonia herbacea.

the sorting process. Therefore, it is plausible that the recognition site of BP80
is present in the RNLNDVIMLAN motif.

6.3 Discussion

Generally, FEH activities have been detected in the vacuole (Wagner et al.,
1986; Wiemken et al., 1986), the apoplast (Livingston and Henson, 1998), and in
the phloem sap (Wang and Nobel, 1998) of fructan-accumulating plants. While
the functions of FEHs in fructan plants are clear, the putative function of their
homologues in non fructan accumulation plants is still an enigma. Recently, it
became clear that the presence of such FEH-like sequences seems ubiquitous in
plants since homologues were detected in several genomes such as rice, maize
and poplar (see also further). Current insights (K. Le Roy, unpublished results)
suggest that these enzymes should be termed as “defective invertases” since their
most important characteristic is the absence of a distinct invertase activity while
their FEH side activity remained. Therefore, it is more correct to use the term
“defective invertase” rather than FEHs in non-fructan plants. Moreover, recently
a defective invertase characterized by a zero FEH remaining side activity was
reported in tobacco (K. Le Roy, unpublished results). Up to date, still no
information is available on the localization of defective invertases in plants.

6.3.1 Subcellular localization of defective invertases in plants
and their possible function

Extracellular, levan-type fructans might help phytopathogens to adhere them-
selves to root surfaces. In transgenic plants harbouring a bacterial levansucrase,
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the resulting levan production was found to have a toxic effect (Cairns, 2003).
Moreover, 6&1-FEH is induced by salicylic acid, a hormone typically involved
in plant defence. Therefore, it was first hypothesized that extracellular FEHs in
non-fructan plants might be involved in the degradation of bacterial fructans, in
this way counteracting the infection process, while other FEHs/invertases might
provide energy to induce a cascade of further defence reactions (De Coninck
et al., 2005). The cell wall and vacuolar localization of At6FEH and the cell
wall localization of AtCWI5 support this hypothesis. However, alternative
roles can be proposed. Although it is known that Arabidopsis is a non-
fructan accumulating plant (De Coninck et al., 2005), this notion should be
considered with care since it was reported that in Arabidopsis biotic stress,
caused by nematodes, led to accumulation of 1-kestotriose (Hofmann et al.,
2010) and its breakdown product inulobiose (http://pmn.plantcyc.org/ara/new-
image?type=compound&object=inulobiose). The origin of these metabolites is
unknown, but it can be assumed that these short chain fructans are produced
by Arabidopsis itself rather than derived from the nematodes (Hofmann et al.,
2010). Indeed, it is well-known that AtVI1 and AtVI2 can produce small
amounts of kestotrioses as a side activity when provided with high sucrose
concentrations (De Coninck et al., 2005). Therefore, it can be speculated that
some of these FEHs might be involved in fructan “signal” degradation as part of
the plant defence reactions. The detection of At6&1-FEH in the nuclear region
(Fig. 6.3) hints another, non-catalytic role for this protein. However, isolation
of nuclear fractions of Arabidopsis cells and subsequent western blotting could
not confirm that At6&1-FEH is indeed a nuclear protein (Yi Li, unpublished
results). Moreover, a dual localization of proteins, as observed for At6&1-FEH,
normally requires the presence of an NLS motif for the distribution between
cytosol and nuclear compartments (Arnoys and Wang, 2007), but such motif
could not be detected in At6&1-FEH. Together, these observations argue against
a possible regulatory role for At6&1-FEH in the nucleus.

Looking at the phylogenetic tree of CWI/FEH group enzymes, sugar beet and
Arabidopsis 6-FEH belong to the CWI subgroup although they have atypical, low
iso-electric points (pIs). In general, FEHs from fructan plants are characterized
by such a low pI (Van den Ende et al., 2003a), in contrary to CWIs typically
having a high pI for interaction with the cell wall. Therefore, a shift in pI
might represent an evolutionary adaptation to make such proteins more mobile
and accumulate in both the apoplast and the vacuole, as we have observed for
At6FEH. Besides the pI, also the tissue-specific expression and the degree of
inhibition by sucrose greatly varies among FEHs, suggesting multifunctional
roles for these proteins in plants. For instance, the wheat 6&1-FEHw1 (Ta6&1-
FEH) (Kawakami et al., 2005) is only expressed in sink tissues, such as wheat
crowns, but not in source leaves. This unique expression of 6&1-FEH w1 in the
non-photosynthetic tissues suggest a key role in the degradation of branched,
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low DP wheat graminans (especially bifurcose) during the period that fructans
are accumulated to a high extent, and also under longer snow coverage since its
expression is much higher in the freezing tolerant wheat cultivar Valuevskaya.
However, it is not proven that Ta6&1-FEH w1 is a vacuolar enzyme. Moreover,
similar wheat enzymes such as Ta6-KEHw1 and Ta6-KEHw2 are believed to
be localized in the apoplast (Van den Ende et al., 2005a). Fructans are only
believed to move from the vacuole to the apoplast under stress, by an exocytotic
mechanism (Valluru and Van den Ende, 2008).

We demonstrated here that at the tissue specific level, At6&1-FEH localizes
in the root tips of Arabidopsis seedlings. The root apical meristem (RAM)
typically shows a higher expression of genes involved in defence signaling and
metabolism (Haerizadeh et al., 2011). It is also known that root tips are able to
sense soil nutrient availability (Forde, 2009), linking root cell division and root
growth to nutrient supply (Svistoonoff et al., 2007). It can be hypothesized that
At6&1-FEH is indeed involved in such processes. More in particular, it can
be speculated that in general 6&1-FEHs degrade smaller endogenous fructans
resulting in hexose formation, which then acts as transportable signals between
the root differentiation and cellular elongation zones and the RAM. As described
in Chapter 4, root cellular elongation is to a great extend determined by VIs.
Abiotic stresses might lead to water shortage and inhibit cellular expansion.
The resulting growth arrest might subsequently lead to increased sucrose levels
and the production of kestotrioses by VIs, acting as signals that might be used
to downregulate cellular division in the RAM. Accordingly, Marchand et al.
(2010) reported that in Arabidopsis roots At6&1-FEH is a potential target of
the thioredoxin TRXy2, which is known to regulate other important players in
RAM activity as well (Reichheld et al., 2007). Thus, it seems plausible that
At6&1-FEH is somehow involved in processes orchestrating cell division and
cell elongation in roots. Alternatively, root tips are emerging as predominant
sites of interaction with micro-organisms, leading either to defence reactions
(Cannesan et al., 2011) or to the establishment of symbiosis (Bonfante and
Genre, 2010). As such, it can not be excluded that At6&1-FEH might play a
role in such processes as well.

6.3.2 Ci1-FEHIIa is sorted through a BP80-dependent path-
way

Inulin is widely commercialized as a functional food and feed additive. However,
a drawback of further upscaling of the industrial chicory inulin production is the
induction of 1-FEH (1-FEHI and 1-FEHII) activity by cold at the end of the
growth period and during storage (Van Laere and Van den Ende, 2002; Van den
Ende et al., 1996b, 2000, 2001; Yilidiz, 2010). 1-FEHII is highly expressed in
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etiolated leaves and roots. It can also be induced in green leaves and roots after
defoliation when large energy supplies are required (Van den Ende et al., 2001;
Van Laere and Van den Ende, 2002). Ci1-FEHIIa activity is strongly inhibited
at the post-translational level by sucrose (Verhaest et al., 2007). FT and FEH
activities are believed to be temporally separated in dicots (Van Laere and
Van den Ende, 2002), but not in monocots (Van den Ende et al., 2003a). This
raises the question whether FTs and FEHs may reside in the same cell but in
different subcellular compartments; or perhaps they are present in the same
cellular compartment but differentially regulated at the post-translational level.
Our results (Fig. 6.9) clearly demonstrated that the sorting of Ci1-FEHIIa to
the CV is determined by its NTPP. As illustrated in (Fig. 6.10), Ci1-FEHIIa
is misrouted in protoplasts isolated from bp80 plants, suggesting that the Ci1-
FEHIIa protein is carried to the CV by BP80. At first, the study of the N
terminal signal sequences of well known BP80 cargoes, barley aleurain (Holwerda
et al., 1992) and sweet potato sporamin (Matsuoka and Nakamura, 1991; Koide
et al., 1997), indicated that NPIRL-type motifs function as recognition sites.
In particular, the isoleucine seems to be the most important amino acid in
this motif, since the replacement of Ile to Gly in sporamin abolish vacuolar
targeting ability (Nakamura et al., 1993). Later findings on SLLIRPVVPNFN
motifs for vacuolar targeting of the toxin castor bean ricin suggested more
variable motifs for BP80 binding (Frigerio et al., 2001), with the original NPIRL
motif considered as rather atypical (Paris and Neuhaus, 2002). Further research
suggested“X1-X2-I/L-X3-X4” as a more general BP80 recognition sequence. In
this motif, X1 is a residue without a small hydrophobic side chain, often it is
an Asn; X2 should not be an acidic residue; X3 could be any amino acid and
finally X4 often contains a large side chain, preferentially a hydrophobic one
(Matsuoka and Nakamura, 1999; Matsuoka, 2000; Paris and Neuhaus, 2002).

In the Ci1-FEHIIa NPTT, the RNLNDVIMLAN motif (Fig. 6.13) was found
to be involved in vacuolar targeting since deletion of this motif resulted in
secretion into the cytosol (Fig. 6.12). In general, similar motifs are present in
other dicot FEHs (Fig. 6.8, Fig. 6.13). Intriguingly, this particular motif is
absent in a putative poplar “defective invertase”/FEH that is otherwise highly
homologous to Ci1-FEHIIa (PtFEH, Fig. 6.13). This poplar protein still has a
high pI typical for an apoplastic localization. This suggests that the evolution
from CWIs to FEHs comprised a number of consecutive steps. Firstly, CWI
lost its D/R or D/K couple to become an apoplastic defective invertase with a
high iso-electric point (Le Roy et al., 2007a). Secondly, this defective invertase
either i) specialized into an apoplastic FEH such as the wheat 6-KEHs probably
involved in fructan signaling processes (Van den Ende et al., 2004, 2005a), or ii)
recruited a vacuolar targeting signal and a lower pI to be able to fulfil its role as
a vacuolar FEH involved in fructan breakdown. Obviously this transformation
also required a number of mutations for efficient binding of higher DP fructans
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to the active site.

Theoretically, both RNLND and DVIML motifs in Ci1-FEHIIa fit with the
general“X1-X2-I/L-X3-X4” recognition sequence for BP80. We have found that
a single deletion of any amino acid in the NLN region prolongs the stay of
Ci1-FEHIIa in the ER/Golgi (Fig. 6.12), suggesting that this motif promotes a
more efficient delivery into the vacuole. Assuming this, it can be speculated
that the DVIML motif is a suitable candidate to serve as the BP80 recognition
site in chicory, and the following IMLAN might be an “imperfect” candidate as
well. Further mutagenesis studies on the Ile/Leu residues are required. Since
BP80 is the key element for Golgi-mediated sorting to the LV (Robinson et al.,
2005), Ci1-FEHIIa probably follows the classic ER→Golgi→CCV→PVC→LV
trafficking route. This is in accordance with the observations that the optimal
pH for FEHs is typically around 5∼6 (Van den Ende et al., 2003a; Lothier et al.,
2007). The apparent fluorescence of Ci1-FEHIIa at the membrane of “small
vacuoles”, as observed in a few protoplasts might represent intact BP80-Ci1-
FEHIIa complexes that later would be dissembled in the PVC due to a lowered
pH (Lam et al., 2005).





Chapter 7

Materials and methods

7.1 Growth media and growth conditions

Bacteria

E. coli and A. tumefaciens cells were grown in LB medium (1% (w/v) NaCl,
1% (w/v) Bacto-tryptone, and 0.5% (w/v) yeast extract) at 37 ◦C and 28 ◦C,
respectively, in an orbital shaker at 220 rpm. For solid medium, 1.5% (w/v) agar
was added. Ampicillin (100 µg/ml), kanamycin (50 µg/ml), or spectinomycin
(25 µg/ml) were added to the media for selection.

Yeast

Yeast cells were grown in YPD medium (1% (w/v) yeast extract and 2% (w/v)
Bacto-peptone, and 2% (w/v) glucose) at 30 ◦C in an orbital shaker at 200
rpm. After transformed with plasmid (pUC18-EGFP), cells were grown on SD
media (0.17% (w/v) Yeast Nitrogen Base without amino acids and (NH4)2SO4,
synthetic amino acid mixture without methionine, 0.5% (w/v) ammonium
sulphate, and 2% (w/v) glucose). The pH was adjusted to 6.5 and 1.5% (w/v)
agar was added for solid media.

119
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Plants

Arabidopsis and chicory seeds were surface sterilized by keeping the seeds in
a vacuum dryer together with Javel bleach (100 ml) and 37% HCl (3 ml).
Afterwards, the sterilized seeds were sown in soil or on vertically placed plates
containing Murashige and Skoog (MS) medium (4.3 g/l Murashige and Skoog
Salt Mixture, 0.5 g/l MES, 1% sucrose, and 8 g/l Phytagar). Depending on the
test conditions, 1/2 MS medium (2.2 g/l Murashige and Skoog Salt Mixture, 0.5
g/l MES, 1% sucrose, and 8 g/l Phytagar) was enriched with sucrose (0-10%).
Plants were grown under a 12h-12h day/night cycle at 21 ◦C, 60% humidity,
and 75 µE.

GUS/GFP transformant lines were selected using HygromycinB (50 µg/ml) as
antibiotic marker. Plants are grown on MS medium containing 1% sucrose.
Seeds of AtVSR1 (At3g52850, SALK_123661 and SALK_150894), AtAP3µ
(SALK_064486, SALK_127431) knockout lines were acquired from the Notting-
ham Arabidopsis Stock Center. Seeds of AtAP3β (pat2-1 and pat2-2) knockout
lines were kindly donated by Dr. J. Friml (U Gent, Belgium).

7.2 Molecular biology techniques

RNA extraction from plant material

Plant samples were harvested and immediately frozen in liquid nitrogen for
instant use or storage at −80 ◦C. RNA extraction was performed using the
Trizol reagent (Invitrogen). After grinding the sample to a fine powder in liquid
nitrogen, 2 ml Trizol was added and the sample was further ground until a
brown liquid was obtained. One ml of the liquid was transferred to an eppendorf
tube and centrifuged (10 min, 16,000 g, 4 ◦C). Chloroform (200 µl) was added
to the supernatant where after the sample was vigorously shaken and further
incubated for 5 min at RT. After subsequent centrifugation (10-15 min, 16,000 g,
4 ◦C), 500 µl isopropanol was added to the supernatant, vortexed and incubated
at RT for 10 min. After a final centrifugation (10 min, 16,000 g, 4 ◦C), the
supernatant was removed. The pellet was washed with 1 ml 70% EtOH, dried
and finally dissolved in water.

Rapid genomic DNA isolation from Arabidopsis plants

A medium size leaf (1 cm) was ground to homogenity in 100 µl TPS buffer
(100 mM Tris-HCl, pH 9.5, 1 M KCl, 10 mM EDTA) and incubated at 70 ◦C
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for 20-30 min. After vortexing, the sample was centrifuged (10 min, 13,000
rpm) and the supernatant was transferred to a new eppendorf tube. For PCR
reactions, 0.5-1 µl of this supernatant was used in a 20-50 µl final volume.

Isolation of plasmids from bacterial cells – Maxiprep

For further use in the protoplast transient expression experiment, plasmids were
purified from E. coli using the PureYield Plasmid Maxidprep System (Promega,
Madison, WI, USA). Transformed E. coli cells were grown overnight in 250 ml
LB (100 µg/ml ampicillin) at 37 ◦C and 220 rpm. After centrifugation (5,000
g, 10 min) the pelletted cells were resuspended in 12 ml of cell resuspension
solution. Subsequently, 12 ml of cell lysis solution was added and the samples
were gently mixed by inverting the tube and further incubated for 3 min at
RT. Next, 12 ml of neutralization solution was added to the lysed cells followed
by thorough mixing. After centrifugation (7,000 g, 30 min) of the lysate, the
supernatant was passed through an assembled pureyield clearing column and
pureyield maxi binding column attached to a vacuum manifold port. Thereafter,
5 ml endotoxin removal wash buffer and 20 ml column wash buffer respectively
were added to the maxi binding column. After drying the membrane for an
additional 5 min under vacuum, the maxi binding column was placed into a
50 ml falcon tube. Finally, 1.5 ml nuclease free water was added, followed by
centrifugation (5 min, 2,500 g) in a swinging bucket rotor. The plasmid was
further concentrated to 1 mg/ml by vacuum evacuation and kept at −20 ◦C for
further use.

The plasmids used for other purposes were isolated from E. coli through Miniprep
(Fast Plasmid Miniprep Kit, 5 Primer, USA) according to the manufacturer’s
instruction.

Purification of PCR products

An equal amount of PCI (25 ml phenol, 24 ml chloroform, and 1 ml isopropanol)
was added to the PCR product (e.g., 100 µl plus 100 µl), vortexed, and
subsequently centrifuged (5 min, 13,000 rpm). After adding NaAc 3 M (7.2 µl)
and ice-cold pure ethanol (217 µl) to the supernatant, the sample was vortexed,
and centrifuged for 1 min at maximum speed. The pellet was washed with
ice-cold 80% ethanol, dried and dissolved in 12.5 µl water.
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Site-directed mutagenesis

Primer design The mutagenic oligonucleotide primers used for site-directed
mutagenesis are designed taking into account the following guidelines:

• Both primers should contain the desired mutation and anneal to the same
sequence on opposite strands of the plasmid template.

• Primers should be between 25 and 45 basepairs in length, containing the
desired mutation in the middle with at least 10 bp of correct sequence on
both sides.

• Primers should have a minimum GC content of 40% and need to terminate
with one or more C or G bases

• The melting temperature (Tm) of ≥ 78 ◦C of the primers was estimated
using the following formula:

Tm = 81.5 + 0.41(%GC)− 675/N −%mismatch

with N=base number, N does not include the bases which are being
inserted.

Thermal Cycling Site-directed mutagenesis was performed according to the
Stratagene’s Quick Change Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, California, USA), using Ci1FEHIIa-NTPP-GFP and AtVI2-NTPP-GFP
constructs as template, and oligonucleotide primers containing the desired
mutation. The 50 µl reaction mixture was composed as follows: 5 µl of 10×
reaction buffer, 2 µl of dsDNA template (10 ng/µl), 2.5 µl of each primer (10
µM), 1 µl of dNTP mix (10 mM), and 1 µl PfuTurbo DNA polymerase (2.5
U/µl). The cycling parameters were as follows: 95 ◦C 1 min, followed by 13
amplification cycles: 94 ◦C 30 s, (Tm− 8) ◦C (or 58 ◦C) 1 min, and 68 ◦C 12
min (1 minute/kb of plasmid length).

Digestion, purification, and transformation Directly after the termination
of the cycling program, 1.5 µl DpnI restriction enzyme (10 U/µl) was added
to each reaction PCR tube and incubated at 37 ◦C for 1.5 h. DpnI is an
endonuclease specific for methylated and hemimethylated DNA, thus digesting
only the parental DNA template. The remaining mutated plasmid DNA is then
purified using the QiaQuick PCR purification Kit (Qiagen, Valencia, USA), and
10 µl of the purified plasmid was used for transformation of E. coli TOP10 cells.
Mutations were confirmed by sequence analysis.
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Quantitative RT-PCR

cDNA synthesis All cDNA samples were prepared according to a modified
manufacturer’s guideline (Reverse Transcription System, Roche). The reaction
mixture (20 µl total volume) was composed as follows: 1 µg of total RNA, 1
µl Anchored-oligo (dT)18 primer (50 pmol/µl), 4 µl 5× Transcriptor reverse
transcriptase reaction buffer, 0.5 µl protector RNase inhibitor (40 U/µl), 2 µl
Deoxynucleotide Mix (10mM), and 0.5 µl Transcriptor reverse transcriptase (20
U/µl)). The reaction was carried out at 50 ◦C for 1 h, followed by an incubation
at 85 ◦C for 5 min.

Primer design The primers used for quantitative RT-PCR were designed
taking into account the following guidelines:

• Primers should be between 18 and 24 bases in length, with a melting
temperature (Tm) between 58 and 64 ◦C that can be estimated using the
following formula:

Tm = 4×N(G/C) + 2×N(A/T ), 58 ◦C ≤ Tm ≤ 64 ◦C

with N=base number.

• The GC content of the primers should be between 50% and 60%, and the
last 5 bases at the 3’ end of primers should not contain more than 2 G or
C bases.

• The distance between 2 primers at amplicon/CDS template should be
50∼150 bp.

• Primer specificity was checked through submission to BlastN (minimum 4
base pairs mismatch).

Thermal cycling Quantitative RT-PCR (FastSYBR Green Master Mix Proto-
col; Applied Biosystems) was carried out in the following 10 µl reaction system:
2 µl cDNA (10 ng/µl), 5 µl buffer FAST SYBR Green, 0.2 µl of forward primer
and reverse primer (10 µM) each, and 2.6 µl water. The PCR program comprised
an initial denaturation for 2 min at 95 ◦C and amplification by 45 cycles of 3 s
at 95 ◦C and 30 s at 58 ◦C. The housekeeping genes Actin2 (At3g18780) and
UBQ10 (At4g05320) were used as references for normalization. All qRT-PCR
experiments were performed in biological triplicate reactions and the graph
values are means with standard error (SE).
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Primer Sequence
MSD1Fwqpcr GGAGATGCTTCCACTGTTGT
MSD1Revqpcr ACCTCCGCCGTTGAATTTG
FSD1Fwqpcr CAAGTGCTGTCACCGCAAAC
FSD1Revqpcr AAAGCATCCAGTGCGAATGG
CSD1Fwqpcr TCAACCCCGATGGTAAAACAC
CSD1Revqpcr TCACCAGCATGTCGATTAGCA
CAT2Fwqpcr CTACCTTCAGCTGCCAGTCA
CAT2Revqpcr CCCTCATGGTGGTTGTTGTG
APX2Fwqpcr TCGGCTGGGACATTTGATGT
APX2Revqpcr TGCCTTATCGTCCCAAACG
Actin2Fwqpcr GAAGAGCACCCTGTTCTTCT
Actin2Revqpcr TGGCGTACAAGGAGAGAACA
AtHXK1Fwqpcr GGCGATACAGTCCCATCTAA
AtHXK1Revqpcr CGACATGTGAGGAGTCCTA
AtN/AinvAFwqpcr TGGCAGTTCACATTAGCATGT
AtN/AinvARevqpcr AAGAGCCTTTTCAGCTAGCT
AtN/AinvGFwqpcr GGTGGTTCGCACTCGGTAA
AtN/AinvGRevqpcr TGATCTGGAGTGGCCAATGA

Table 7.1: Primer list for qRT-PCR.

7.3 Construction of transgenic plants

The At6&1-FEH promoter (2kb) was amplified by the GatewayT M technology
(Invitrogen) and purified with PCR Clean-UP System (Promega) according
to the manufacturer’s guidelines. The purified PCR product was then cloned
into the pHGWFS7.0 vector using the GatewayT M technology (Invitrogen)
according to the manufacturer’s instruction, and subsequently transferred into
A. tumefaciens.
A single Agrobacterium colony was inoculated in 3 ml LB without antibiotic
and grown overnight at 28 ◦C. Next, 1 ml of this culture was added to 100
ml of LB and grown for 4.5 h until an OD600 of 0.5 ∼ 0.6 was reached. After
cooling down the culture, bacterial cells were collected by centrifugation (3,000
rpm, 10 min, 4 ◦C). The collected cells were further washed (this treatment
was repeated 3 times) by resuspension in 50 ml ice-cold sterile water and
subsequently centrifuged at 3,000 rpm, for 10 min at 4 ◦C. The cells were
collected and resuspended in 10 ml cold sterile 10% glycerol. After a next round
of centrifugation, the cells were resuspended in 300 µl ice-cold glycerol, aliquoted
in 50 µl samples and kept at −80 ◦C until further use. For transformation, the
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Figure 7.1: Maps of the pDONR 221 (donor vector) and pHGWFS7.0
(entry vector).
pDONR 221 vector uses kanamycin as selection marker. pHGWFS7.0 vector is
a recombinant vector with EGFP and GUS at the downstream of the inserted
promoter, and use hygromycin, streptomycin and spectinomycin as selection
marker.

cells were thawn on ice and 25-100 ng of salt free DNA was added. The mixture
was subsequently transferred to a sterile and chilled 2 mm cuvet. After 1 min,
an electric pulse (2.5 kV, 400Ω, 40 µF)(Biorad) was applied. Immediately after
the pulse, 1 ml LB medium was added. The sample was transferred to an
eppendorf and incubated at 28 ◦C for 1 h. Cells were collected by centrifugation
and 150 µl was spread on selective LB plates and incubated overnight at 28 ◦C.

At6&1FEHpromoterA GGGGACAAGTTTGTACAAAAAAGCAGGC
TGCGGAGGAGATACCTCGAAA

At6&1FEHpromoterB GGGGACCACTTTGTACAAGAAAGCTGGG
TCGATGATCGGTCTTACTCTGC

Table 7.2: Primer for At6&1FEH transgenic plant.

The resulting A. tumefasciens colonies were subsequently used for transformation
of Arabidopsis. A single A. tumefaciens colony was inoculated in 1 ml LB
without antibiotics for 8 h (200 rpm) in a 50 ml sterile falcon tube. Next, 9 ml
of LB without antibiotics was added and the bacteria were further grown for
another 12 h, until a final OD600 of 3 was obtained. Then, 40 ml sterile water
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with 10% sucrose and 0.05% Silwet L-77 (Lehle Seeds) was added to the 10
ml culture. Immediately thereafter, 200 µl of the solution was supplied to an
unopened flower (one week before the transformation, the Arabidopsis plants
were cut at the basis of the flower stems – with no opened flowers yet – in order
to yield a wealthy bunch of inflorescences of 10-15 cm). The transformed plants
were covered and kept for 48 h under high humidity. The obtained transformed
seeds were collected and further selected by germination on MS media with
specific antibiotics.

GUS staining of Arabidopsis seedlings The Arabidopsis seedlings were in-
cubated in 90% aceton for 30 min at 4 ◦C and subsequently transferred to a
ferricyanide solution (33 mg ferricyanide/50 ml Tris-NaCl buffer) and incubated
for 30 min at 37 ◦C. Next, X-gluc (5-bromo-4-chloro-3-indolyl glucuronide)
was added to a final concentration of 2 mM and the mixture was incubate at
37 ◦C until a desired level of staining was reached. Finally, the seedlings were
transferred to Tris-NaCl buffer (100 mM Tris, 50 mM NaCl, pH 7 (HCl/KOH))
to arrest the staining. The stained seedlings were further cleared in 70% ethanol
at 70 ◦C. They could then be stored at 4 ◦C for several days. In order to
visualize the staining, the seedlings were supplied with 50% lactic acid (Sigma).

7.4 Transient expression in Arabidopsis mesophyll
protoplasts

Vectors and primers used for subcellular localization

The construction of recombinant GFP/RFP fusion protein The full length
or the N-terminal parts (30∼100 amino acids) of the target genes were ligated
to the N-terminal of the GFP/RFP sequence (Rapid DNA Ligation Kit, Roche),
and the C-terminal parts (30∼100 amino acids) of the target genes were ligated
to the C-terminal part of GFP/RFP as shown in Fig. 7.2

Vectors and primers The target genes were amplified from cDNA of Arabidop-
sis or chicory (Table. 7.3), and were then cloned into the HBT vector (GFP) or
pBI221 vector (RFP) (Fig. 7.3) to obtain the intended GFP/RFP recombinant
protein.
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Figure 7.2: Fusion proteins constructions for localization.

Figure 7.3: Vectors map for GFP and RFP recombinant fusion protein.
Both of the HBT-GFP vector and the pBI221-mRFP vector use CaMV-35S
promoter and NOS terminator. For genes inserted into the HBT vector, BamHI
or NcoI restriction site should be involved in the forward primer, and StuI or
other blunt cutting enzyme restriction site should be involved in the reverse
primer. For genes inserted into the pBI221 vector, BamHI or XbaI restriction
site should be involved in the forward primer, and XhoI restriction site should
be involved in the reverse primer.

Transient expression of plasmids in protoplasts

Protoplast isolation from Arabidopsis and chicory leaf First, 10 ml of lysis
buffer (3.7 ml H2O, 5 ml mannitol 0.8 M, 0.1 ml KCl 2 M, 1 ml MES buffer pH
5.7 (KOH) 0.2 M was added to a 50 ml falcon tube. The mixture was heated for
2 min at 70 ◦C. Next, 0.15 g cellulase R10 (Merck) and 0.04 g macerozyme R10
(Merck) were added. After gentle mixing, the solution was incubated for 10 min
at 55 ◦C and subsequently cooled down to RT. Thereafter, 0.1 ml CaCl2 1 M, 3
µl β-mercaptoethanol, and 0.1 ml BSA 10% were added) was freshly prepared
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Primer Sequence
At-N/A-InvAFw GGAAGATCTATGAGCCGAATCTATCTCCTC
At-N/A-InvARev AAGGCCTTCGAACAAGAATCTGAGTCTTG
At-N/A-InvARevn AAGGCCTTGAATCCTTGGAGAAAGTGG
At-N/A-InvGFw CGGGATCCATGGAAGGTGTTGGACTAAGAG
At-N/A-InvGRev AAGGCCT GAGTTGTGGCCAAGACGCAG
At6&1FEHFw CATGCCATGGCTGATGTAATGGAACAGAA
At6&1FEHRev AAGGCCT ATAAGTTGGGTTTGAATTGATTTG
At6&1FEHRevn AAGGCCTATCGTTGAGCCAATTTCTCT
AtVI1Fw GGAAGATCTATGGCGAGCACGGAAGCT
AtVI1Rev AAGGCCTGGTGCTGGAAGGAACACC
AtVI1Revn AAGGCCTCGACAAAATAGTATTGTTCCAC
AtVI2Fw GGAAGATCTATGGCGAGCTCCGATGCT
AtVI2Rev AAGGCCT GGTACGGGAGAGAGCACGGACAG
AtVI2Revn AAGGCCTCGACAACATACTATTGTTCCATT
AtCWI1Fw CATGCCATGGCCAAAGAAGTTTGCTC
AtCWI1Rev AAGGCCTACTGATTTGGGCAGAGTTC
AtCWI1Revn AAGGCCTAGATTTGGTGTTAGTGCTTTG
At6FEHFw CGGGATCCATGGCGAAATTAAATCGTTC
At6FEHRev AAGGCCT AAACTGATGATTAGGTGAGCG
At6FEHRevn AAGGCCTTTGATGAGAAGAAGCTTCAAGA
At6FEHFwc GATCTCTGCAGTGGAGTTTAAAGTCTGCTCAA
At6FEHRevc GATCTCTGCAGAAACTGATGATTAGGTGAGCG
Ci1-FEHIIaFw CATGCCATGGAGAAATCACTTTCTTCATTTA
Ci1-FEHIIaRevn AAGGCCTATTCGCCAGCATTATCACA
Ci1-SSTFw GGAAGATCTATGGCTTCCTCTACCACC
Ci1-SSTRevn AAGGCCTTTCCAACTTTCCGGGAAC
Ci1-FFTFw CGGGATCCATGAAAACAGCCGAACCC
Ci1-FFTRevn AAGGCCTCTGATAGTGTTGAGCCGAAG
AtCWI5Fw CGGGATCCATGGCTAATATAGTTTGGTGTAACAT
AtCWI5Revn AAGGCCTGATATTATTGGGAACGTTGTCC
APX2proFw CGGGATCCTCTCGTCTGCTTTGGAACAC
APX2proRev CATGCCATGGTTTTTTCAAATTCGCTTCCTTCT

Table 7.3: Cloning primer list.
Fw, forward primer for full length or N-terminal of the gene; Fwc, forward primer
for C-terminal of the gene; Rev, reverse primer for full length or C-terminal of
the gene; Revn, reverse primer for N-terminal of the gene.

and passed through a 0.45 µm filter into a petri dish. Then, well-expanded
leaves from soil grown healthy and unstressed Arabidopsis (4∼5 week-old) or
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chicory (2∼3 weed-old) were selected and cut into small pieces with sharp razor
blade, before putting them in the lysis buffer. This was subjected to a 30 min
vacuum infiltration, and then incubated for another 2.5 h at RT. The protoplasts
were released by shaking, and then an equal volume (10 ml) of W5 buffer (for
1 L W5 solution, 30.8 ml NaCl 5 M, 125 ml CaCl2 1 M, 2.5 ml KCl 2 M and
10 ml MES buffer 0.2 M were used) was added. Next, the solution was filtered
by using a 35-75 µm pore nylon cloth into a round-bottomed tube on ice, and
centrifuged (3min, 1,000 rpm) in a 5804 Eppendorf centrifuge with swing-out
buckets. After discarding the supernatant, the protoplasts were resuspended in
200∼500 µl W5 solution. The amount of protoplasts were estimated by the use
of a hemocytometer and the protoplast concentration was adjusted to a final
concentration of 2×105 protoplasts/ml. The protoplasts were kept on ice for
30 min and spun down. Finally, the protoplasts were resuspended in the same
volume of MMg solution (for 50 ml MMg solution, 25 ml mannitol 0.8 M, 750
µl MgCl2 1 M and 1 ml MES buffer 0.2 M were used).

Protoplast PEG-Ca2+ transformation First, the incubation plates (6-well or
12-well petri dish) were coated with 5% calf serum before adding WI solution
(for 50 ml WI solution, 31.25 ml mannitol 0.8 M, 1 ml MES buffer 0.2 M, 500 µl
KCl 2 M were used). In a round-bottom microcentrifuge tube, 10 µl (10∼20 µg)
maxiprep plasmid DNA was combined with 100 µl protoplast lysate followed by
gentle mixing. Next, 110 µl PEG solution was added (for 10 ml PEG solution,
4 g PEG 4000 platelets (Fluka 81240), 3 ml H2O, 2.5 ml mannitol 0.8 M and
1 ml CaCl2 1 M were combined) and after gentle mixing it was incubated for
5 min at RT. The sample was further diluted by adding 440 µl W5 solution
and mixed gently. Finally, the sample was centrifuged (1 min, 1,000 rpm), the
supernatant was removed and the protoplasts were resuspended in WI solution
in the incubation plates.

For further use in the luciferase assay, the transformed protoplasts were
incubated for 6 h before harvesting, and then stored at −80 ◦C. The trans-
formed protoplasts used for GFP localization studies (confocal microscopy
60×, Olympus, Germany) were incubated according to the test conditions.
0.5 µM MitoTracker Orange (Molecular Probes Division, invitrogen) or DAPI
(Invitrogen) were supplied 10 to 30 min before imaging.

APX2 luciferase reporter assay The primers APX2proFw and APX2proRev
were used to amplify the promoter region of the APX2 gene (-2000 bp relative to
the translation start site) by PCR using genomic DNA of Arabidopsis thaliana
var. Columbia. The PCR product was digested with BamHI and NcoI, cloned
into the luciferase reporter vector (pUC-Luc), and finally transformed into
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APX2proFw CGGGATCCTCTCGTCTGCTTTGGAACAC
APX2proRev CATGCCATGGTTTTTTCAAATTCGCTTCCTTCT

Table 7.4: Primer for APX2 luciferase assay.

Arabidopsis protoplasts. Typically, 0.1 ml of the protoplast suspension (106

protoplasts per ml) was cotransformed with DNA of three plasmids containing
At-A/N-InvA (10 µg) or At-A/N-InvG (10 µg), APX2-LUC (10 µg) as reporter
and UBQ10-GUS (1 µg) as internal control. After 6 h incubation, the protoplasts
were harvested and stored at −80 ◦C. Next, 100 µl lysis buffer (25 mM Tris-
phosphate pH 7.8, 2 mM DTT, 2 mM 1,2-diaminocyclohexane-N,N,N’,N’-
tetraacetic acid, 10% glycerol, and 1% Triton X-100) was added to the cells.
The cell lysate (20 µl) was dispensed into a luminometer tube and the luciferase
activity was measured using a Berthold Lumat LB 9507 luminometer.

7.5 Protein expression and extraction

Heterologous expression in E. coli

Heterologous expression in E.coli At-A/N-InvA and At-A/N-InvG were
cloned into the pBAD TOPO TA vector (Fig. 7.4; pBAD TOPO TA Expression
Kit, Invitrogen), and transformed into E. coli Top10 competent cells. The
transformed cells were incubated overnight in 5 ml LB containing 100 µg/ml
ampicillin. Next, the culture was transferred into flasks containing 400 ml
LB (100 µg/ml ampicillin) and further incubated until the required OD600
(∼0.5) was reached. In order to induce the gene expression, 4 ml of a 10%
arabinose solution was added and the culture was incubated at 30 ◦C for 20
h. Subsequently, another 4 ml 10% arabinose was added and the cells were
further incubated for 4∼5 h. Finally, the cell culture was centrifugated (7,500
g, 12 min, 4 ◦C) and the bacterial pellet was redissolved in 2 ml Na-phosphate
(10 mM) buffer pH 7. In this condition, the cells could be kept at −20 ◦C for
several days.

Crude enzyme extraction In order to isolate the recombinant proteins, the
cells were lysed by adding lysozyme (0.2% (w/v)). After an incubation of 30 min
on ice, the suspension was sonicated at least 4 times by a sonic dismembrator
(Labsonic 2000, Braun, Melsungen, Germany) using 15 s pulses, with 45 s
intervals. The resulting lysate was centrifuged (5 min, 16,000g, 4 ◦C), and the
supernatant was further concentrated to 1 ml using a vivaspin column (MWCO
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Figure 7.4: Map of pBAD TOPO TA vector.
The vector use ampicillin as selection marker. The protein expression can be
induced by exogenous arabinose.

10,000 - Sartorius group). The obtained concentrated crude enzyme extract was
used for analyzing enzyme kinetics.

Enzyme kinetics For general A/N-Inv enzyme activity measurements, pH
optimum determination and Tris (pH 8.2) inhibition assays, the following
reaction mixtures were used: 100 mM sucrose, 50 mM sodium phosphate buffer
and enzyme at a final concentration of 10 µg/ml. The reaction mixtures were
incubated at 30 ◦C for 15 min, 30 min, 45 min, and 60 min, respectively. For
Km determination, similar reaction mixtures were used but with vary sucrose
concentrations (1 mM, 2.5 mM, 5 mM, 10 mM, 20 mM, 25 mM, 30 mM, 40
mM, 45 mM, and 50 mM). Reaction mixtures were incubated at 30 ◦C for 5
min, 10 min, 15 min and 20 min. In all cases, the enzyme activity was stopped
by heating for 10 min at 90 ◦C. The samples were centrifuged and appropriately
diluted with 0.02% (w/v) Na-azide (NaN3, to prevent microbial growth). An
aliquot of 100 µl was transferred to glass tubes and 25 µl was injected onto a
HPAEC-PAD column (High Performance Anion Exchange Chromatography,
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with Pulsed Amperometric Detection). Total enzyme activity was determined
by measuring the total amount of released fructose using an external standard.
Only data from the linear range were used, ensuring that less than 10% of the
original substrate was consumed. All experiments were repeated in triplicate.
Kinetic parameters were determined based on Hanes-plot analyses (Hanes,
1932).

Extraction of total alkaline/neutral invertases from Arabidopsis
plants

Crude neutral invertase extraction Whole Arabidopsis plants (1 month old,
grown in soil) were washed with water and dried before stored at −80 ◦C or
kept in liquid nitrogen. The plant material was then blended with mortar and
pestle in 4 volumes of extraction buffer (50 mM TE (triethanolamine) pH 8.5,
0.1% (w/v) Polyclar, 10 mM NaHSO3, 1 mM PMSF, 1 mM mercapto-ethanol
and 0.02% (w/v) NaN3). In order to remove the cell wall, the mixture was
centrifuged (5 min, 13,000 rpm). (NH4)2SO4 was added to the supernatant
until 80% saturation was reached. After an incubation of 30 min on ice, the
sample was centrifuged (5 min, 13,000 rpm) and the pellet was washed three
times by adding 800 µl of 80% (NH4)2SO4 saturated TE buffer (50 mM, pH
8.5). Next, the sample was centrifuged and the pellet was dissolved in 50 µl TE
buffer and followed with another centrifugation.

Alkaline/neutral invertase activity measurements Total A/N-Inv activity
was determined in 100 µl reaction mixtures containing 100 mM sucrose, and 50
mM TE buffer at pH 8.5, which then were incubated at 30 ◦C. All experiments
were repeated in triplicate and the samples were analysed by HPAEC-PAD.

Sugar extraction Fresh plant material was homogenized with an equal volume
of ice cold Milli Q water (0.02% (w/v) NaN3). The homogenate was immediately
boiled in a water bath for 10 min to destroy all enzyme activity. After cooling
down, the sample was centrifuged (5 min, 16,000g) and 200 µl of the supernatant
was passed through a mixed ion bed column (250 µl bed volume of Dowex-50
H+ and a 250 µl bed volume of Dowex-1-acetate) that had previously been
washed six times with 200 µl Milli Q water. After loading the sample (200
µl) sugars were collected by rinsing the column with 200 µl water for 6 times.
Finally, Tris 1.0 M was used to adjust pH for preventing sugar degradation
(pH>6), and the samples were analysed by HPAEC-PAD as described above.



PROTEIN EXPRESSION AND EXTRACTION 133

One step method for yeast transformation This method is adapted from
Chen et al. (1992). Yeast cells were grown overnight on YPD medium plates.
Subsequently, cells were scraped (0.1 cm2 ) and resuspended in 1 ml sterile
water. After centrifugation (3,000 rpm, 1 min) the supernatant was discarded
and the cells were resuspended in the 100 µl sterile water. For transformation,
20 µl of this cell solution was used, and 1 µg DNA and 100 µl one step solution
(0.2 M LiAc, 40% PEG 1000 and 100 mM dithiotreitol) were added. This
mixture was vortexed for 5 s, and incubated for 30 min at 42 or 45 ◦C. Finally,
1 ml water was added and after a short spin the cells were spread on selective
plates.





Chapter 8

General conclusions and
perspectives

This thesis mainly focused on resolving the subcellular localization of Arabidopsis
invertase (-like) proteins, chicory 1-SST, 1-FFT and 1-FEHIIa. Overall, the
subcellular localization, as obtained from studying the fate of GFP fusion
proteins in protoplasts from Arabidopsis and chicory, provided vital information
on the specific working environment of each enzyme or protein. Although the
obtained results seem reliable, it would be wise to perform future leaf infiltration
experiments (e.g., transient, Agrobacterium mediated expression in tobacco)
to further confirm these localizations. In the case of AtVI2 and Ci1-FEHIIa,
deeper research into the identity of their sorting signals already provided clues
to predict the trafficking routes of other plant GH32 enzymes, also including
different types of FTs. Taken together with functional studies on A/N-Invs
and the MASP trafficking mechanism observed for VIs and FTs, these data
now allow speculation on new schemes for sucrose and fructan metabolism
in different subcellular compartments. Moreover, some of the data generated
here and elsewhere strongly favor alternative, regulatory functions (such as
signaling/sensing roles) for some of these enzymes/proteins.

135
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In this work, At-A/N-InvA was found in (or attached to) mitochondria, with
the mitochondrial sorting signal present in the first 31 amino acids of its N-
terminus, while At-A/N-InvG is located in the cytosol. It would be interesting
to decipher the exact position of this mitochondrial targeting signal within
the N-terminal part. It would be good to confirm the presence of a A/N-Inv
in the mitochondrial matrix (as described in Helianthus tuberosus) by deeper
studies on isolated Arabidopsis mitochondria and mitochondrial subfractions.
Comparing enzymatic activities on mitochondrial (sub)fractions derived from
wild type and Atinva plants provides a valuable tool to generate hard evidence
for the exact localization of At-A/N-InvA. Further evidence might be generated
by using protein–protein interaction techniques to seek for putative interaction
partners of At-A/N-InvA.

In plant saps of Atinvg and Atinva knockout lines, total A/N-Inv activity was
reduced by more than 30%, and plants showed a severe root and leaf growth
defect, especially in Atinva. This phenotype resembled that of plants suffering
from oxidative stress, limited nitrate availability, or impaired signaling. Deeper
studies involving microscopic observations and more rigorous analysis of sugars
and plant hormones on different root sections of wild type and mutant plants
should clarify whether the root growth arrest can be explained in terms of
suboptimal cell division and/or cell elongation. The transcription levels of
At-A/N-Invs, AtHXK1, as well as the antioxidant defence genes (SODs, CAT2,
and APX2 ), significantly increased upon application of exogenous H2O2, in
wild type plants, and the same antioxidant defence genes were upregulated
in Atinvg and Atinva knockout lines. Moreover, overexpression of At-A/N-
InvA and At-A/N-InvG suppressed the activity of the APX2-promoter in the
Arabdidopsis protoplast system. These results indicate that the two A/N-Invs
under examination play a dual role in sugar metabolism and antioxidant defence,
either by modifying the sucrose/hexose pool size or by fulfilling a role in sugar
sensing and signaling.

At least some HXK isoforms, including the well-characterized glucose sensor
AtHXK1, are known to be intimately associated with the mitochondrial outer
membrane (mtHXKs). Sugar supplementation or enhanced glucose production
might help to increase the number of mitochondria, the respiration rate, and
the generation of ATP. Here, it was proposed that mitochondrial A/N-Invs
and/or cytosolic A/N-Invs might assist in continuous production of glucose
substrate for mtHXK, maintaining mtHXK activity at a rather constant level
on its turn controlling the flux through the mitochondrial electron transport
chain (ETC) and influencing the mitochondrial ROS production. The specific
inhibition of glucose backflow into the mitochondrial intermembrane space by
ABA, and the inhibition of A/N-Invs activity by their own hexose products
make up efficient feedback mechanisms to control the activities of mtHXK and
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A/N-Invs linked to the mitochondria, and then influence mitochondrial ROS
production. This regulatory mechanism would be particularly useful when
other sources of glucose or ADP become limiting. Interestingly, both methyl
jasmonate (MeJa) and glucose-6-phosphate (G6P) are known to induce the
detachment of HXK from the mitochondrial outer membrane in animal cells.
Further studies, including respiration measurements and ROS quantifications,
are needed on isolated Arabidopsis mitochondria challenged with sucrose, other
sugars and metabolites such as MeJa and G6P. A comparison of mitochondria
of wild type, Atinva and gin2 (a AtHXK1 mutant) plants would be very useful
to provide further evidence for the proposed hypothesis.

In conclusion, the interplay between A/N-Invs and HXKs might be at the core
of a mechanism enabling plant cells to sense different proportions of sucrose
and hexoses. Moreover, it is well known that A/N-Inv enzymes are inhibited by
their own hexose products, which provides an elegant system to synchronize
the A/N-Inv activities (cytosolic and/or mitochondrial) to mtHXK activities.
Similar mechanisms might also occur in chloroplasts and this requires further
research by using (partly) similar approaches as those proposed for mitochondria.
Therefore, the isolation of very pure and intact mitochondria and chloroplasts
will be a critical step to further test the proposed relationships between ROS
levels and the interplay between A/N-Invs and HXKs activities under different
conditions.

Multiple routes for sorting proteins to the lysosome/vacuole have been found
in mammals and yeast, and the studies in plants here and elsewhere now also
strongly suggest the existence of an alternative pathway to the LV (followed by
AtVI2), different from the “classical” VSR/BP80-mediated pathway (followed
by Ci1-FEHIIa and aleurain; Fig. 8.1). In protoplasts isolated from VSR1/BP80
knockout plants and AP3µ subunit loss-of-function plants, AtVI2 is sorted to the
CV, similar as in the wild type, showing that AtVI2 follows a BP80-independent
route. However, the AtVI2 protein is mistargetted in a majority of protoplasts
isolated from AP3β subunit loss-of-function plants. Wortmannin-sensitivity
indicated that AtVI2 transport is mediated through the PVC. Taking into
account the presence of a dileucine core motif, which could be recognized by
adaptor proteins (such as AP1 and the AP3βunit), we speculate that the AtVI2
sorting pathway to the LV could follow two different routes: (1) membrane
inserted AtVI2 is directly recognized by AP1 through its N-terminal dileucine
motif, bypassing the recognition step by AtVSR1 (BP80 homologue), inclusion
in the CCV and following the classical pathway to the PVC, and finally ending
up in the LV; (2) membrane inserted AtVI2 is recognized by the AP3β subunit,
and follows the AP3-mediated route to the PVC, bypassing CCVs, and finally
fusing to the LV. During these trafficking routes, the AtVI2 protein is bound at
the membrane of vesicles (COPII, and CCV/AP3-mediated unknown vesicle)
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Figure 8.1: Model of AtVI2 and Ci1-FEHIIa sorting pathway.
AtVI2 and Ci1-FEHIIa are transported through different sorting pathways
after TGN. AtVI2 could be sorted either via the classical pathway but directly
bound with AP1 bypassing the recognition of BP80, or via the alternative, AP3-
mediated pathway. Ci1-FEHIIa is sorted via classical pathway by the recognition
of BP80 and the inclusion into the CCV by AP1. Both of the proteins are
transported via the PVC and end up in the LV. CCV, clathrin coated vesicle;
PVC, prevacuolar compartment; LV, lytic vacuole; BP80, vacuolar sorting
receptor; AP, adaptor protein.

and small vacuoles (PVC) through its TMD (MASP). The MASP might aim at
(1) a more precise and efficient sorting process independent of BP80; (2) keeping
the enzyme in an inactive state before they arrive in its functional compartment,
where they are processed into active enzymes; (3) staying in a kind of “standby”
status ready for prompt responses e.g. developmental or environmental changes;
(4) coexistence with other enzymes playing opposite roles (e.g. Ci1-SST, Ci1-
FFT, and Ci1-FEHIIa). The AtVI2 protein is released from the membrane
after entering the LV, and ultimately released into the CV. Protein interaction
tests between AP1 and the AP3β subunit with AtVI2, and transient expression
of AtVI2 in protoplasts isolated from AP1 knockout or loss-of-function plants
might be helpful to identify the exact trafficking pathway(s) followed by AtVI2.

Furthermore, although no chicory BP80 loss-of-function plant is available, a
knockout Arabidopsis line was used instead since the Ci1-FEHIIa is correctly
localized in the wild type Arabidopsis. Unlike AtVI2, Ci1-FEHIIa is mistargetted
into the cytosol when expressed in the protoplasts isolated from VSR1/BP80
knockout Arabidopsis plants, meaning that Ci1-FEHIIa is transported in a
BP80-mediated pathway. Deletion mutagenesis already revealed that the
NLNDVIMLAN motif is involved in correct targeting to the vacuole. Although
this motif fits with the X1-X2-I/L-X3-X4 motif that is recognized by BP80,
further work is still needed to define the essential amino acids, and the key I/L
position in this motif.

Intriguingly, unlike Ci1-FFT and Ci1-FEHIIa, Ci1-SST needs a longer incubation
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time or an environmental trigger (e.g., higher temperature) to force its export
from the ER. This can probably be explained by differential signal sequences
in their N-terminal sequences as derived from sequence alignments. However,
further experiments including an array of Ci1-SST and Ci1-FFT (deletion)
mutants are necessary to understand this different behaviour of Ci1-SST and
Ci1-FFT. On the one hand, transient expression studies in chicory protoplasts
might not mimic the true in vivo situation in plants, since protoplasts might be
intrinsically more stressed. On the other hand, maybe the longer residence of
1-SST in the ER (or in ER derived structures) should be taken very serious and
might hint an effective separation of fructan initiation and fructan elongation
events. Further colocalization experiments with specific markers are needed
to identify the identities of the involved structures. Native and artificial, ER
derived small structures should be purified and checked for the presence of
sucrose, 1-kestose and for the activities of 1-SST and 1-FFT.

Figure 8.2: Model of GH32 enzyme NTPP.
BR, basic region; TMD, transmembrane domain; YXXL/LL, tyrosine or
dileucine consensus motif.

The vacuolar sorting determinant of AtVI2 (Fig. 8.2) consists of (1) a dileucine
core motif (SSDALLPIS), which probably is recognized by adaptor proteins
as mentioned above; (2) a basic region flanking the N-terminus of the TMD,
which might play a role in the topology of the ER membrane insertion; (3)
a glutamic acid stretch, possibly influencing the ER export; (4) some short
motifs assisting in ER export and sorting as well. Although the exact functional
amino acid motif responsible for Ci1-FEHIIa sorting needs further study, the
signal sequence is defined in the region RNLNDVIMLAN, with a probable key
role for the (iso)leucine and asparagine residue. In addition, AtVI2 and most
CWIs have a longer TMD (21aa) compared to Ci1-FEHIIa (11aa). In fact
the VIMLA motif itself might be considered as a second short TMD. In this
view, the interruption of a longer ancestral TMD might have been linked to
the evolution of FEHs from CWIs and this is an interesting topic for further
investigations.

Different “defective invertases” (originally termed FEHs) have been observed
in non-fructan accumulators. To date, their exact function remains puzzling.
Here we have demonstrated for the first time that a defective invertase (At6&1-
FEH) is shown to have a dual subcellular localization both in the nucleus and
the cytosol. Since the nucleus is the most important regulatory organelle in
the cell, nuclear localized At6&1-FEH probably might have an effect on the
regulation of gene expression. It is not unthinkable that protein distribution
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ratios between the nucleus and cytosol might change under environmental stress
or upon pathogen invasion, or depending on plant development. Further work
is needed to identify the factors involved in redistributing At6&1-FEH between
the two compartments.

A promoter GUS/GFP assay showed that At6&1-FEH is expressed in seedling
roots, especially at the root tip. This allows further speculations on the putative
functions of this protein: it may be involved in (1) sensing the surroundings
and regulating root development and growth; (2) sensing the appearance of the
exogenous fructan, and alerting the plant for pathogen invasion; (3) degrading
the exogenous fructan produced by pathogens and preventing adhesion of the
intruder; (4) sensing and degrading the endogenous kestoses generated by VIs
under stress and acting as transportable signals, in this way regulating root
growth perhaps through root meristematic activity.
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