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Chapter 1

General  introduction:  

Sugar sensing and uORF dependent 

translational  control  in plants
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8  •  Genera l  In t roduct ion

S u g a r s  a n d  s u g a r  s e n s i n g

Photosynthesis is the fundament of life on our planet. This process generates the 
sugars that are used to fuel life on earth. Plants are autotrophic, photosynthetic 
organisms that can produce sugars in green source tissues. These sugars are utilized in 
heterotrophic sink tissues for growth. In plants and other organisms sugars also serve 
as signaling metabolites that control vital processes of the life cycle (Smeekens, 1998; 
Dentin et al., 2004; Kim and Dang, 2005; Moreno et al., 2005; Rolland and Sheen, 
2005). Generally, plants respond to low sugar levels by enhancing photosynthetic 
rates, whereas high sugar levels inhibit photosynthesis (Jang et al., 1997). Similarly, 
elevated sugar levels lead to accumulation of starch, while sugar depletion promotes 
the mobilization of  starch and other storage compounds (Koch, 1996; Avonce 
et al., 2005). Sugar levels not only affect the synthesis and storage of sugars but 
also of a wide range of processes such as respiration, sucrose synthesis, pathogen 
defense, senescence, pigmentation, flowering time and etc (Smeekens and Rook, 
1997; Rolland and Sheen, 2005). Sugar signaling usually results in changed mRNA 
levels and activity of proteins. For instance, glucose exerts an inhibitory effect 
on mRNA synthesis and stability of the enzymes involved in starch degradation, 
Calvin cycle, glyoxylate cycle, and light harvesting proteins. Thereby, glucose affects 
starch metabolism, respiration and photosynthesis. On the other hand, glucose 
promotes the expression of genes in e.g. glycolysis, nitrate assimilation, anthocyanin 
biosynthesis and phosphate mobilization and thereby accelerates plant growth and 
development (Smeekens and Rook, 1997; Rolland and Sheen, 2005). Regulation of 
transcription is thus playing an important role in response to sugars. It is therefore, 
not surprising that the expression of up to a third of all Arabidopsis genes are either 
directly or indirectly controlled by the diurnal changes of sugar levels in plants 
(Bläsing et al., 2005). 

Plants have developed mechanisms to accurately sense and respond to changes 
in external and internal sugar levels. Therefore, sugars can be viewed as hormone 
like substances that operate in concentration ranges up to a thousand fold higher 
than traditional plant hormones. Understanding how plants sense and respond to 
signals has been a challenge to biologists for decades. Several important findings have 
shed light on the processes but much is still unknown. Especially how plants sense 
the major transported sugar, sucrose, is not yet understood. In this thesis, the model 
organism Arabidopsis thaliana is used in experiments to understand mechanistic 
aspects of sucrose signaling in plants. 
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Chapter  1  •  9

H e x o s e  s e n s i n g

Glucose is one of the most abundant hexoses in plants. Glucose is sensed in plants 
by at least two different systems. The first one depends on the hexokinase (HXK) 
protein and the second one involves a yet unidentified sensor.

HXK serves as a hexose sensor not only in plants but also in many other 
eukaryotes e.g. yeast and mammals (Hussain et al., 2005; Lee et al., 2006). HXK 
catalyses the first step in glycolysis, the ATP-dependent phosphorylation of 
hexose at the carbon 6 position. The signaling function of HXK does not require 
phosphorylation of hexose (Moore et al., 2003). Glucose analogs such as 3-O-
methylglucose (3-O-MG) and 6-deoxyglucose (6-dGlc) are not sensed by HXK. 
Mannose and 2-deoxy glucose (2-dGlc) are triggering HXK signalling (Jang and 
Sheen, 1994). In plants, germination of Arabidopsis seeds is inhibited by external 
application of mannose. This phenomenon has been linked to HXK since analogs 
like 3-O-MG and 6-dGlc had no effect on germination. Furthermore, addition of 
HXK inhibitor, mannoheptolose reversed the inhibitory effect of mannose (Pego et 
al., 1999). Several other effects of sugar treatments have been attributed to hexose 
sensing by HXK. These include leaf senescence (Pourtau et al., 2006), inhibition of 
photosynthesis, decrease in RBCS mRNA levels and those of other photosynthesis 
genes, repression of the glyoxylate cycle genes such as malate synthase (MS) and 
isocitrate lyase (ICL) (Smeekens, 2000; Rolland et al., 2006). The significance of the 
plant HXK protein in sugar sensing has been documented by the sugar insensitive 
phenotype of plants in which HXK levels are reduced by transgenic anti-sense 
expression (Jang et al., 1997) or null mutations (Moore et al., 2003). Increased levels 
of HXK results in hypersensitivity to glucose, indicating that HXK activity is rate 
limiting for sensing (Jang et al., 1997). Comparison of HXK amino acid sequence 
in human, rat, yeast and Arabidopsis indicates conservation in ATP-binding site and 
sugar-binding domain. The yeast HXK enzyme is fully capable of complementing 
the enzymatic activity of the plant enzyme. However, the yeast enzyme is not 
capable of complementing the sensing function of the plant protein, possibly due 
to the inability to interact with plant specific signaling intermediates (Moore et al., 
2003).

HXK independent sensing of hexoses has been documented in both yeast 
and plants (Rolland et al., 2006). In yeast, glucose is sensed independent of HXK 
through the activity of membrane bound glucose transporter proteins. The two 
sensors, RGT2 and SNF3, are homologous to other glucose transporters but 
contain an unusually large cytoplasmic domains needed for signaling (Özcan et al., 
1998). Similarly, glucose transporter proteins are encoded by plant genomes but so 
far no sensing function of those proteins has been documented. In yeast, glucose 
can also be sensed by a G-protein coupled receptor system (Lemaire et al., 2004). 
G-protein coupled receptors also exist in plants and are suggested to be involved 
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1 0  •  Genera l  In t roduct ion

in sugar signaling or sensing (Chen et al., 2006). In Arabidopsis the regulator of 
G-protein signaling (AtRGS1) is involved in sugar and abscisic acid signaling, and 
seed germination (Assmann, 2005; Chen et al., 2006). However, no sugar binding 
proteins were shown to be involved in this pathway, indicating that the effect of sugar 
might be secondary. An independent fructose specific signaling pathway has also 
recently been identified by mutation analysis in Arabidopsis (our unpublished data). 
Experiments using non-metabolisable glucose analogs that are not sensed by HXK 
indicate a mechanism separate from HXK to be operational in plants (Rolland and 
Sheen, 2005). However, the reliability of experiments using these glucose analogues 
has been questioned (Villadsen and Smith, 2004). Moreover, several genes were 
suggested to be regulated by glucose or other hexoses independently of HXK 
(Ehness et al., 1997; Ciereszko et al., 2001; Couee et al., 2006). HXK independent 
sensing of hexoses has also been shown by effects of applied glucose in hxk1 mutant 
plants (Moore et al., 2003). So far, HXK1 is the only identified hexose sensor in 
plants. Most likely several other systems are operational in plant cells as well. 

S u g a r  s i g n a l i n g  m u t a n t s

Physiological and biochemical studies demonstrate that growth and development 
of plants is under the control of sugar sensing and signaling during the entire life 
cycle. However, as mentioned the mechanisms of sensing and transduction of the 
signals are to a large extent unknown. In addition to physiological and biochemical 
experiments, mutants are very powerful tools to identify components of signaling 
pathways and several screens for mutations affecting sugar sensing have been 
performed. Many screens were based on the phenotypic deviation caused by sugar 
treatments. Sugar insensitive mutants like cai, carbohydrate insensitive (Boxall et 
al., 1996); gin, glucose insensitive (Zhou et al., 1998); mig, mannose insensitive 
germination (Pego et al., 1999); sis, sugar insensitive (Laby et al., 2000) and sig, 
sucrose insensitive growth (Pego et al., 2000) have been identified. In addition to 
insensitivity to high sugar levels, sugar oversensitive mutants were also isolated such 
as glo, glucose oversensitive (Rolland et al., 2002) gss, glucose super sensitive (Pego et 
al., 2000); prl1, pleiotropic regulatory locus 1 (Nemeth et al., 1998) and sss, sucrose 
super sensitive (Pego et al., 2000). Mutants have also been isolated based on aberrant 
expression of marker genes. The sucrose induced APL3 gene was used to isolate isi, 
impaired sucrose induction mutations (Rook et al., 2001). Moreover, lba, low-level 
beta-amylase; hba, high-level beta-amylase (Mita et al., 1997) and ram, reduced-beta 
amylase (Laby et al., 2001) mutants were isolated based on the sugar inducible beta 
amylase promoter. The patatin gene from potato was used to isolate rsr, reduced 
sugar response and mep, modified expression patterns in Arabidopsis (Martin et 
al., 1997). sun, sucrose uncoupled mutants were isolated based on aberrant sugar 
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response of plastocyanin gene (Dijkwel et al., 1997) and the sporamin gene from 
sweet potato was used to isolate hsi2 mutant (Tsukagoshi et al., 2005). Mutations 
shown to affect sugar sensing or signaling are summarized in Table 1.

Several of the isolated mutations were shown to have a role in hormone 
signaling or biosynthesis. Specifically, many sugar insensitive mutants are either 
insensitive to ABA or are ABA deficient at a very early developmental stage (Pourtau 
et al., 2004). The sugar insensitive phenotype can also be phenocopied by mutants 
showing enhanced ethylene responses such as the eto (ethylene over production) 
and ctr1 (constitutive ethylene response) mutants. Ethylene insensitive mutants such 
as etr1-1 are glucose hypersensitive supporting the involvement of ethylene in sugar 
signaling (Zhou et al., 1998). 

Table 1.  Mutants in sugar responses. 

Name Screen Reference

cai, carbohydrate insensitive Development is arrested on low nitrogen & 
100 mM sucrose

Boxall et al., 1996

gin, glucose insensitive Seedling establishment on 330 mM glucose Zhou et al., 1998 

glo, glucose oversensitive Seedling development arrest on 220 mM 
glucose 

Rolland et al., 2002 

gss, glucose super sensitive Developmental arrest on 56 mM glucose Pego et al., 2000 

hba, high-level beta amylase High amylase activity on 175 mM sucrose Mita et al., 1997a 

hsi2, high sucrose induction Increased sporamin expression on low sugar 
levels

Tsukagoshi et al., 2005

hsr, high sugar response Increased activity of APL3 on 34 mM sucrose Baier et al., 2004

isi, impaired sucrose induction Impaired APL3 induction on 100 mM sucrose Rook et al., 2001

lba, low-level beta amylase Low amylase activity on 175 mM sucrose Mita et al., 1997b 

mig, mannose insensitive 
germination 

Seed germination on 7.5 mM mannose Pego et al., 2000 

prl1, pleiotropic regulatory locus1 Reduced seedling growth on 175 mM 
sucrose 

Nemeth et al., 1998

ram, reduced sucrose response Reduced amylase activity in pgm 1 
background 

Laby et al., 2001 

rsr, reduced sucrose response Reduced expression of patatin on 90mM 
sucrose 

Martin et al., 1997

sig, sucrose insensitive growth Seedling development on 350 mM sucrose Pego et al., 2000 

sis, sugar insensitive Seedling development on 300 mM sucrose Laby et al., 2000 

sss, sucrose super sensitive No germination on 350 mM sucrose Pego et al., 2000 

sun, sucrose uncoupled Reduced expression of PC on 88 mM sucrose Dijkwel et al., 1997

uns, unusual sugar response Early flowering / low chlorophyll on 146 mM 
sucrose 

Ohto et al., 2001
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S u g a r  s i g n a l  t r a n s d u c t i o n

The nature of many intermediate components in sugar signaling is still unknown, but 
the yeast system has given insights, which to some extent are valid for plants as well. 
Both, yeast and plants have multiple primary sensors for sugars. Following glucose 
triggering in yeast, SNF1 kinase is important for transducing the signal. SNF1 activity 
leads to the activation of transcription factor MIG1 by direct phosphorylation of the 
MIG1 protein. Activated MIG1 participates in a complex that represses the target 
genes (Treitel et al., 1998). In plants, the involvement of SnRK1 proteins (SNF1-
related kinases) in the global regulation of carbon metabolism, including sugar sensing 
and assimilate partitioning has been demonstrated (Halford et al., 2003). SnRK1s 
are required for phosphorylation of key enzymes like 3-hydroxy-3-methylglutaryl-
coenzyme A reductase, nitrate reductase and sucrose phosphate synthase (Sugden et 
al., 1999). Expression of sucrose synthase in potato tubers is dependent on SnRK1 
(Slocombe et al., 2002). The plant WD nuclear protein PRL1 binds to plant SnRK1 
and inhibits its phosphorylation activity (Nemeth et al., 1998; Bhalerao et al., 1999). 
In Arabidopsis eleven SnRK1s have been identified. The AKIN10 and AKIN11 
proteins are most similar to SNF1 (Ferrando et al., 2001). These kinases interact 
with members of the proteasomal protein degradation pathway and thus possibly 
exert their functions through targeted ubiquitin dependent protein degradation 
(Farras et al., 2001). Next to protein kinases also protein phosphatases have been 
implicated in sugar signaling. The involvement of protein phosphatase 1 and 2A in 
the regulation of sugar responsive genes such as sporamin, beta amylase and a small 
subunit of AGPase gene have been shown through pharmacological studies (Takeda 
et al., 1994; Ohto and Nakamura, 1995). 

In mammals, HXK participates in gene regulation by translocation to the 
nucleus and affecting gene expression in response to glucose (Wilson, 2003). 
Specific nuclear translocation of plant HXK protein is also documented (Cho 
et al., 2006), but HXK is also associated with mitochondria (Giege et al., 2003; 
Pastorino et al., 2005; Damari-Weissler et al., 2006) and plastids (Wiese et al., 1999)( 
Fig. 1). Recently also plant HXKs were shown to directly participate in the nuclear 
regulation of photosynthetic genes (Cho et al., 2006).

The importance of G-protein signaling for sugar perception has also been 
documented in plants by both pharmacological (Fujiki et al., 2000) and mutation 
studies (Lemaire et al., 2004; Huang et al., 2006). However, the genes encoding 
G-protein subunits in plants were reported to be involved in a broad range of 
responses, indicating that the G protein is not specifically involved in sugar signaling 
(Pandey et al., 2006; Warpeha et al., 2006). 

Several sugar signaling mutants have been isolated and the genes cloned. Often 
the nature of the genes responsible for the observed phenotype provided few clues 
on the signaling mechanism. The deduced proteins are involved in processes such as 
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Chapter  1  •  1 3

hormone biosynthesis, transcriptional control, nonsense mediated RNA decay and 
vitamin biosynthesis (Table 2). Thus, so far no consistent picture has emerged from 
the cloning of sugar signaling mutants, although a majority is still not cloned. Even 
though the mechanisms of signal transduction from sugar sensors is still largely 
unknown, the result of the signaling cascades is relatively well characterized. Sugar 
controlled changes in gene expression is well studied and similarities and differences 
in gene expression responses have aided the study of the signaling pathways (Koch, 
1996; Price et al., 2004; Bläsing et al., 2005). The expression of approximately a 
third of all genes in Arabidopsis is modulated by changed sugar status during the 
diurnal cycle (Bläsing et al., 2005). However, several of these changes are most likely 
indirect and not a result of a direct signaling route from sugar sensors. Hundreds of 
genes have been reported to be regulated directly by sugar signaling and a number 
of transcription factors are known and have been characterized. In Arabidopsis, sugar 
repression of dark-induced genes such as SEN1, DIN3 and DIN4 (Fujiki et al., 2000) 
and photosynthetic genes including plastocyanine (PC) and chlorophyll a/b binding 
protein (CAB1) (Sheen et al., 1999) are mediated through hexokinase signaling. 
Interestingly, the HXK protein has recently been shown to participate directly in 
the nuclear regulation of transcription (Cho et al., 2006). Several transcription factor 
(TF) genes were shown to be important for sugar regulated gene expression by 

Figure 1. Sugar signal transduction in plants
Glucose and sucrose are transported via HXT and SUT transporters, respectively. The HXK, glucose sensor is 
associated with mitochondria and chloroplast and present in the cytosol. HXK can be translocated to the nucleus 
where it affects gene expression. G-protein coupled receptors and sugar transporters have also been suggested 
to participate in plant sugar signaling. Figure adapted from (Rolland et al., 2006).
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1 4  •  Genera l  In t roduct ion

studies using changed activity of the TF, either by mutant analysis or by transgenic 
over-expression (Zhou et al., 1998; Pourtau et al., 2004; Villalobos et al., 2004). 
These proteins are therefore suggested to affect gene expression in response to sugar 
cues. One such protein is the bZIP11 studied in this thesis. It was reported to be 
controlled translationally by sucrose (Rook et al., 1998b; Wiese et al., 2005) and has 
lately been shown to control the expression of sugar regulated genes (J. Hanson, 
personal communication). The involvement of the ABI4 transcription factor in 
sugar signal transduction pathway has also been implicated (Arenas-Huertero et al., 
2000; Huijser et al., 2000). The ABI4 response is dependent on the developmental 
stage of the plant (Gibson et al., 2001; Arroyo et al., 2003). The induction of ABI4 
gene expression has been shown at the seedling stage (Arenas-Huertero et al., 2000; 
Cheng et al., 2002). Binding of ABI4 to the conserved sequence element (S-box) 
in the promoters of several RBCS genes of Arabidopsis thaliana seedlings has also 
been reported (Acevedo-Hernandez et al., 2005). ABI4 also binds to the promoters 
of ABA-related genes and to the sugar-responsive ADH1 gene in maize (Niu et al., 
2002). ABI4 is a repressor of  photosynthetic genes such as plastocyanine (Huijser 
et al., 2000). ABI4 expression is activated by sugars (Rolland et al., 2006). For most 
sugar regulated genes the factors directly binding to the promoters are not known. 
However, studies on the promoter sequences of sugar regulated genes suggest that 
several different groups of transcription factors are involved, due to the differences 
of the conserved cis-elements in the sugar controlled genes (Hwang et al., 1998; Lu 
et al., 1998; Geisler et al., 2006). 

The effects of sugars are also mediated through post-transcriptional effects 
on gene regulation. Sugars have been reported to affect expression via controlling 

Gene Mutant Identity References

ABA2 gin1, sis4, isi4 Xanthoxin oxidase/SDR gene Zhou et al., 1998; Laby et al., 2000

ABA3 gin5 Mo-cofactor sulphurase Arenas-Huertero et al., 2000

ABI4 sun6 ,sis5, isi3, gin6 AP2 domain transcription factor Arenas-Huertero et al., 2000; 
Huijser et al, 2000; Laby et al., 2000; 

CTR1 sis1, gin4 Raf-like protein kinase, 
ethylene response 

Rolland et al., 2002; Gibson, 2005

HSI2 hsi2 B3 domain protein Tsukagoshi et al., 2005

HLS1 uns2 N-acetyl transferase, 
ethylene response

Ohto et al., 200

HXK1 gin2 Hexokinase Rolland et al., 2002

ISI1 isi1 Armadillo-like repeat protein Rook et al., 2006

PRL1 prl1 Nuclear regulatory WD-protein Nemeth et al., 1998

LBA1 lba1 UPF1 RNA helicase Mita et al., 1997a; Yoine et al., 2006

RSR4 rsr4 PDX1 protein familly Wagner et al., 2006
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mRNA stability (Chan and Yu, 1998), translation (Wiese et al., 2005), secondary 
modification of proteins (Sugden et al., 1999) and protein degradation (Yanagisawa 
et al., 2003).

S u g a r s  a n d  h o r m o n e s

Sugars act as hormone-like signaling molecules that control metabolism, growth 
and development of plants. Many of the processes regulated by sugars are also 
regulated by classical plant hormones. Mutants that affect both sugar and hormone 
signaling point to a tight connection between sugar and hormone signaling in plants. 
Moreover, sugars control the biosynthesis of hormones (Gazzarrini and McCourt, 
2001). This can be exemplified by the plant hormone ABA that controls germination 
and stress responses (Fig. 2). Glucose delays seed germination in Arabidopsis (Price 
et al., 2003; Dekkers et al., 2004). Interestingly, this delay is HXK- independent 
and involves ABA, as sensitivity to glucose is reduced in ABA deficient mutants 
(Dekkers et al., 2004). This germination delay can not be rescued by application of 
hormones such as ethylene and gibberelin. Surprisingly, glucose suppresses ABA-
induced germination arrest (Dekkers et al., 2004). Elevated glucose levels arrest 

Figure 2. Model of the interaction between glucose, ethylene, and abscisic acid signaling in 
Arabidopsis 
Glucose signaling mediated through HXK controls seedling development, Glucose increases ABA biosynthesis 
and signaling. Ethylene activates and stabilizes the EIN3 transcription factor, whereas glucose signaling promotes 
EIN3 protein degradation.
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01+•Rahmani.indd   15 09-05-2007   16:08:23



1 6  •  Genera l  In t roduct ion

seedling development by increasing ABA levels and inducing expression of the 
ABI3, ABI4 and ABI5 genes (Dekkers et al., our unpublished data). 

Ethylene signaling also affects glucose signaling (Yanagisawa et al., 2003) (Fig. 2). 
Thus glucose affects both ethylene and ABA signaling which results in inhibition 
of germination. Glucose inhibits germination by promoting the degradation of the 
EIN3 protein. The glucose dependent effect on EIN3 protein is mediated through 
HXK signaling (Yanagisawa et al., 2003). Interestingly, the effect of glucose on 
ethylene signaling is also partly exerted through ABA, although the mechanism is still 
not elucidated (Leon and Sheen, 2003). Hypocotyl elongation is negatively regulated 
by both sugars and ethylene. This is mediated by sugar dependent activation of the 
genes involved in ethylene biosynthesis resulting in increased ethylene levels (Jang 
et al., 1997). Direct application of sugars stimulates the development of adventitious 
roots and root growth in Arabidopsis. This effect might be due to elevated ethylene 
levels (Takahashi et al., 2003). 

The phytohormone cytokinin is also reported to be linked to sugar signaling 
(Moore et al., 2003; Rolland and Sheen, 2005). Transcript level of two sulfur–
responsive genes (APR1 and Sultr2-2) are induced by cytokinin through increased 
concentration of sucrose in the tissues (Ohkama et al., 2002).

 A changed auxin distribution by mutation of the HLS1 gene causes sucrose 
hypersensitivity of seedlings, indicating a role for the protein in both auxin and 
sugar signaling (Ohto et al., 2006). Together auxin, cytokinins and sugars are also 
important for the regulation of cell division (Hartig and Beck, 2006).

The positive effect of gibberellic acid (GA) on germination has been known 
for decades. The expression of alpha-amylase, one of the central enzymes in starch 
mobilizations, is regulated by both GA and sugars in the aleurone cells of barley 
(Perata et al., 1997). 

Brassinosteroid (BR) signaling is also linked to sugar signaling as null mutants 
in the bls1 gene are impaired in the responses to both BR and sugar treatments 
(Laxmi et al., 2004). The connection between sugar and hormone signaling is 
shown by both genetical and molecular methods. How plants integrate signaling 
from these different sources is an important question.

S u c ro s e  s e n s i n g

Sucrose is synthesized by the action of sucrose phosphate synthase (SPS) and sucrose 
phosphate phosphatase (SPP) (Fig. 3). The formation of sucrose 6-phosphate is 
catalyzed by SPS from fructose 6-phosphate and UDP-glucose. SPP hydrolyses 
sucrose 6-phosphate to form sucrose (Chen et al., 2005). Sucrose is hydrolyzed 
by sucrose synthases and invertases. Invertases are localized in cell wall (cw-INV), 
vacuole (vac-INV) and cytosol (cyt-INV). 
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Sucrose is transported from photosynthetic tissues to phloem cells via the 
action of sucrose transporters (Fig. 3). Such sucrose transporters are H+-Sucrose 
symporters. The proton gradient needed to drive the translocation of sucrose is 
generated by plasma membrane H+-ATPases (DeWitt et al., 1991). All enzyme 
activities and transporters involved in sucrose metabolism and transport are encoded 
by multigene families in Arabidopsis and other plant species, pointing to the central 
role of these proteins (Zeng et al., 1998, 1999; Williams et al., 2000; Aoki et al., 2002; 
Sherson et al., 2003). Sucrose is readily converted to hexoses in plants. Therefore, 
the effects of externally applied sucrose might be attributed to hexoses (Fig. 3). 
However, several sucrose specific effects have been documented. Sucrose is involved 
in different aspects of the plant life cycle including  metabolism and even increased 
herbicide tolerance and response to xenobiotic stress (Sulmon et al., 2006). Changed 
sucrose levels affect metabolism, e.g. photosynthesis and respiration. High sucrose 
concentrations reduce photosynthesis and increase starch biosynthesis. Sucrose 
affects secondary metabolism as well. For instance increasing sucrose levels lead to 

Figure 3. Model of sucrose synthesis, transport and hydrolysis in plant cells 
Sucrose is synthesized in sourse tissue (left) and transported though the phloem to sink tissue (right). SPS, 
sucrose-P synthase; SPP,sucrose-P phosphatase; INV, invertase; C-INV, cytosolic INV;CW-INV, cell wall INV; V-INV, 
vacuolar INV; SUS, sucrose synthase. Open circles with arrows represent sucrose transporter in the membranes. 
Figure adapted from (Rolland et al., 2006).
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induction of anthocyanin biosynthesis (Teng et al., 2005; Solfanelli et al., 2006). 
Sucrose affects development of plants and can, at high concentrations,  specifically 
inhibit root development (Yang et al., 2004) and flowering (Corbesier et al., 1998; 
Roldan et al., 1999). Possibly, flowering is regulated by sucrose through the control 
of LEAFY gene expression (Ohto et al., 2001). Moreover, the regulation of the cell 
cycle during the G1 phase is promoted by sucrose (Riou-Khamlichi et al., 2000). 
Sucrose also inhibits far-red light responses of the seedlings in a phytochrome A 
dependent manner (Barnes et al., 1996; Dijkwel et al., 1997). Also, several responses 
to light can be mimicked by sucrose. For instance, light induced nitrate reductase 
mRNA accumulation is increased by sucrose in etiolated seedlings (Cheng et 
al., 1992). The sucrose effects are probably not a result of hydrolysis of sucrose 
as co-application of glucose and fructose is less efficient. In several examples, the 
sucrose effect is not inhibited by HXK inhibitors or mutants, indicating sucrose 
specificity. Sucrose controls physiology and development of plants through changed 
gene expression patterns. Several genes were shown to be controlled specifically by 
sucrose, including: chaperonin-beta 60 mRNA (Zabaleta et al., 1992), heptahelical 
protein (Hsieh and Goodman, 2005), sucrose synthase (Devaux et al., 2003), 
chloroplastic and cytosolic glyceraldehyde -3-phosphate dehydrogenase (Yang et 
al., 1993). The gene encoding the sucrose symporter in sugar beet is also specifically 
regulated by sucrose (Vaughn et al., 2002).  The induction of MYB75/PAP1, CycD2 
and CycD3 expression was shown to be specific for sucrose, explaining the sucrose 
effects on anthocyanin biosynthesis and the cell cycle control (Riou-Khamlichi et 
al., 2000; Teng et al., 2005). The expression of the MYB75 gene is by itself regulated 
by sucrose and the transcription factors involved are still unknown. Sucrose also 
affects gene expression post-transcriptionally. For example, sucrose activates the 
Snf1-related protein kinases AKIN10 and AKIN11 (Bhalerao et al., 1999). Sucrose 
activates the ADP-glucose pyrophosphorylase enzyme by promoting the formation 
of active monomers (Hendriks et al., 2003). 

The translation of the transcription factor bZIP11 is specifically inhibited by 
sucrose (Wiese et al., 2005). The sucrose specific patterns of gene regulation further 
support a signaling pathway specific for sucrose, although a sucrose sensor has not 
been identified (Dijkwel et al., 1997; Jang et al., 1997; Rook et al., 1998b; Pinfield-
Wells et al., 2005; Teng et al., 2005). The presence of a sucrose binding protein 
with a 40 times higher affinity for sucrose than for glucose was reported for the G 
protein-coupled receptor Gpr1 in yeast (Lemaire et al., 2004). The understanding of 
sucrose specific processes in plants would be greatly increased by the identification 
of sucrose sensors.
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T h e  b Z I P 1 1  t r a n s c r i p t i o n  f a c t o r

Sucrose regulates translation of the basic region leucine zipper (bZIP) transcription 
factor bZIP11 in Arabidopsis thaliana (Rook et al., 1998b). bZIP11 belongs to the 
plant group S bZips, which is the largest class of bZip TFs in Arabidopsis thaliana 
with 17 members (Jakoby et al., 2002). The bZIP11 protein consists of a highly 
conserved basic domain region and a helical leucine zipper domain. The basic 
region contains a nuclear localization signal (Satoh et al., 2004) and binds to specific 
DNA sequences by interacting with the bases in the major groove of the double 
helix (Odom et al., 1999). The leucine zipper contains leucine residues at every 
seventh position and is responsible for bZip dimerization. Dimers of bZIP proteins 
generally bind to palindromic DNA sequences (Jakoby et al., 2002). The bZIP11 
protein consists of 160 amino acids and the N-terminal part of the protein contains 
a small region highly enriched in serine and threonine residues. The expression of 
bZIP11 is regulated by light and is under control of photomorphogenic repressors, 
COP1 and DET1 (Rook et al., 1998a). In seedlings and young vegetative tissues the 
gene is expressed in root tips and vascular tissues. In reproductive structures bZIP11 
is expressed in the filaments of the anthers, the funiculi and in the developing 
embryos. 

Translational control of the bZIP11 mRNA by sucrose requires the presence 
of the leader region, since deletion of the leader leads to loss of sucrose induced 
repression of translation (Rook et al., 1998b). The leader of bZIP11 contains four 
open reading frames (uORFs), of which uORF2 harbors a conserved region. Point 
mutations that remove the uORF2 AUG codons abolish the sucrose regulatory 
effect (Wiese et al., 2004). The highly conserved amino acid sequence of the 
uORF2 exist in four other Arabidopsis S-class bZip transcription factors, bZIPs 1, 
2, 44 and 53 (Jakoby et al., 2002). Moreover, database searches show the presence 
of highly homologous uORF sequences in almost 60 bZIP genes of mono- and 
dicotyledonous origins. This suggests that the uORF encoded peptide represents 
a general sucrose regulatory mechanism in plants. Analysis of GUS-reporter trans-
genic lines show that sucrose represses translation within 24 hours, but the stability 
of the GUS protein hinders more accurate analysis of repression timing (Miyamoto 
et al., 2000). 

The bZIP11 protein interacts with bZIP proteins in group C, including 
bZIP9, bZIP10, bZIP25 and bZIP63. These heterodimers activate transcription 
more efficiently than homodimers in yeast and protoplasts systems (Ehlert et al., 
2006). Most likely, bZIP11 forms a heterodimer with one of these C-class proteins 
in the plant to induce transcription of target genes. 

The expression pattern and the translational regulation by sucrose suggests that 
bZIP11 is involved in coordinating carbon allocation and/or metabolism, especially 
in newly established sinks (Rook et al., 1998b). Overexpression of bZIP11 protein 
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results in growth retardation, infertility and low seed weight in Arabidopsis (Wobbes, 
2004) and impaired photoassimilate partitioning, reduction of plant height, leaf 
size and delay of flowering in tobacco (Wobbes, 2004). bZIP11 expression is not 
enhanced under hypo-osmolarity stress but the protein can specifically bind to the 
ACTCAT sequences in the promoter of the proline dehydrogenase (ProDH) gene, 
which is induced under hypo-osmotic conditions (Satoh et al., 2004). Moreover, 
recent microarray analysis suggests direct regulation of Asparagine Synthetase 1(ASN1), 
At5g38710 (encoding a proline dehydrogenase) and important genes in amino 
acid metabolism by bZIP11 (Hanson et al., personal communication). Therefore, 
a model is proposed in which bZIP11 links sucrose dependent signaling to amino 
acid metabolism in Arabidopsis thaliana.

U p s t re a m  o p e n  re a d i n g  f r a m e s  ( u O R F s )  i n  m R N A s  
a l l o w  t r a n s l a t i o n a l  c o n t ro l

The regulation of gene expression occurs at different levels including transcription, 
post transcriptional processing, translation and post translational modification. Sugars 
dramatically affect gene expression by altering the steady state of numerous mRNA 
species (Price et al., 2004; Bläsing et al., 2005). mRNA levels are controlled by 
sugars through regulated transcriptional activity as suggested by the large number 
of sugar controlled transcription factors which include ABI4, ABI5, MYB75, EIN3 
and bZIP11 (Cheng et al., 2002; Arroyo et al., 2003; Yanagisawa et al., 2003; Teng et 
al., 2005; Wiese et al., 2005; Solfanelli et al., 2006).

 Although less studied, gene expression can also be controlled at the level 
of protein synthesis. Control of translation can occur at all stages of the process, 
including initiation, elongation and termination. However, translation is most 
often regulated at the initiation step (Kozak, 2002). Translation of most mRNAs is 
initiated by a mechanism dependent on a structure in the 5’ end of the transcript, 
a m7G nucleotide, the so called cap (Kozak, 1987). The 43S preinitiation complex 
assembles at the m7G cap structure and mRNA is scanned in the 5’ to 3’ direction 
for initiation codons. Once an AUG codon of an ORF is recognized by the 43S 
preinitiation complex, translation is initiated by recruitment of the large ribosomal 
subunit and other factors (Kozak, 2002). Translation continues until a stop codon 
is reached and then the ribosome dissociates from the mRNA. Approximately, 5 to 
10% of eukaryotic mRNAs contain upstream open reading frames (uORF) in their 
leaders. These uORFs precede the main ORF and therefore serve as ribosome traps 
that reduce translation of the main ORF (Wang and Rothnagel, 2004). However, in 
the presence of uORFs the main ORF is usually translated, although with reduced 
frequency compared to ORFs that are not preceded by uORFs (Kozak, 2002).

 Four different mechanisms have been put forward for the translation initiation 
of main ORFs in the presence of uORFs: reinitiation, leaky scanning (Kozak, 2002), 
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ribosome shunting (Yueh and Schneider, 1996) and internal ribosome entry site 
(IRES) (Hernandez et al., 2004). Reinitiation is a mechanism where the AUG codon 
of the uORF is recognized by the 43S preinitiation complex and subsequently the 
uORF is translated (Fig. 4). At the termination of translation of the uORF, the small 
ribosomal subunits remain associated with the mRNA and continue scanning of 
the leader until the AUG of the main ORF is reached. Therefore, the downstream 
ORF can still be translated by the associated ribosome. The amino acid sequence of 
the encoded uORF often plays a crucial role in translational reinitiation of the main 
ORF (Luo and Sachs, 1996; Ruan et al., 1996; Morris and Geballe, 2000; Mize and 
Morris, 2001). Interaction between the uORF-encoded peptide and components 
of the translational machinery such as the 23S rRNA (Harrod and Lovett, 1995) 
and eukaryotic release factor 1 (Janzen et al., 2002) have also been observed. The 
stop codon context of the uORF is crucial for reinitiation to occur. For instance, 
in yeast sequences before the stop codon of the GCN4 uORF4 have a strong 
negative influence on translation of the downstream GCN4 sequence (Miller and 
Hinnebusch, 1989; Grant and Hinnebusch, 1994). The uORF-encoded peptide 
sequence is not always involved in the translational regulation of the main ORF 
(Child et al., 1999; Gopfert et al., 2003; Meijer and Thomas, 2003). The length of 
the uORF can affect the translational efficiency of the downstream ORF, as short 
uORFs reduce translation of the following ORF by 50%, while uORFs consisting 
of 100 codons abolish it completely (Futterer and Hohn, 1992). Reinitiation may be 
controlled during elongation or at the termination process of the uORF, which leads 
to stalling of the translating ribosome and a block of upstream ribosome. Stalling 
of the ribosome due to inhibition of peptidyl transferase activity during elongation 
and termination has been reported for the small subunit of carbomyl phosphate 
synthethase (CPA1) in S. cerevisiae and S-adenosylmethionine decarboxylase 
(AdoMetDC) in mammalian and yeast cells under arginine and polyamine surplus, 
respectively (Lovett and Rogers, 1996; Ruan et al., 1996; Gaba et al., 2001; Law et 
al., 2001). Involvement of the intercistronic region (the region between a uORF 
stop codon and the main AUG) on reinitiation efficiency has also been reported. 
For instance, in HER-2 mRNA access of the ribosome to the main initiation 
codon is reduced by a short intercistronic region (Child et al., 1999). Regulation of 
downstream ORF is also mediated by synergistic effects of both the uORF and the 
intercistronic region (Locatelli et al., 2002). 

Leaky scanning is another way by which a main ORF can be translated in the 
presence of uORFs. Inefficient initiation of translation of uORFs allows translation 
of the main ORF. The 43S complex fails to initiate at the AUG of a particular 
uORF and continues scanning until the AUG of the main ORF is reached. Leaky 
scanning is usually associated with the presence of non-canonical sequences 
flanking the AUG of the uORF, which decrease efficiency of translation initiation 
of the uORF (Kozak, 2002). Reinitiation and leaky scanning mechanisms are often 
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acting together to regulate translation of the main ORF (Arst and Sheerins, 1996; 
Ryabova et al., 2006; Zhou and Song, 2006). Also, the presence of rare codons in 
the uORF delays translation of the uORF and eventually reduces access of the 

Figure 4. Different mechanisms of main ORF translation in the presence of uORFs
mRNAs are depicted with cap structures on the left. ORFs are presented by gray boxes. The main ORFs are 
depicted at the right. 
A) Situation without uORFs in the mRNA. The 43S complex binds to cap structure and scans for the AUG in the 
5’ to 3’ direction with initiation of translation at the main ORF. 
B) The presence of a uORF in the mRNA generally inhibits translation as ribosomes dissociates after translating 
the uORF. 
C) Reinitiation: after translation of the uORF, the 43S complex continues scanning until it reaches the main AUG. 
The uORF and ORF are translated by the same ribosome. 
D) Leaky scanning: The AUG context of the uORF is not optimal and is bypassed by the scanning 43S complexes 
followed by initiation of translation at the main ORF. 
E) Ribosome shunting: the presence of a secondary structure (hair pin) in the leader causes ribosomes to jump 
and land downstream of the uORF to continue scanning. 
F) Internal ribosome entry site: Ribosomes bind to sequences in non-coding region of leader and start scanning. 
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ribosome to the main AUG (Meijer and Thomas, 2003). Stalling of the ribosome 
efficiently blocks translation of the downstream main ORF both for leaky scanning 
or reinitiating ribosomes. 

Cap-dependent initiation of translation can also be regulated by ribosome 
shunting (Rao and Howells, 1993; Ryabova et al., 2000; Yueh and Schneider, 2000; 
Hohn et al., 2001; Xi et al., 2004, 2005; Babinger et al., 2006; Pooggin et al., 2006). 
Translation of some mRNAs is controlled via this process, in which ribosome 
shunts to downstream sequences and continues scanning of leader until the main 
ORF is reached. The presence of stem-loop structure in the leader stimulates the 
ribosome to shunt. Although ribosome shunting has never been investigated in 
molecular detail, complementarities between the 3’ hair pin of 18S rRNA and the 
leader have been suggested to be necessary (Babinger et al., 2006). 

Translation can also be initiated from an internal position in the mRNA molecule 
without the requirement of the cap structure (cap independent mechanism). This 
process requires an internal ribosome entry site (IRES) (Hernandez et al., 2004). 
The 43S preinitiation complex is assembled at a specific site in the non-coding 
region of leader and if this site is situated downstream of the uORF, the ribosome 
never encounters the uORF start codon. In general, IRES consists of non conserved 
sequences or structures in the leaders that are long and contain sequences promoting 
the formation of tertiary structures, which allow translational initiation. Functional 
IRES sequences were identified in many viral and long eukaryotic mRNAs (Baird 
et al., 2006). Fig. 4 summarizes the different mechanisms of translational initiation 
that affects on efficiency of the translation of the main ORF.

In plants, uORF dependent translational regulation of downstream ORFs has 
also been documented. Examples are the plant SAMDC (Hanfrey et al., 2005; Hu 
et al., 2005), Opaque 2 (Lohmer et al., 1993), LC (Wang and Wessler, 2001), SAC51 
(Imai et al., 2006) and bZIP11 (Wiese et al., 2005). In addition, inhibitory effects of 
the MYB7 uORF on downstream translation was shown in rice and tobacco plants 
(Locatelli et al., 2002). 

O u t l i n e  o f  t h i s  t h e s i s  

Sugar signaling controls gene expression, which leads to changed metabolism. The 
expression of the bZIP11 transcription factor is controlled by light and sucrose 
at the mRNA and the protein level, respectively. Light increases the transcript 
levels and sucrose suppresses translation of the mRNA. The gene is predominantly 
expressed in association with vascular tissues. The leader of the transcript harbors 
regulatory elements needed for sucrose translational control, since deletion of the 
leader abolishes the inhibitory effect of sucrose on bZIP11 protein synthesis (Rook 
et al., 1998b; Wiese et al., 2005). 
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In chapter 2 the role of leader in sugar regulation of expression of five closely 
related members of bZip family is studied. This role was investigated by constitutive 
marker gene expression directed by the UBQ10 promoter in combination with the 
different leader sequences. The striking conservation of the SC-peptide is reflected 
in the sucrose regulation of the five genes. All five genes are repressed in response to 
the same low sucrose concentration. However, the genes are differentially regulated 
on the transcriptional level. 

In Chapter 3 the minimal element needed for sucrose induced repression is 
defined as the part of the uORF that encodes the C-terminal 28 amino acids. 
Moreover, the effect of environmental conditions on sucrose control of bZIP11 
translation is studied. Additionally, a characterization of putative intermediates in 
the signaling pathway responsible for translational control of bZIP11 is reported by 
the use of selected mutants. 

In Chapter 4 the importance of the intercistronic region and the most 
conserved amino acids of the uORF2 peptide in the bZIP11 leader are investigated 
by mutation analysis. The translation of uORF2 in vivo is shown by translational 
fusion to the GFP gene. A model is presented in which the bZIP11 protein is 
shown to be translated by leaky scanning ribosomes. The model proposes a sucrose 
dependent stalling of ribosomes during translation of the SC-peptide. Stalled 
ribosomes efficiently block translation of the bZIP11 protein as translation of 
bZIP11 is dependent on ribosomes that have passed the position in the mRNA 
where stalling occurs.
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A b s t r a c t

The translation of the Arabidopsis bZip transcription factor bZIP11 is regulated 
by sucrose. Sucrose induced repression of translation is dependent on the leader 
sequence of the mRNA, which encodes the sucrose control peptide (SC-peptide). 
The four most bZIP11 homologous genes in the Arabidopsis genome bZIP1, -2, 
-44 and -53 also encode the proposed SC-peptide in their leaders. In this study, the 
translational regulation of bZIP11 and its four closest homologues is investigated. 
The five leader sequences were fused to the GUS reporter gene, combined with the 
constitutive UBQ10 promoter and transformed to Arabidopsis. 
Analysis shows that five leaders mediate sucrose repression of the reporter gene 
constructs. These sucrose controlled bZip genes are differentially regulated at the 
mRNA level and have different expression patterns in plant tissues. Thus different 
roles are specified for the five homologous bZip transcription factors as determined 
by differential expression. However, sucrose overrides transcriptional control of all 
five genes.

I n t ro d u c t i o n

Sugars are the primary product of photosynthesis and are used as energy and carbon 
source for plants and, essentially all other organisms. The sugars formed by plants 
fuel most ecosystems on our planet. It has become clear that sugars also have a 
signaling role in plants (Sheen et al., 1999; Rolland et al., 2006). Sugars act as 
hormone-like substances, active in a concentration range much higher than classical 
phytohormones. About a third of the genes in Arabidopsis are controlled directly 
or indirectly by the changed sugar status of plant cells during the diurnal cycle 
(Bläsing et al., 2005). The high sugar levels during the day induce processes like 
starch synthesis, sugar translocation, synthesis of amino acids, etc. During the night 
the relatively low sugar levels induce starch mobilization and reduce sugar transport 
and synthesis of molecules needed for photosynthesis (Smeekens, 1998; Bläsing 
et al., 2005; Rolland and Sheen, 2005). Different mechanisms involved in sugar 
sensing have been proposed (Rolland and Sheen, 2005). Glucose is sensed by the 
hexokinase (HXK) enzyme and the enzyme itself is translocated to the nucleus 
to directly participate in the regulation of photosynthetic gene expression (Cho 
et al., 2006). The HXK enzyme has also been reported to be associated with both 
chloroplasts and mitochondria in plants (Rolland and Sheen, 2005). Other sugars 
are also sensed although the nature of the sensor molecules is not known. Several 
plant sugar responses are specific to sucrose and other sugars are either incapable 
or less efficient than sucrose to trigger responses (Rolland et al., 2002; Teng et al., 
2005). The translation of the transcription factor bZIP11 is inhibited by high sucrose 
concentrations in Arabidopsis (Rook et al., 1998b; Wiese et al., 2004). Translation 
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inhibition is dependent on a uORF element in the leader of the bZIP11 mRNA 
(Wiese et al., 2004). Most likely, the uORF is translated in plants, as was shown in an 
in vitro translation system and uORF translation is necessary for sucrose repression 
of translation (Wiese et al., 2004). The closest homologue of bZIP11 in Arabidopsis 
is bZIP2 which also has a homologous uORF in its leader. bZIP2 is translationally 
controlled by sucrose similar to bZIP11 (Wiese et al., 2005). Three other genes 
in the Arabidopsis genome have similar uORF sequences, bZIP1, bZIP44 and 
bZIP53. The encoded transcription factors are very similar to the bZIP11 and -2. 
In phylogenetic analysis these five genes together form a separate clade within the 
S class of bZip transcription factors (Jakoby et al., 2002). The bZip transcription 
factors bind DNA as homodimers or heterodimers. The five bZIP proteins with 
uORF structures in their leaders all dimerize with the bZip proteins of the C class 
(Ehlert et al., 2006; Weltmeier et al., 2006) to form active heterodimers. The S class 
is reported to be able to regulate the expression of  ProDH to promote proline 
degradation upon recovery from osmotic stress (Satoh et al., 2004), although most 
likely heterodimers are binding to the ProDH promoter (Weltmeier et al. 2006). 

Sucrose induced repression of translation has not been studied for all genes. 
Possibly, the small variations in the sequences of the uORFs differently affect the 
repression of translation. Differential sucrose sensitivity might specify the specific 
function of five genes. Alternatively, specificity is given by different expression 
patterns of the genes in the plant. 

The effects of the leader sequences were studied quantitatively by fusing 
the respective leader sequences to the GUS reporter gene and transforming the 
constructs to Arabidopsis plants. To avoid the effect of the different promoters, 
the expression of the leader constructs was directed by the constitutive UBQ10 
promoter. Promoter activity was studied by analysis of transgenic plants harboring 
promoter: GUS fusions and by mining of public available microarray data sets. The 
results clearly show that the five leader sequences mediate similar sucrose repression 
characteristics. The striking differential expression patterns of the five genes possibly 
specify the biological function of these genes. 

R e s u l t s

Tr a n s l a t i o n  o f  b Z I P 1 1  h o m o l o g u e s  i s  r e g u l a t e d  b y  s u c r o s e

Five genes in the Arabidopsis genome share sequences in the leader of their mRNAs. 
These leaders all contain several upstream open reading frames (uORFs) in a more 
or less similar arrangement (Fig. 1A). One of the uORFs is highly conserved 
among the five leaders. This uORF was shown to be important for sucrose induced 
repression of translation (SIRT) of bZIP11 by mutation analysis (Wiese et al., 2004). 
The sequence conservation of the uORF encoded peptide is striking, especially 
in the carboxy-terminal end of the peptide (Fig. 1B). At the nucleotide level the 
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Figure 1. Structural similarities of leader sequences of five Arabidopsis bZip genes
A) Schematic illustration of uORF arrangement in leaders of five close members of S class bZips in Arabidopsis 
thaliana. uORFs are depicted as gray boxes in three different reading frames. The conserved reading frame is 
depicted in dark gray. 
B) Alignment of the deduced protein sequences of the conserved uORFs. Highly conserved amino acids within 
genes from the whole plant kingdom are depicted in bold face letters. 
C) Nucleotide sequence alignment of conserved uORF in five members of S group bZip TF. The AUGs are indicated 
in bold. Conserved nucleotides are indicated with gray boxes. Three stars below the alignment indicate the 
position of the conserved amino acids as indicated in figure B and small letters indicate the third position of 
these codons. 
D) Schematic presentation of the constructs used. P: UBQ10 represents the UBQ10 promoter; GUS, glucuronidase 
and NOS, Nopaline synthase termination sequence. 
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sequence conservation is also evident (Fig. 1C). The first two positions of the codons 
are 75% identical among the five genes while the third position shows 65% identity. 
This indicates functional constrains on the encoded peptide sequence. The leader of 
bZIP2 also mediates sucrose induced repression of translation (Wiese et al., 2005).

Figure 2. The leaders of five bZip genes repress translation in response to sucrose treatment              
A-E) Histochemical GUS staining of five day old transgenic Arabidopsis seedlings grown in media without sugar 
added (left), with 100 mM sorbitol (middle) or 100 mM sucrose (right). Seedlings were grown for four days 
without sugar added to the media before treatment (24 h duration). F-J) Normalized GUS activity of the seedlings 
shown in A-E. GUS activities were measured using fluorometric MUG assay and normalized to the concentration 
of soluble proteins in the extracts. The transgenic lines used are bZIP1-1-2, bZIP2-6-4, bZIP11-1-7, bZIP44-4-4 and 
bZIP53-1-18.
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To test if the sequence conservation is reflected in functional conservation, 
the impact of these five uORFs on translational control was investigated using a 
transgenic approach. Constructs were made in which, the leader sequences of the 
five genes were fused to the GUS reporter gene. Expression was directed by the 
constitutive UBQ10 promoter (Fig. 1D). The used leader sequences are all close 
to 500 nucleotides in length; bZIP1, 460nt; bZIP2, 456nt; bZIP11, 475nt; bZIP44, 
504nt and bZIP53, 494nt (Fig. 1). Ten independent lines were generated for each 
construct. Three lines were selected on the basis of high level GUS staining in 
planta and two lines with the most similar staining intensities were selected for 
further analysis. These lines were tested for GUS staining on media with added 
sucrose or sorbitol. The seedlings were grown for four days in media without 
sucrose and then treated with 100 mM sucrose or sorbitol containing media for 
24 hours. Similarly to what has previously been shown for bZIP11 and -2 the 
staining intensity was lower in all plants grown on 100 mM sucrose compared to 
sorbitol treated or untreated control plants (Fig. 2A-E). GUS activities of sucrose 
treated seedlings were quantitatively half that of the sorbitol treated or untreated 
control plants (Fig. 2F-J). The GUS activity was most repressed in the aerial parts 
of the seedlings (Fig. 2A-E) as previously been shown for bZIP11 (Wiese et al., 
2004). Differences in mRNA levels in the transgenic lines, as determined by real 
time quantitative RT-PCR analysis, are not responsible for the differences in GUS 
activity levels observed (data not shown). 

P h y s i o l o g i c a l  s u c r o s e  c o n s e n t r a t i o n s  r e g u l a t e  t r a n s l a t i o n

The bZIP11 leader efficiently inhibits translation when seedlings are incubated 
in 100 mM sucrose (Rook et al., 1998a; Wiese et al., 2004). To test if the different 
leader sequences mediate differential sensitivity to sucrose treatments, transgenic 
plant harboring the bZIP1, -2, -11, -44 and -53 leader constructs were grown 
for four days in media without sucrose and then treated with different sucrose 
concentrations for 24 hours and GUS activity measured. In all transgenic seedlings 
GUS activity was reduced to approximately half the level of untreated plants when 
the plants were treated with 20 mM or higher sucrose concentrations (Fig. 3). 
Reduction of GUS activity is already detected when the seedlings are grown on 
5 mM sucrose, as shown for bZIP11 transgenes (Fig. 4). Maximum reduction is 
reached when plants are treated with 20 mM of sucrose.

S u c r o s e  c o n t r o l l e d  b Z i p  g e n e s  a r e  d i f f e r e n t i a l l y  e x p r e s s e d

The five homologous genes bZIP1, -2, -11, -44 and -53 are all translationally 
regulated by sucrose in a more or less similar way. However, on the transcriptional 
level they are differentially regulated, as observed in transcriptional profiling 
experiments (Fig. 5).

The five genes are differentially expressed in the Arabidopsis organs and tissues 
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Figure 3. Leader sequences confer the same sucrose sensitivity in tranlational repression 
Normalized GUS activity of the seedlings expressing the leaders of bZip genes fused to the GUS reporter gene 
driven by the constitutive UBQ10 promoter. GUS activity was measured using fluorometric MUG assay and 
normalized to the concentration of soluble proteins in the extracts. The transgenic lines used are bZIP1-1-2, 
bZIP2-6-4, bZIP11-1-7, bZIP44-4-4, and bZIP53-1-18.
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(Fig. 5A). bZIP53 is predominantly expressed in most root structures and tissues. The 
bZIP44 gene is hardly expressed in leaf like organs, while relatively high expression 
is observed in flowers, stems and roots. bZIP11 is rather ubiquitously expressed and 
is only absent from pollen, petioles and some cell types in the root (Fig. 5A). bZIP1 
is generally low expressed. 

The tissue specificity of the expression of these bZip genes was studied by use 
of the respective promoter regions, including the 5´ untranslated regions, fused to 
the GUS reporter gene. The resulted constructs were transformed to Arabidopsis. 
Four independent transgenic lines were established for each construct and stained 
for reporter gene activity. One line with representative staining pattern of each 
chimeric construct was selected for further analysis. Histochemical staining for 
GUS activity confirmed the genes to be differentially expressed in Arabidopsis 
(Fig. 6). The genes are expressed in the anthers in distinct and non-overlapping 
patterns. The bZIP1, -2 and -53 genes are specifically expressed in pollen while 
bZIP11 and -44 are expressed only in the filament. All genes are expressed in 
young developing leaves. Expression gradually decreases in older leaves. bZIP11 and 
bZIP44 are expressed in the seeds, while bZ1P2 is only expressed in the funiculi. 
bZIP1 is strongly expressed in the valves of the siliques while bZIP53 is only weakly 
expressed in siliques and carpels.

Figure 5. The five sucrose controlled bZip genes are extensively transcriptionally regulated
Transcriptional profiling data are modified from the Genevestigator database (http://genevestigator.etzh.ch). 
The individual genes are grouped by hierarchical clustering generated by pair wise Euclidean distances using 
the Average Linkage method (Zimmermann et al., 2004). A) Abundance of bZIP transcripts in different plant 
organs. Results are given as heat map in blue/white coding that reflects absolute signal values, where darker 
represent stronger expression. For the blue–white scale, all gene-level profiles were normalized for coloring 
such that the highest signal intensity obtains value 100% (dark blue) and absence of signal obtains value 0% 
(white). B) Relative change in expression levels in response to various treatments. Results are given as heat map 
in red /green coding that reflects relative change in expression level, where more intense color represent bigger 
change. Red represents induced expression and green repression. For reference the color scheme is given to the 
right. Numbers are given on the log 2 scale.

Figure 4. bZIP11 is repressed by physiological concentrations of sucrose
Normalized GUS activity analysis of five day old transgenic Arabidopsis seedlings (line bZIP11-1-7) harboring the 
bZIP11 leader transgene grown in media without sugar added or different concentrations of sucrose. Seedlings 
were grown for four days without sugar added to the media before treatment (24 h duration). 
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The genes bZIP1, -2, -11, -44 and -53 are translationally repressed by sucrose 
but are also transcriptionally affected by sugar treatments (Fig. 5B). bZIP11 mRNA 
levels are increased by treatments of sucrose and other sugars (Wiese et al., 2004). 
bZIP1 is repressed by the same treatments (Price et al., 2004). Previously, we showed 
that bZIP11 is induced by light (Rook et al., 1998a). Interestingly, only the bZIP11 
gene is induced by light treatments, while the others are moderately repressed 
(Fig. 5B). All five genes are extensively regulated by different environmental stresses 
but in no treatment do all genes change in the same direction. This can be exemplified 
by darkness induced senescence where bZIP1, -2 and -53 are induced while bZIP11 
and -44 are repressed. Several stress conditions that result in production of the plant 
hormone abscisic acid (ABA) affects the expression of the five bZIP genes (cold, salt 
and osmotic stress). Surprisingly, ABA treatments do not cause any major changes 
in expression levels. Likewise treatments of other hormones are generally causing 
minor changes in the expression levels (Fig. 5B).

D i s c u s s i o n

The Arabidopsis genome encodes 75 genes encoding bZip transcription factors 
(Jakoby et al., 2002). Five genes encode very similar bZIP proteins and also share a 
highly conserved element in the leader of their mRNAs. These elements correspond 
to the uORF previously shown to be necessary for translational repression in 
bZIP11 (Wiese et al., 2004). The deduced protein sequences of the uORFs are 
more conserved than the mRNA sequence, suggesting functional constraints on 
the peptide sequence. This suggests that the uORF is translated and the peptide is 
important for the repression. Translational repression was studied in the five genes. 
The GUS reporter gene was fused to the leader sequences of the bZIP1, -2, -11, -44 
and -53 genes and placed under the control of the constitutive UBQ10 promoter 
in stably transformed Arabidopsis plants. 

All five genes are translationally repressed by sucrose with essential similar 
sensitivity. The bZIP1 and -53 uORFs are shorter than of the three other genes but 
this does not affect sucrose responsiveness. This supports our previous conclusion 
that only the carboxy terminal part of the sucrose control peptide is necessary for 
SIRT in the bZIP11 uORF2 (Wiese et al., 2004). The bZIP1 uORF also lacks the 
argenine rich stretch and is positioned closer to the initiation codon of the bZIP1 
main ORF. The conserved uORF in bZIP1 also does not overlap at the 3’ end 
Figure 6. Histochemical GUS analysis of Transgenic Arabidopsis plants harboring bZip promotor GUS 
fusions
A-E) Histochemical GUS staining of twenty day old plants grown in soil under long day conditions and harvested 
8h after the beginning of the light period. All plants were stained with 1mM X-Gluc except bZIP53 promoter 
fusion plants that are stained with 2 mM solution due to low GUS activity. F-J) Histochemical GUS staining 
of flowers at the stage of dehiscence. Plants were grown for eight weeks on soil under long day conditions. 
Flowers were harvested eight hours after beginning of the light period. K-O) Histochemical GUS staining of 
young siliques of Arabidopsis plants. Plants were grown for eight weeks on soil under long day conditions. 
Flowers were harvested eight hours after beginning of the light period.
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with another short uORF. These characteristics thus appear not to affect sucrose 
repression. 

The GUS enzyme is quite stable in plants with a half life of 24 h or more in 
tobacco (Miyamoto et al., 2000). This is most likely the reason that within a 24 h 
treatment a repression of approximately fifty percent is observed. However, all leader 
sequences respond to about the same sucrose concentration and are repressed at 
20 mM sucrose. The bZIP11 gene is expressed in particular in cells surrounding 
the vasculature in young leaves and cotyledons (Rook et al., 1998b). We show that 
the sucrose repression mechanism is operational in all aerial tissues of the seedling 
(Fig. 2). In the roots, the bZip directed GUS activity is not strongly repressed in our 
assay. This is in contrast to previous results of long time treatments with transgenic 
plants harboring the bZIP11 leader, which showed translational repression by sucrose 
in roots. However, repression in roots requires higher sucrose concentrations than in 
aerial tissue (Wiese et al., 2005). Most likely moderate repression in the roots is not 
detectable in our experimental system. 

The five bZip genes are differentially expressed in Arabidopsis, as determined 
by both promoters: reporter gene fusions and expression profiling. The results from 
the different analyses are overlapping but differences exist. This is probably due to 
the incomplete dataset used for transcriptional profiling, exemplified by bZIP44 
which is according to GUS staining only expressed in the young petiole of the 
rosette, a tissue that is not sampled for transcriptional profiling. The condition 
used for plant growth in the histochemical GUS experiment is not identical to 
the experiment used for transcriptional profiling. The genes are highly influenced 
by environmental factors which might explain some of the differences (Fig. 5B). 
Also essential promoter elements may be absent from the chimeric constructs. 
Additionally, the relative stability of the GUS protein can mask rapid mRNA 
degradation. Transcript levels do not necessarily correspond to synthesized protein 
levels (Kawaguchi and Bailey-Serres, 2002), a notion especially important for the 
bZip genes studied. Our analysis suggests a model for expressional regulation in 
which the specific function of the individual bZip protein is determined by a range 
of regulatory events. The different genes are expressed in different cells and tissues 
of the plants. The individual genes are also subjected to differential regulation in 
response to environmental factors and stress. This is overridden by sucrose induced 
repression of translation, which acts at more or less similar sucrose concentration on 
these genes. Once the proteins are made they are able to form active heterodimers 
with a C class bZip protein, if present. Finally, upon translocation to the nucleus, the 
dimer binds DNA and activates transcription. However, the nuclear translocation 
may also be under regulatory control as has been shown for the C class gene bZIP10 
(Kaminaka et al., 2006). 

The results presented in this report suggest that the five sucrose controlled 
S class proteins are similarly translationally regulated by sucrose. However, the 
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five genes are differentially expressed, both in different tissues and in response to 
environmental factors.  Regulation of mRNA levels is likely the most important 
factor that distinguishes the functionality of the different sucrose controlled genes. 

M a t e r i a l  a n d  m e t h o d s

C o n s t r u c t i o n  o f  p l a s m i d s

The leader sequences of bZIP1, At5g49450 (460bp), bZIP2, At2g18160 (456bp), 
bZIP11 At4g34590 (475bp), bZIP44, At1g75390 (504bp) and bZIP53, At3g62420 
(494bp) were amplified using primers indicated in Table 1. PCR fragments were 
cloned into the pGEM-T-easy vector (Promega, Madison, USA) and sequenced. 
Leader fragments were then fused to the GUS-NOS vector pPA2 using standard 
restriction/ligation techniques (between PstI / NcoI for bZIP53 and between 
EcoRI / NcoI for the other leaders). The leader: GUS-NOS fusion fragments were 
later moved to the pGreen0299 vector (EcoRI / HinDIII digest). The UBQ10 
promoter was amplified by PCR (Table 1). The promoter fragment was cloned 

Table 1.  Primers used in this study.

Gene Used for Primers

bZIP1 UBQ :leader: GUS F:5’-GCGAATTCAAATTCTCTTTCTTTTCCGATTCGTC-3’
R:5’-CGCCATGGCCATGTTTTTTTGTTCAAGAGATAA-3’

bZIP2 UBQ :leader: GUS F:5’-GCGAATTCTTCCCATTCACTCATCTTCTCTCTTCC-3’
R:5’-GCCCATGGCTGCTAGATGACGCCATTGATT-3’

bZIP11 UBQ :leader: GUS F:5’-GCGAATTCTTCATTTCTTAGAGATCTCAGCTTC-3’
R:5’-GCCCATGGCGACGATTCCATTTAGTAACACAC-3’

bZIP44 UBQ :leader: GUS F:5’-GCGAATTCCCTCACAAATCCTTAATTAATTCACCTCTTC-3’
R:5’-GCCCATGGCCATTTCAGTTTTATTATTCATATTA-3’

bZIP53 UBQ :leader: GUS F:5’-GCCTGCAGGCTTTTTTTCGTTTATCAATCTTCTCG-3’
R:5’-CGCCATGGCCATTTCTCGTTGACTTTTTGACTTC-3’

UBQ10 UBQ :leader: GUS F:5’-GAGCGGCCGCGATCAGGATATTCTTGTTTAAGATGTT-3’
R:5’- GCCTGCAGTTTATAGAAGAAGAAGAAGAAA-3’

bZIP1 Promoter: GUS F:5’-GTCGACACCACAATTTGGAACTAATA-3’
R:5’- GAATTCTCAAGAGATAACGTAAAACC-3’

bZIP53 Promoter: GUS F:5’-CTGCAGAAGTCCAGGTCAAGTTTGTT-3’
R:5’- GTCGACCTCGTTGACTTTTTGACTTC-3’

GUS Real Time Quantitative 
PCR

F:5’-AACCCCAACCCGTGAAATC -3’
R:5’-CACAGTTTTCGCGATCCAGAC-3’
Probe: 5’- ACTCGACGGCCTGTGGGCATTC-3’

bZIP11 Real Time Quantitative 
PCR

F:5’-TCGTCAGGATCGGAGGAGAGT- 3’
R:5’-ATCGTCTAGGAGCTTTTGTTTCTTC -3’
Probe: 5’- AACGTAAACAGGAGCTCTCAAACCGTGAA- 3’

Actin2 Real Time Quantitative 
PCR

F:5’-GCTGAGAGATTCAGACTGCCCA-3’
R:5’-CACAGTTTTCGCGATCCAGAC-3’
Probe: 5’-AAGTCTTGTTCCAGCCCTCGTTTGTGG- 3’
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and sequenced as described above. The promoter fragment was inserted into the 
pGreen0229 plasmids containing the leader: GUS fusions (NotI/PstI restriction). 
The integrity of the final vectors was confirmed by sequencing. 

The cloning and transformation of bZIP11, -2, and -44 have been described 
elsewhere (Wobbes, 2004). The bZIP1 and bZIP53 promoters were amplified using 
the indicated primers (Table 1). The resulting fragments were cloned to the pGEM-
T-easy vector (Promega) and sequenced. Promoter fragments were moved to the 
pCAMBIA-1391Z (Roberts et al., 1997) using restriction and ligation.

P l a n t  t r a n s f o r m a t i o n

The constructs were transformed to Agrobacterium tumefaciens C58-1 by 
electroporation using a GenePulser™ electroporator according to the instruction 
of the manufacturer (BioRad, Hercules, Ca, USA) and transformed to Arabidopsis 
thaliana var. Col-0 by floral dipping (Clough and Bent, 1998). Plants were transferred 
to growth chamber and grown under light regime of 16h light/8h dark with the 
relative humidity of 80% and temperature of 22ºC. T1 seeds were surface sterilized 
by soaking for 2 minutes in 70% ethanol followed by 10 minutes in 20% commercial 
bleach and washed at least 4 times in sterile deionized (milliQ) water. Transgenic 
T1 seedlings were selected on half strength MS media, pH 5.7 (Duchefa, Haarlem, 
the Netherlands), supplemented with 0.25 mg/ml MES-KOH, 1% sucrose and 20 
µg/ml BASTA (Sigma-Aldrich, Spruce St, St. Louis, USA). Transgenic seedlings 
were transferred to the soil for selfing. Based on segregation analysis homozygote 
lines were established harboring single insertion loci. Two independent lines were 
chosen, based on GUS staining characteristics. 

G U S  a c t i v i t y  a n a l y s i s

Homozygous transgenic seeds were surface sterilized for 2 minutes with 70% 
ethanol followed by 20 % commercial bleach for 10 minutes and washed at least 
4 times with sterile deionized (milliQ) water. Transgenic plants were grown in 
100 ml flasks containing half strength MS liquid medium (Duchefa) supplemented 
with MES. Following two days of stratification in 4ºC, seedlings were grown in 
growth cabinet with continuous light at 22º C for 4 days on a rotary shaker (45 
rpm). Sorbitol or sucrose was added to a final concentration of 100 mM for 24 hours 
before harvesting. The seedlings were harvested and frozen in liquid nitrogen for 
MUG assay or real time quantitative-PCR analysis. For histochemical GUS activity 
the plant material was incubated in GUS-buffer containing 0.1 M NaH

2
PO

4
, 0.1 M 

Na
2
HPO

4
, 0.5 mM ferricyanide, 0.5 mM ferrocyanide, 10 mM EDTA, 0.1 % (v/v) 

triton X-100 and 1 mg/mL X-Gluc (Duchefa). For quantification of GUS activity 
frozen tissues were ground using mortar and pestle. The glucuronidase activity was 
quantified using fluorometric MUG assay (Jefferson et al., 1987). Proteins were 
extracted using extraction buffer (50 mM NaH

2
PO

4
, pH 7.0, 10 mM dithiothrietol, 
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1mM EDTA, pH8.0, 0.1 % sodium lauryl sarcosine, 0.1 % triton X-100) and the 
suspension was centrifuged (1 min 14,000 rpm). Following centrifugation, 27 µl 
pre-warmed (37º  C) assay buffer (22 mg 4-methylumbelliferyl-p-glucuronide 
[MUG] (Sigma-Aldrich) in 50 ml extraction buffer) was added to 3 µl protein 
extract. The reaction was incubated at 37º C for one hour and stopped by adding 
of 270 µl 0.2 M Na

2
CO

3
. Fluorescence was measured by using a Fluostar Galaxy 

(BMG, Offenburg, Germany) at an excitation wavelength of 360 nm and emission 
wavelength of 460 nm. Protein content of extract was determined according to 
Bradford method (Bradford, 1976) and fluorescence values were normalized to 
protein levels in the extracts.

R e a l  T i m e  Q u a n t i t a t i v e  P C R  a n a l y s i s

Total RNA was isolated from 5 day old grown seedlings using RNeasy kit (Qiagen, 
Hilden, Germany) according to the instructions of the manufacturer. Chromosomal 
DNA was removed using DNase (Fermentas, GmBH, St. Leon-Roth, Germany). 
cDNA synthesis was performed using MLV reverse transcriptase (Promega, 
Madison, WI, USA) according to the instructions of the manufacturer using oligo-
T primer (Biolegio, Nijmegen, The Netherlands). The real time quantitative PCR 
was performed using an ABI 7700 sequence detector (Applied Biosystems, Foster 
City, USA) using Taqman chemistry (Applied Biosystems) and FAM/TAMRA 
labeled probes. The sequence of the primers and probes are indicated in Table 1. 
The Actin2 (At3g18780) gene was used as an internal reference. The SDS ver. 1.7 
software was used to analyze the raw data (Applied Biosystems). Relative expression 
levels were calculated using the ∆∆Ct method (Pfaffl, 2001). 
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A b s t r a c t

Plants must integrate multiple external and internal signals during their life cycle 
in order to optimize growth and development. The expression of bZIP11 responds 
to such signals, which includes changes in light and sugars levels. The translation 
of bZIP11 is repressed by sucrose and in this report the repression is characterized 
using a transient expression system. It is concluded that sucrose mediates a rapid 
response on bZIP11 translation. This response is independent of light or hormone 
signals and is not mediated through the hexokinase sugar signaling pathway. A 
uORF element in the bZIP11 mRNA, encoding a 28 amino acids long peptide is 
shown to be sufficient for imposing sucrose induced translational repression on a 
heterologous mRNA.

I n t ro d u c t i o n

Plants are constantly integrating a variety of signals to optimize growth and 
development. Plants are photosynthetic organisms and light is one of the most 
important signaling factors. The intensity, quantity, periodicity and direction of 
light is constantly monitored through multiple sensing mechanisms (Franklin and 
Whitelam, 2004). The levels of photoassimilates are also constantly monitored by 
plants to optimize photosynthesis and growth (Smeekens, 2000; Rolland et al., 
2006). Not surprisingly, sugar and light signaling are tightly interconnected in the 
plants and several genes involved in photosynthesis are controlled by sugar signaling 
pathways (Thum et al., 2003). Sugar treatments can mimic light effects in the dark 
by regulating several transcripts, e.g. those of UDP glucose pyrophosphorylase 
(UGPase) and nitrate reductase (NR) (Cheng et al., 1992; Ciereszko et al., 2001). 

Plant hormone signaling closely interacts with sugar signaling pathways to 
regulate expression of genes involved in growth and development (Gazzarrini 
and McCourt, 2003; Leon and Sheen, 2003). For instance, glucose affects abscisic 
acid (ABA) biosynthesis and signaling (Cheng et al., 2002), and mutants unable 
to synthesize ABA are resistant to sugars treatments (Cheng et al., 2002). Glucose 
signaling also affects ethylene signaling by controlling EIN3 protein stability 
(Yanagisawa et al., 2003). Several hormonal effects are mediated through sugars, 
e.g. cytokinine induces the expression of several genes through increasing sucrose 
levels (Ohkama et al., 2002). Moreover, changed auxin distribution due to mutation 
in the HLS1 gene was reported to hyper-sensitize seedlings to sucrose treatments 
(Ohto et al., 2006).

The bZIP11 gene is a good example of an integrator of several signaling 
pathways. The transcription of the mRNA is regulated by light and sugars (Rook 
et al., 1998b; Rook et al., 1998a), whereas the translation of the protein is controlled 
by sucrose (Rook et al., 1998b; Wiese et al., 2004). 
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Here, we report that sucrose induced repression of bZIP11 translation (SIRT) is 
independent of light and hormone signaling. The independence of the hexokinase 
signaling system is also documented by analysis of mutants. Importantly, a minimal 
element sufficient for mediating SIRT is described. This sequence element encodes 
a 28 amino acid long peptide that upon translation mediates sucrose induced 
repression of a downstream open reading frame.

R e s u l t s

Tr a n s l a t i o n a l  r e g u l a t i o n  o f  b Z I P 1 1  b y  s u c r o s e  i s  r a p i d  a n d  
i n d e p e n d e n t  o f  l i g h t

Sucrose repression of translation of bZIP11 within 24 hours was documented by 
sucrose treatment of stably transformed GUS reporter plants (chapter 2). The high 
stability of the GUS enzyme precludes detection of more rapid changes in response 
to sucrose. To investigate the kinetics of sucrose induced repression of translation 
(SIRT), a transient expression system was developed. In this experimental system 
translational repression can be monitored by luciferase activity measurements. The 
bZIP11 leader was transiently expressed in Arabidopsis seedlings driven by the 
strong, constitutive 35S promoter and fused to the reporter gene Luciferase from 
firefly (fLUC)(Fig. 1). Constructs constitutively expressing the Renilla luciferase 
gene (rLUC) was co-transformed with the fLUC constructs in a fixed molar ratio. 
Following transformation, the transformed seedlings were divided into two groups 
and treated for 24 h with media containing six percent sucrose or lacking sucrose 
followed by quantification of fLUC and rLUC activity. Resulting fLUC activity 
levels were normalized to the activity of the reference reporter protein rLUC. 

Figure 1. Plasmids used in the transient expression system
A) Representation of the bZIP11 genomic locus. Rectangles represent open reading frames. The dark gray rectangle 
represents uORF2 of the bZIP11 leader; light gray rectangles represent other uORFs and the bZIP11 main ORF. 
B) The bZIP11 leader was fused to the fLUC gene and expression was driven by the strong constitutive 35S 
promoter. A plasmid containing this construct was used to determine relative translation in the transient 
expression system. 
C) The rLUC normalizing plasmid was transformed in a constant concentration ratio to correct for different 
transformation efficiencies between experiments. 

bZIP11A
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For each experiment, the values were adjusted to the normalized LUC activity 
of the plants treated with media lacking sucrose to simplify comparison between 
experiments.

The sucrose treated plants showed significantly reduced luciferase activities 
already after three hours incubation in sucrose containing media (Fig. 2A). After 
24 hours incubation the LUC activities of seedlings treated with media lacking 
sucrose had increased two to three fold but the levels of the sucrose treated seedlings 
remained constant (Fig. 2A). Incubation for longer time than 24 hours did not 
result in higher LUC levels (data not shown). 

Light as well as sugars affects development and physiology of plants. It has 
been documented that light effects can be mimicked by sugar treatments (Cheng 
et al., 1992). To test if light affects the translational control mechanism, seedlings 
were incubated in continuous light or darkness following transient transformation. 
Resulting LUC activity levels indicate that light or darkness has no effect on general 
translation or sucrose induced repression of translation of the bZIP11 mRNA 
(Fig. 2B).

 
S I R T  i s  i n d e p e n d e n t  o f  h o r m o n e  s i g n a l i n g

Several documented examples indicate that hormone signaling and sugar signaling 
are tightly interconnected in plants (Smeekens, 2000; Rolland et al., 2006). To 
investigate if hormone signaling is involved in sucrose dependent repression of 
translation, mutants in hormone signaling were tested for repression using the 

Figure 2. Sucrose induces rapid translational repression of bZIP11
Relative normalized LUC activity levels of Arabidopsis seedlings transiently transformed with the bZIP11 leader 
LUC construct. Ten day old seedlings (var. Col-0) were used for the transient expression experiments. A) Following 
transformation, seedlings were incubated for three or 24 hours in media containing either no sucrose (white 
bars) or six percent sucrose (dark bars). B) Following transformation, seedlings were incubated for 24 hours 
in media containing either no sucrose (white bars) or six percent sucrose (dark bars) in either constant light 
or darkness. Firefly luciferase activity levels were normalized using co-transformation of a constitutive Renilla 
luciferase construct. Error bars represent the standard deviation of the mean of the measured activity levels (at 
least three bombardment replicates). For clarity all values were adjusted, so the value of the plants transformed 
with the wt leader treated with media lacking sucrose corresponds to one. The experiment was independently 
replicated yielding similar results.
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transient expression system. Mutants showing defects in ethylene and abscisic acid 
signaling (ein2aba2), cytokinin signaling (ahk2ahk3) and auxin signaling (aux1-21) 
all show wt-like LUC activities and sucrose induced repression in the transient 
transformation system (Fig. 3).  This indicates that SIRT is independent of the 
above mentioned hormone signaling systems, unlike several other sugar responses 
(Gazzarrini and McCourt, 2003). Independency of SIRT and hormone signaling is 
also supported by studies which hormones (auxin, gibberlin, cytokinin, ABA, ACC) 
were applied (data not shown).

S u c r o s e  i n d u c e d  t r a n s l a t i o n a l  r e p r e s s i o n  i s  H X K  i n d e p e n d e n t  

Sucrose is readily hydrolyzed to glucose and fructose in plants. The major glucose 
receptor in plants is hexokinase (HXK) (Smeekens, 2000; Rolland and Sheen, 2005; 
Rolland et al., 2006). To test if the effect of sucrose is dependent on glucose signaling 
through HXK, wt and gin2 (hxk1 null mutant) were transiently transformed by the 
bZIP11: LUC construct and relative LUC activities were determined. No difference 
in relative LUC activities was detected between the wt and gin2 seedlings (Fig. 4A), 
indicating that HXK is not necessary for translational control. 

The MYB transcription factor gene MYB75 is specifically induced by sucrose 
treatments (Teng et al., 2005; Solfanelli et al., 2006). To test if SIRT is dependent 
on the MYB75 protein, wt and myb75 seedlings were transiently transformed by 
the bZIP11:LUC construct and relative LUC activities were determined. Also for 
this mutant no differences in sucrose induced translational repression could be 

Figure 3. Sucrose represses translation of bZIP11 independent of hormone signaling    
Relative normalized LUC activity levels of Arabidopsis seedlings transiently transformed with the bZIP11 leader LUC 
construct. Ten day old seedlings (WT and indicated mutants) were used for the transient expression experiments. 
Following transformation, seedlings were incubated for 24 hours in media containing either no sucrose (white 
bars) or six percent sucrose (dark bars) in constant light. Firefly luciferase activity levels were normalized using 
co-transformation of a constitutive Renilla luciferase construct. Error bars represent the standard deviation of the 
mean of the measured activity levels (at least three bombardment replicates). For clarity all values were adjusted, 
so the value of the plants transformed with the wt leader treated with media lacking sucrose corresponds to 
one. The experiment was independently replicated yielding similar results. The ein2aba2 and ahk2ahk3 double 
mutants are in the Col-0 background and the aux1-21 mutant is in the Ler background. 
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detected (Fig. 4B). The pgm mutants is deficient in starch synthesis and accumulate 
excess sucrose during the day (Periappuram et al., 2000). Interestingly, relative 
LUC activity levels in the pgm mutant seedlings treated with media lacking sucrose 
were less than half of that of the corresponding wt (Fig. 4C). Possibly, the partially 
repressed LUC levels of untreated mutant seedlings can be explained by elevated 
sucrose levels. However, sucrose treated pgm seedlings did respond to the sucrose 
treatment (Fig. 4C). 

8 4  n u c l e o t i d e s  o f  t h e  b Z I P 1 1  l e a d e r  s e q u e n c e  e x e r t  s u c r o s e  
r e p r e s s i o n  

To investigate if the conserved uORF2 was sufficient for SIRT, the most conserved 
3’ part of the sequence, was transplanted to the unrelated leader of the plastocyanine 
gene (PC) of Arabidopsis (Dijkwel et al., 1997). This 84 nucleotide long element 
encodes the carboxy terminal 28 amino acids of bZIP11 uORF2. The PC leader 
does not affect the translation of the downstream LUC reporter in the transient 
expression system (Fig. 5). This short uORF2 element of the bZIP11 leader reduces 
the relative LUC activity to approximately one third when inserted into the leader 
of PC (Fig. 5). Most interestingly, sucrose induced repression of LUC activity was 
still observed in the PC: uORF2 seedlings, indicating that this short bZIP11 element 
used is sufficient to impose sucrose repression ability on the leader of an unrelated 
mRNA.

Figure 4. Sucrose induced repression of translation is independent of HXK1   
Relative normalized LUC activity levels of Arabidopsis seedlings transiently transformed by the bZIP11 leader LUC 
construct. Ten day old seedlings were used for the transient expression experiments. Following transformation, 
seedlings were incubated for 24 hours in media containing either no sucrose (white bars) or six percent sucrose 
(dark bars) in constant light. Firefly luciferase activity levels were normalized using co-transformation of a 
constitutive Renilla luciferase construct. Error bars represent the standard deviation of the mean of the measured 
activity levels (at least three replicates). For clarity all values were adjusted, so the value of the plants transformed 
with the wt leader treated with media lacking sucrose corresponds to one. The experiment was independently 
replicated yielding similar results. 
A) Relative LUC activity levels of WT (var. Ler) and gin2 (hxk1) mutant seedlings (Moore et al., 2003). 
B) Relative LUC activity levels of WT (var No-0) and myb75 mutant seedlings (Teng et al., 2005). 
C) Relative LUC activity levels of WT (var Col-0) and pgm mutant seedlings (Periappuram et al., 2000). 
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D i s c u s s i o n

The transcription factor bZIP11 is translationally regulated by sucrose in Arabidopsis 
(Rook et al., 1998b; Wiese et al., 2004). Many processes are affected by sugar 
signaling in plants, as exemplified by the expression of up to a third of all genes 
in Arabidopsis that are affected by the diurnal changes in sugar levels (Bläsing et 
al., 2005). In this paper, the sucrose induced repression of translation mediated 
by the leader sequences of bZIP11 is investigated. The repression mechanism is 
responsive to sucrose, but the light and hormone signaling systems tested do not 
affect the mechanism. The best characterized sugar signaling pathway in plants, the 
hexokinase system, is also not involved in translational repression, indicating that 
SIRT represent a novel sugar signaling mechanism in plants.

Figure 5.  A uORF encoding 28 amino acids mediates SIRT
A) Schematic drawing of constructs used for transient expression experiment compared to the genomic bZIP11 
sequence (top). Rectangles represent open reading frames. Dark gray rectangle represents uORF2 of the bZIP11 
leader. Wild type (WT), PC and PC+uORF represents leader of bZIP11, leader of PC and fusion of PC leader to the 
3’ parts of bZIP11 uORF2, respectively. 
B) Normalized LUC activity levels of transient expression experiment using the intact bZIP11 leader (WT), PC leader 
(PC) or the fusion leader (PC+uORF). Ten day old seedlings (var. Col-0) were used for the transient expression 
experiments. Following transformation, seedlings were incubated for 24 hours in media containing either no 
sucrose (white bars) or six percent sucrose (dark bars). Firefly luciferase activity levels were normalized using co-
transformation of a constitutive Renilla luciferase construct. Error bars represent the standard deviation of the 
mean of the measured activity levels (at least three bombardment replicates). For clarity all values were adjusted, 
so the value of the plants transformed with the wt leader treated with no sucrose containing media corresponds 
to one. The experiment was independently replicated yielding similar results.

0

1

1,4

WT PC PC+uORF

Relative LUC Activity

0% Sucrose

6% Sucrose

bZIP11

bZip11

bZip11

bZip11fLUC

fLUC

fLUC

P 35S

P 35S

P 35S

WT

PC

PC + uORF

A

B

03+•Rahmani.indd   47 09-05-2007   16:09:41
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Tr a n s i e n t  e x p r e s s i o n  s t u d i e s  r e v e a l  t h e  S I R T

The transcription factor bZIP11 was previously shown to be translationally repressed 
by sucrose (Rook et al., 1998b; Wiese et al., 2004). Repression was demonstrated using 
stably transformed Arabidopsis plants expressing the GUS reporter gene (chapter 2). 
This analysis is hampered by the stability of the GUS reporter protein (Miyamoto et 
al., 2000). Moreover, the continuous sucrose treatments used also have tremendous 
effects on growth and development, which might affect the results of the analysis. 
Therefore, a transient system was used in which the effects of translational control 
could be studied within hours. Three hours of sucrose treatment was sufficient 
to detect translational repression with this system. Assaying shorter time periods 
was not possible due to the low levels of LUC. This shows that the translational 
repression is rapid and acts within the time frame of the transcriptional activation of 
the bZIP11 gene in response to sugars or light (our unpublished results). 

S I R T  i s  i n d e p e n d e n t  o f  h o r m o n e  a n d  l i g h t  s i g n a l i n g

Sugar signaling was shown to be tightly interconnected with both light and hormone 
signaling pathways (Smeekens, 2000; Rolland and Sheen, 2005; Rolland et al., 
2006). For example, the light effect on expression of the NR gene is replicated by 
sugar treatments (Cheng et al., 1992; Ciereszko et al., 2001). The ethylene signaling 
mutant ctr1 (Gibson et al., 2001; Arroyo et al., 2003) also shows a sugar insensitive 
phenotype and the ethylene controlled EIN3 transcription factor is degraded in 
response to glucose signaling (Yanagisawa et al., 2003). Glucose signaling is tightly 
connected to abscisic acid (ABA) signaling as several glucose insensitive mutants 
were shown to be allelic to ABA biosynthetic or signaling mutants (Rook et al., 
2001). The inhibitory effect of glucose was suggested to be dependent on increased 
levels of ABA compared to untreated seedlings (Arenas-Huertero et al., 2000). 
Rook et al (2001) proposed a model in which ABA modulates tissue responses 
to a separate sugar signal. SIRT does not depend on ABA or ethylene signaling 
as the response is identical to wt in plants in which these signaling pathways have 
been mutated. Cytokinin and auxin signaling have been suggested to mediate sugar 
responses (Ohkama et al., 2002; Ohto et al., 2006). SIRT is acting independently of 
these signaling pathways as determined by mutant analysis and hormone addition 
experiments.

S I R T  a c t s  i n d e p e n d e n t l y  o f  h e x o k i n a s e  s i g n a l i n g  

Hexokinase is the only sugar receptor characterized in plants, so far, and was 
shown to be involved in several responses to sugars (Rolland et al., 2006). However, 
the translational repression of bZIP11 is independent of the HXK1 pathway as 
determined by the analysis of SIRT in gin2 (hxk1 null mutant). Sucrose efficiently 
triggers repression in gin2 and HXK seems specific for glucose. However, sucrose 
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is readily hydrolyzed in plants and sucrose treatment may trigger HXK indirectly. 
SIRT is similarly independent of the sucrose specific MYB75 gene by analysis of 
myb75 mutant seedlings. In seedlings carrying a mutation in the PGM gene SIRT 
might be activated in the absence of sucrose to some extent. Possibly, this is due to 
the high internal sucrose levels in pgm seedlings because of impaired starch synthesis 
(Periappuram et al., 2000; Bläsing et al., 2005). 

T h e  2 8  a m i n o  a c i d s  l o n g  C - t e r m i n a l  f r a g m e n t  o f  t h e  s u c r o s e  
c o n t r o l  p e p t i d e  r e p r e s s e s  t r a n s l a t i o n

Sucrose induced repression of translation is dependent on the second upstream 
open reading frame (uORF2) in the bZIP11 leader (Wiese et al., 2004). This uORF 
harbors two methionine codons of which only one is needed for repression (Wiese 
et al., 2004). The short 28 amino acid long C-terminal peptide, encoded by uORF2, 
initiates from the second start codon and is sufficient for translational repression as 
determined by transient expression experiments. The PC: uORF construct shows 
reduced translation in the absence of sucrose (Fig. 5B). Eukaryotic ribosomes 
generally do not reinitiate translation after termination and the uORF2 was shown 
to be translated in vitro (Wiese et al., 2004) and also in vivo (Chapter 4). The low 
expression of the PC: uORF fusion leader compared to the complete bZIP11 leader 
is likely due to increased translation of the uORF in the PC leader context. In the 
PC-uORF2 leader the sequence surrounding the AUG codon is changed, which 
likely results in a more efficient initiation of translation compared to the wt uORF2 
situation (Joshi et al., 1997). Possibly, these ribosomes do not reinitiate translation 
after a uORF2 termination, leading to fewer ribosomes that reach the LUC coding 
region and consequently less LUC activity can be detected.

Most interestingly, sucrose treatments of PC-uORF2 seedlings repress 
translation similar to the wt bZIP11 leader. This shows that all necessary elements 
for SIRT are present in the 3’ part of the uORF2 of the bZIP11 leader. This 3’ 
region is the most conserved part of the bZIP11 leader. The sequence element 
is conserved in approximately sixty different plant species and is only present in 
homologous bZip genes. This sucrose control peptide constitutes a regulatory 
mechanism specific to plants.

M a t e r i a l  a n d  m e t h o d s

P l a n t  g r o w t h  c o n d i t i o n s

Ten day old seedlings were used for transient expression assays. The plant material 
were grown on media containing ½ strength MS medium, pH 5.7 (Duchefa, 
Haarlem, the Netherlands), supplemented with 0.2% sucrose, 1mg/ml MES (Sigma-
Aldrich, Spruce St, St. Louis, USA) and solidified with 14 g/l plant agar (Duchefa). 
The seedlings were grown in growth chambers (Snijders, Scientific, Tilburg, The 
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Netherlands) in 22°C and 40% relative humidity under constant florescent light 
(100 µmolm-2s-1). 

b Z I P 1 1  l e a d e r  c o n s t r u c t s  u s e d  f o r  t r a n s i e n t  e x p r e s s i o n  
e x p e r i m e n t s

A Gateway™ compatible destination vector, p35S-ccdB-LUC, containing the 35S 
promoter and the firefly luciferase were constructed using the XbaI/SacI restriction 
fragment of pGWB35 (provided by Dr. T. Nakagawa of Shimane University, Matsue, 
Japan). This vector contains the firefly luciferase gene with Gateway™ sites for 
translational fusion ligated to the 35S vector (pUC19 based). The bZIP11 leader 
was transferred to the pDONR-Zeo vector using BP reaction followed by LR 
transfer to the p35S-ccdB-LUC destination vector, according to instructions of the 
manufacturer (Invitrogen, Carlsbad, California). The bZIP11 leader was amplified 
by the bZIP11 5’UTR FWD and bZIP11 5’UTR REV primers (Table 1). 

In order to fuse the 3’ part of the uORF2 to the PC leader, this region was 
amplified using uORF2FWDBamHI and uORF2REV primers (Table 1). The 
PCR fragment was sub-cloned into pGEMT-easy vector (Promega, Madison, WI, 
USA). The PC leader was amplified using the PC-leader FWD and PC-leader 
REV BamHI primers. The amplified fragment was sub-cloned into the pGEMT-
easy vector (Promega). The uORF2 plasmid was restricted by BamHI /NcoI and the 
resulting fragment was ligated into BamHI /NcoI sites of the PC leader vector. The 
resulting insert was transferred to the p35S-ccdB-LUC vector using Gateway™ 
technology. The PC leader for the control plasmid was amplified using the PC-
leader FWD and PC gateway REV primers and transferred to the p35S-ccdB-
LUC vector using Gateway™ technology. The integrity of the final vectors was 
confirmed by sequencing.

Table 1. Primers used to construct wt and mutant of the bZIP11 leader used for transient 
expression experiments.

Primer name Used for Primer sequence

bZIP11 5’UTR FWD WT leader 5’-cgaattcggggacaagtttgatcaaaaaagcaggctgccccctcttctctccttctccct-3’

bZIP11 5’UTR REV WT leader 5’-gctctagaggggaccactttgtacaagaaagctgggtccgattccatttagtaacacacaaac-3’ 

uORF2FWDBamHI uORF transplant 5’-cgggatcccatgttaaattccacaatcaggcgc-3’

uORF2REV uORF transplant 5’-ggggaccactttgtacaagaaagctgggttcatgagacatagtaaagccagtaaa -3’

PC-leaderFWD uORF transplant 5’-ggggacaagtttgtacaaaaaagcaggctccacataaaaactcataaactcg-3’

PC-leaderREVBamHI uORF transplant 5’-cgggatcccgatgaagattcttttagagtagtga-3’

PC-leader FWD PC leader control 5’-ggggacaagtttgtacaaaaaagcaggctccacataaaaactcataaactcg-3’

PC gateway REV PC leader control 5’-gggaccactttgtacaagaaagctgggtgatgaagattcttttagagtagtga-3’
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Tr a n s i e n t  t r a n s f o r m a t i o n  o f  A r a b i d o p s i s  s e e d l i n g s

Gold particles (1 μm diameter) (BioRad, Hercules, USA) were coated with plasmid 
DNA according to published procedures (Giovanna et al., 1998). DNA for coating 
was premixed in a concentration equivalent of 1.2 μg firefly LUC (fLUC) vector 
and 0.4 μg renilla LUC (rLUC) vector per transient expression experiment. The 
rLUC vector includes the rLUC gene driven by the constitutive 35S promoter. 
Seedlings were transformed using the Biolistic Particle Delivery System, Model 
PDS-1000He (BioRad) according to the instructions of the manufacturer using a 
vacuum adjusted to 28 Pa and 900Psi rupture discs. Prior to particle bombardment 
seedlings were transplanted to fresh plates. Following particle bombardment, half 
of the transformed seedlings were transferred into 250 ml flasks containing 50 ml 
liquid ½ strength MS media supplemented with 6% sucrose and the other half 
were transferred to flasks containing media without sucrose. The seedlings were 
incubated in growth chambers with rotary shaking (45 rpm) under constant light 
for 24 hours and harvested and frozen in liquid nitrogen. All experiments were 
replicated independently.

L u c i f e r a s e  a s s a y  

The activities of firefly luciferase (fLUC) and renilla luciferase (rLUC) were measured 
by the Dual-Luciferase Reporter assay System kit according to the manufactures 
instructions (Promega, Madison, USA). Approximately 25 mg grinded Arabidopsis 
tissue was lysed using 100 µl passive lysis buffer and incubated for 15 minutes at 
room temperature, followed by 2 minutes centrifugation (16 000 rcf). 20 μL of the 
supernatant was transferred into new 2 mL tube and processed according to the 
Dual-Luciferase Reporter Assay System kit manual (Promega). Luc activity was 
measured using the TD-20/20 Glomax luminometer (Promega). The fLUC activity 
levels were normalized by the rLUC activity levels, to compensate for different 
transformation efficiency between independent transformations. All experimental 
series included the wt bZIP11 5’ leader for control purposes. The normalized fLUC 
activity levels were adjusted to the value of the plants transformed with the wt leader 
in the absence of sucrose. All activity levels were measured using three replicates, 
averaged and standard deviation from the mean were computed. All experiments 
were replicated independently.
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A b s t r a c t

The bZIP11 transcription factor is translationally repressed by sucrose signaling 
in Arabidopsis. The repression depends on the leader of the bZIP11 mRNA. This 
leader harbors four upstream open reading frames (uORFs), of which the second 
is important for translational repression. Here a detailed mutagenesis analysis 
of the leader of bZIP11 is presented. A transient expression system was used to 
investigate the repression characteristics of mutated leader sequences in wt and 
mutant Arabidopsis seedlings. Based on this analysis a model is proposed on the 
mechanism of action of the sucrose control peptide (SC-peptide). The model 
proposes a sucrose dependent stalling of ribosomes during translation of the SC-
peptide. Stalled ribosomes efficiently block translation of the bZIP11 protein as 
translation of bZIP11 is dependent on ribosomes that have passed the SC-peptide 
coding sequence.

I n t ro d u c t i o n

Sugars are important for biosynthesis of essential metabolites and as substrates for 
respiration. Moreover, sugars are potent signaling molecules in plants. Of the neutral 
sugars in plants sucrose is the major transported form. Sucrose is transported from 
photosynthetic tissues (source tissues) to heterotrophic organs (sink tissues). Sucrose 
triggers signaling pathways in all plant tissues and thereby alters gene expression. 
Changed sucrose levels within the plant affect photosynthesis, metabolism and 
developmental processes. High sucrose levels inhibit photosynthesis (Koch, 1996) 
and increase storage through induction of starch synthesis (Hendriks et al., 2003). 
During starvation, low levels of sucrose result in increased photosynthesis and starch 
mobilization. In addition to primary metabolism, also secondary metabolism is 
affected by sucrose levels. High levels of sucrose increase production of anthocyanin 
(Teng et al., 2005; Solfanelli et al., 2006). Developmental process like flowering 
and root development are affected by changes in sucrose levels. Excess sucrose 
delays flowering (Ohto et al., 2001), promotes hypocotyl elongation and induces 
adventitious and lateral roots (Takahashi et al., 2003). 

How plants perceive sucrose is unknown. However, sucrose sensing via sucrose 
transporters has been suggested (Chiou and Bush, 1998). Several genes seem 
specifically affected by sucrose, including NR1, encoding nitrate reductase (Cheng 
et al., 2002), patatin (Wenzler et al., 1989; Jefferson et al., 1990), the phloem cell 
specific rolC gene (Yokoyama et al., 1994), a UDP-glucose pyrophosphorylase gene 
(Ciereszko et al., 2001) and MYB75 (Teng et al., 2005). These genes are all activated 
by increased sucrose levels. Among the genes repressed by sucrose treatment are 
plastocyanine, PC (Dijkwel et al., 1997) and ASN1 (Lam et al., 1998). Some of the 
transcription factors that are responsible for changed expression status in response 
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to sucrose have been characterized. The MYB75 transcription factor activates genes 
involved in anthocyanin biosynthesis in response to increased sucrose levels (Teng 
et al., 2005). ABI4 binds to the promoter of the sugar-responsive ADH1 gene in 
maize (Niu et al., 2002) and to the promoters of several RBCS genes (Acevedo-
Hernandez et al., 2005). The transcriptional activator bZIP11 (Rook et al., 1998b) 
controls the expression of sucrose repressed genes such as ASN1 (Hanson et al. 
manuscript in preparation). The bZIP11 protein itself is translationally repressed by 
sucrose signaling (Rook et al., 1998b; Wiese et al., 2004). Thus genes controlled by 
bZIP11 are only activated when sucrose levels are low. The translational repression 
of bZIP11 depends on the leader of the mRNA (Rook et al., 1998b). The leader 
contains four upstream open reading frames (uORFs) of which one was shown to 
be essential for repression (Wiese et al., 2004). Four other bZip genes in Arabidopsis 
share this sucrose repression element, bZIP1, bZIP2, bZIP44 and bZIP53 and the 
element is found in bZip genes from almost 60 other plant species. However, it is not 
identified in a non plant organism, suggesting that the element is plant specific.

Five to ten percent of eukaryotic mRNAs contain uORFs within their leaders, 
often referred to as 5’ untranslated regions (5’UTR) (Morris and Geballe, 2000). 
The presence of such uORFs in leaders generally inhibit the translation of the 
down stream major protein encoding ORF, as eukaryotic ribosomes generally do 
not reinitiate translation after termination (Luo and Sachs, 1996; Ruan et al., 1996; 
Morris and Geballe, 2000; Mize and Morris, 2001; Gopfert et al., 2003). uORFs can 
also inhibit translation by causing the translating ribosome to stall, thereby blocking 
the mRNA from further translation (Gaba et al., 2001; Mize and Morris, 2001; 
Meijer and Thomas, 2003).

In the present study, the function of the sucrose control peptide (SC-peptide) 
encoded by uORF2 of bZIP11 is investigated. A model is proposed on the 
mechanism of action of the SC-peptide. The model proposes a sucrose dependent 
stalling of ribosomes during translation of the SC-peptide. Such stalled ribosomes 
efficiently block translation of the bZIP11 protein. The model is supported by 
results from mutation analysis of the leader of bZIP11 mRNA. The translation of 
the SC-peptide in vivo is also documented by reporter gene analysis.

R e s u l t s

T h e  s e q u e n c e  d o w n s t r e a m  o f  u O R F 2  i s  d i s p e n s a b l e  f o r  s u c r o s e  
r e p r e s s i o n

The leader of the bZIP11 mRNA consists of 547 nucleotides. The sequence 
includes four upstream open reading frames followed by 169 nucleotides to the start 
codon of the major bZIP11 encoding ORF (Fig. 1A). Sucrose induced repression 
of translation (SIRT) of bZIP11 is dependent on the AUG start codons of uORF2 
(Wiese et al., 2004). To determine if other regions of the bZIP11 leader are important 
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for repression a series of deletions of the bZIP11 leader were tested for repression 
activity in a transient expression system in which translation can be monitored by 
luciferase activity measurements. The bZIP11 leaders were transiently expressed in 
Arabidopsis seedlings driven by the strong constitutive 35S promoter and fused to 
the reporter gene Luciferase from firefly (fLUC)(Fig. 1B). A construct constitutively 
expressing the renilla luciferase gene was co-transformed with the bZIP11: LUC 
constructs in a fixed molar ratio. Following transformation the transformed seedlings 
were divided into two groups and treated for 24 h with media containing either no 
sucrose or six percent sucrose and assayed for fLUC and rLUC activity. Resulting 
fLUC activity levels were normalized to the activity of the independent reporter 
protein renilla Luciferase (rLUC). The values were adjusted to the normalized 
LUC activity of the wt constructs for plants treated with media lacking sucrose 
to simplify comparison between experiments. Normalized luciferase levels of the 
different deletion constructs, as shown in Figure 1, demonstrated functional SIRT 
in all deletion constructs that did not affect the uORF2 (Fig. 1C). The relative 
reporter gene activity varied over the deletions but in all cases except one case was 
significant sucrose repression evident. In the deletion affecting the uORF2 (∆313) 
sucrose dependent repression was absent (Fig. 1C). This deletion extends into the 3’ 
end of the uORF2 sequence and affects biosynthesis of the SC-peptide.

u O R F 3  a n d  u O R F 4  a r e  d i s p e n s a b l e  f o r  s u c r o s e  i n d u c e d  r e p r e s s i o n  
o f  t r a n s l a t i o n

The short version of uORF2 initiating at the internal AUG is sufficient to repress 
translation as an independent unit (Chapter 3, this thesis). This sequence encodes 
a 28 amino acid long SC-peptide and also harbors two start codons, initiating 

Figure 1. Sucrose induced repression of translation is uORF2 dependent 
A) Nucleotide sequence of the bZIP11 leader. The bZIP11 leader contains 4 uORFs and the translated peptide 
sequences are shown below the nucleotide sequence in capital letters. The start codons (ATG) of the respectively 
uORFs are indicated in capital letters. uORF2 is encoding a 42 amino acid long peptide (boxed) and the minimal 
peptide sufficient for sucrose induced repression is indicated in italics. The stop codon of uORF2 (TGA) is 
overlapping with the start codon of uORF4 (ATG). The final ATG at position 548 represents start codon of the 
bZIP11 protein. The vertical lines illustrate the position of deletions in the leader. The deletion constructs harbor 
the leader from start of transcription to the respective vertical line. Names of the deletion constructs are indicated 
above the arrows. In constructs used for transient expression studies the bZIP11 coding sequence is replaced by 
the LUC coding sequence.
B) Schematic illustration of constructs used for transient expression experiment. The genomic bZIP11 sequence 
is shown for comparison (top). Rectangles represent open reading frames (ORFs). The dark gray rectangle 
represents uORF2 of the bZIP11 leader. Only one deletion (∆392) is depicted as an example and compared with 
the wt construct. 
C) Relative normalized LUC activity levels for the transient expression of the intact bZIP11 leader (WT) or leaders 
in which different parts of the leader were deleted as indicated in A. Ten day old seedlings (var. Col-0) were 
used for transient expression experiment. Following transformation, seedlings were incubated for 24 hours in 
media containing either no sucrose (white bars) or six percent sucrose (dark bars). Firefly luciferase activity levels 
were normalized using co-transformation of a constitutive Renilla luciferase construct. Error bars represent the 
standard deviation of the mean of the measured activity levels (at least three bombardment replicates). For 
clarity all values were adjusted so the value of the plants transformed with the wt leader treated with media 
lacking sucrose corresponds to one. The experiment was independently replicated yielding similar results.
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uORF3 and uORF4, respectively (Fig. 1A). The structure with overlapping open 
reading frames in the 3’ end of the SC-peptide is conserved among other sucrose 
controlled bZip genes in plants. To test if these start codons are important for 
sucrose dependent repression the codons were mutated to other codons (Fig. 2). 
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The changes introduced did not affect the sequence of the overlapping uORF2 
peptide. The modified leaders were tested for sucrose repression of translation using 
transient expression. These modified leaders were repressing translation in a sucrose 
dependent manner similar to the wt leader (Fig. 2B). The two mutations were also 
combined in one leader and tested for SIRT. This double mutant construct showed 
the same repression levels as the single mutants (data not shown). This shows that 
the uORF3 and -4 in the bZIP11 leader are not required for sucrose repression. 

C o n s e r v e d  a m i n o  a c i d s  o f  t h e  S C - p e p t i d e  a r e  e s s e n t i a l  f o r  s u c r o s e  
i n d u c t i o n  o f  t r a n s l a t i o n a l  r e p r e s s i o n

The amino acid sequence of the peptide encoded by uORF2 is highly conserved, 
especially in the carboxy terminal part of the peptide. This might be a consequence 
of the conserved nucleotide sequence of the mRNA or reflect an evolutionary 

Figure 2. uORF3 and uORF4 are not required for sucrose induced repression of translation
A) Schematic illustration of constructs used for transient expression experiment. The genomic bZIP11 sequence 
is shown for comparison (top). Rectangles represent open reading frames (ORFs). The dark gray rectangle 
represents uORF2 of the bZIP11 leader; light gray rectangles represent the other uORFs. Wild type (WT), leader 
in which start codon of uORF3 is removed (St 3) or leader in which start codon of uORF4 is removed (St 4) were 
used for transient expression experiments.B) Relative normalized LUC activity levels for the transient expression 
of the intact bZIP11 leader (WT) or leaders in which different start codons were modified as indicated in A). Ten 
day old seedlings (var. Col-0) were used for transient expression experiment. Following transformation, seedlings 
were incubated for 24 hours in media containing either no sucrose (white bars) or six percent sucrose (dark 
bars). Firefly luciferase activity levels were normalized using co-transformation of a constitutive Renilla luciferase 
construct. Error bars represent the standard deviation of the mean of the measured activity levels (at least three 
bombardment replicates). The values were adjusted to the normalized LUC activity of the wt constructs for 
plants treated with media lacking sucrose to simplify comparison between experiments. The experiment was 
independently replicated yielding similar results.
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important selection pressure on the peptide sequence. To investigate this aspect 
an extra nucleotide was introduced at position 245 in the bZIP11 leader, which 
by frame shifting changed the sequence of the encoded peptide while keeping 
the nucleotide sequence of the conserved region intact (Fig. 3). The frame shift 
mutation (FS) totally abolished sucrose induced translational repression as shown 
by relative LUC activity levels upon transient expression of the modified leader. 
This indicates that SIRT is dependent on the sequence of the translated peptide 
encoded by uORF2 of the bZIP11 leader. Therefore, a series of mutations in the 
SC-peptide coding sequence of bZIP11 was introduced, all resulting in amino acid 
substitutions of conserved amino acids in the uORF2 encoded peptide (Fig. 4A). 

Figure 3. The peptide sequence is important for sucrose induced repression of translation 
A) Schematic illustration of constructs used for transient expression experiment. The genomic bZIP11 sequence is 
shown for comparison (top). Rectangles represent open reading frames (ORFs). The dark gray rectangle represents 
uORF2 of the bZIP11 leader; light gray rectangles represent the other uORFs. Wild type (WT) or the leader with 
a one nucleotide frame shift insertion (FS) were used for transient expression experiments.B) Effect of one 
nucleotide insertion at position 169 in the bZIP11 leader on deduced amino acid sequence of the uORF2 encoded 
peptide. C) Relative normalized LUC activity levels for the transient expression of the intact bZIP11 leader (WT) or 
the leader with one nucleotide insertion resulting in changes sequence of the uORF2 encoded peptide (FS). Ten 
day old seedlings (var. Col-0) were used for transient expression experiment. Following transformation, seedlings 
were incubated for 24 hours in media containing either no sucrose (white bars) or six percent sucrose (dark 
bars). Firefly luciferase activity levels were normalized using co-transformation of a constitutive Renilla luciferase 
construct. Error bars represent the standard deviation of the mean of the measured activity levels (at least three 
bombardment replicates). The values were adjusted to the normalized LUC activity of the wt constructs for 
plants treated with media lacking sucrose to simplify comparison between experiments. The experiment was 
independently replicated yielding similar results.
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The following amino acids were changed to alanine: serine29, serine31, leucine35, 
tyrosine39, serine42 and the arginine rich region (R20, R21 and R22). Leucine35 
and tyrosine39 were also changed to the structurally similar amino acids isoleucine 
and phenylalanine, respectively. The mutated leader sequences were tested for 
sucrose induced repression of LUC activity using the transient expression assay and 
compared to the activity of the wt leader. Mutating the arginine rich stretch or the 
serine42 amino acid did not affect sucrose repression as the resulting normalized 
expression values were not differing from that of the wt leader (Fig. 4B). However, 
mutations affecting either serine29 or -31, leucine35 or tyrosine39 resulted in loss 
of sucrose induced repression of LUC activity (Fig. 4B). The LUC activity levels of 
the control treated seedlings were not affected significantly in these experiments. 
Interestingly, the substitution of tyrosine39 to alanine (Y39A) abolished sucrose 

Figure 4. Single amino acid substitutions in the sucrose control peptide abolish sucrose induced 
repression of translation
A) Amino acid sequence of the carboxy-terminal part of the peptide encoded by uORF2 of the bZIP11 leader (WT) 
and mutated leaders used in transient expression experiments. The numbers represent the position relative to 
the first methionine of the uORF2 peptide. All amino acids were changed to alanine, except L35 and Y39 which 
were also changed to isoleucine (I) and phenylalanine (F), respectively. Changed amino acids are indicated in non 
capital letters. 
B) Relative normalized LUC activity levels as result of transient expression experiments using intact (WT) or 
mutated bZIP11 leaders, as indicated in A. Ten day old seedlings (var. Col-0) were used for transient expression 
experiment. Following transformation, seedlings were incubated for 24 hours in media containing either no 
sucrose (white bars) or six percent sucrose (dark bars). Firefly luciferase activity levels were normalized using co-
transformation of a constitutive Renilla luciferase construct. Error bars represent the standard deviation of the 
mean of the measured activity levels (at least three bombardment replicates). The values were adjusted to the 
normalized LUC activity of the wt constructs for plants treated with media lacking sucrose to simplify comparison 
between experiments. The experiment was independently replicated yielding similar results.
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repression, while replacing it to a structurally related amino acid phenylalanine 
(Y39F) resulted in a reproducible reduced repression (Fig. 4B). 

Figure 5.  The stop codon position of uORF2 is essential for SIRT 
A) Schematic illustration of constructs used for transient expression experiments. The genomic bZIP11 sequence 
is shown for comparison (top). Rectangles represent open reading frames (ORFs). The dark gray rectangle 
represents uORF2 of the bZIP11 leader; light gray rectangles represent the other uORFs. Wild type leader (WT), 
leaders in with the stop codon of uORF2 is moved by mutations (Early Stop and Late stop) or kept at the wt 
position while changing the amino acid sequence by two frame shift mutations (double frame shift) were used 
in transient expression experiments. 
B) Effect of stop codon position on amino acid composition and length of the peptide encoded by uORF2. Wild 
type (WT), early stop (ES) and late stop (LS) uORF2 mutations encode 42, 40 and 57 amino acids respectively. The 
double frame shift mutant encodes a peptide of wt length but with all amino acids substituted except the first 
16 and the last two residues. Note that the first 14 amino acids of the sucrose control peptide are not depicted 
for clarity. 
C) Relative normalized LUC activity levels for the transient expression of the intact bZIP11 leader (WT or leaders 
encoding peptides of different lengths or changed amino acid composition. Ten day old seedlings (var. Col-
0) were used for transient expression experiment. Following transformation, seedlings were incubated for 24 
hours in media containing either no sucrose (white bars) or six percent sucrose (dark bars). Firefly luciferase 
activity levels were normalized using co-transformation of a constitutive Renilla luciferase construct. Error bars 
represent the standard deviation of the mean of the measured activity levels (at least three replicates). The 
values were adjusted to the normalized LUC activity of the wt constructs for plants treated with media lacking 
sucrose to simplify comparison between experiments. The experiment was independently replicated yielding 
similar results.
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T h e  u O R F 2  s t o p  c o d o n  p o s i t i o n  i s  i m p o r t a n t  f o r  s u c r o s e  
r e p r e s s i o n  o f  t r a n s l a t i o n

Sequence conservation of the uORF2 encoded peptide includes the position of the 
stop codon. The importance of the stop codon for SIRT was tested by introducing 
two mutations in the bZIP11 leader. One mutation lengthened, late stop (LS) and 
the other shortened, early stop (ES), the uORF2 encoded peptide. A mutation in 
which two frame shift mutations were introduced giving rise to a peptide of identical 
length as the wt peptide but with an unrelated sequence (Double frame shift) was 
also tested. This peptide shares the N- and C-terminal ends of the molecule with 
the wt peptide (Fig. 5A). Mutated leaders were tested for sucrose repression using 
the transient expression assay and LUC activities were compared to the activity of 
the wt leader. The results showed that both the shorter peptide (ES) and the longer 
peptide (LS) gave high LUC activity levels in sucrose treated seedlings. Similarly, 
the double frame shift mutant had lost SIRT (Fig. 5B). Thus, both the amino acid 
sequence and stop codon position of the SC-peptide are important for SIRT.

M u t a t i o n s  i n  t h e  l e a d e r  d o  n o t  d e c r e a s e  m R N A  s t a b i l i t y

Previously reported mutations in the bZIP11 leader did not affect the mRNA 
levels in Arabidopsis (Rook et al., 1998b; Wiese et al., 2004). To test if this new set of 
mutations is affecting the relative abundance of the transcripts, real time quantitative 
PCR analysis of transiently transformed Arabidopsis seedlings was performed. 
Generally, mRNA levels are low and vary extensively between different transient 
expression experiments. However, mRNA levels in sucrose treated seedlings 
compared to control treated seedlings were equal or even enhanced (Fig. 6). The 
sucrose dependent repression of LUC activity observed in the transient system 
can therefore be attributed to a post transcriptional effect as has previously been 
shown in other experiments with stably transformed Arabidopsis plants (Rook et 
al., 1998b; Wiese et al., 2004). The lack of repression observed for some mutants 
could not be attributed to greatly increased mRNA levels compared to untreated 
samples.

T h e  s u c r o s e  c o n t r o l  p e p t i d e  i s  t r a n s l a t e d  i n  v i v o  

The uORF2 encoded peptide can be translated in vitro (Wiese et al., 2004). 
However, translation in vivo was not documented but is suggested by the result of 
our mutagenesis experiment (Wiese et al., 2004). To confirm the in vivo translation 
of the SC-peptide, the uORF2 was fused to the Green Fluorescent Protein (GFP). 
In this fusion, the stop codon of uORF2 (TAA) and the start codon of GFP 
were removed (Fig. 7A). The resulting construct was transiently transformed into 
Arabidopsis and subjected to fluorescence microscopy. The micrographs (Fig. 7B) 
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Figure 6. LUC mRNA levels in transiently transformed Arabidopsis seedlings
Relative LUC mRNA levels in Arabidopsis seedling transiently transformed with bZIP11 leader:LUC constructs 
The seedlings were transformed using the wt or the indicated mutated constructs. Ten day old seedlings (var. 
Col-0) were used for transient expression experiments. Following transformation, seedlings were incubated for 
24 hours in media either containing no sucrose (white bars) or six percent sucrose (dark bars). Expression levels 
were normalized using the ACTIN2 (At3g18780) gene. Sufficient material for cDNA synthesis was generated from 
three independent transient transformation experiments that were pooled and used for cDNA synthesis. The 
experiment was replicated once yielding similar results.
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Figure 7. uORF2 is translated in vivo
A) Schematic illustration of construct used for transient expression experiments. The genomic bZIP11 sequence 
is shown for comparison (top). Rectangles represent open reading frames (ORFs). The dark gray rectangle 
represents uORF2 of the bZIP11 leader; light gray rectangles represent the other uORFs. In the modified uORF2 
Green Florescence Protein (GFP) gene is fused in frame to the uORF2 carboxy- terminus. In this construct the stop 
codon of uORF2 and start codon of GFP were deleted to create the fusion protein. 
B) Fluorescence microscopy imaging of Arabidopsis seedlings transiently transformed with GFP tagged uORF2 
peptide. Seven day old seedlings (var. Col-0) were used for transient expression experiments. After transformation 
seedlings were incubated for 48 hours in media containing either no sucrose (middle) or six percent sucrose 
(right). The control (left) represents seedlings transformed with a construct lacking GFP. The experiment was 
independently replicated yielding similar results.
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show strong fluorescence of transiently expressing seedlings. No difference in 
expression levels were detected between the sucrose treated or untreated seedlings, 
suggesting that the SC-peptide is synthesized independent of sucrose levels.

T h e  b Z I P 1 1  p r o t e i n  i s  t r a n s l a t e d  b y  r i b o s o m e s  t h a t  s k i p p e d  t h e  
u O R F 2

The peptide encoded by uORF2 of the bZIP11 leader is an efficient repressor of 
translation in the presence of sucrose. However, bZIP11 is translated to relatively high 
levels when plants are grown without sucrose compared to the situation when the 
plants are grown on sucrose containing media. Translation initiation of the uORF2 
is most likely inefficient as the contexts of the AUG codons are relatively poor 
(Kozak, 2002). All of the start codons in the uORFs of the five sucrose controlled 
bZip genes differ from the ideal context of translational initiation. This contrasts to 

Figure 8. The bZIP11 main ORF is translated by scanning ribosomes that have skipped the uORF2
A) The AUG context of uORF2 in the leader of bZIP11 compared to the optimized context. 
B) The context of the main ORF of bZIP11 and its four close relatives. The two most important positions, -3 (A 
or G in optimal contexts) and +1 (G in optimal context) are indicated in capital letters (Joshi et al., 1997). The 
nucleotides that constitutes suboptimal context are indicated in small letters. 
C) Relative normalized LUC activity levels for the transient expression of the intact bZIP11 leader (WT) or a leader 
in which the initiation context of the uORF2b translation is improved by mutagenesis, as indicated in A. Ten 
day old seedlings (var. Ws-0 or stv1) were used for transient expression experiment. Following transformation, 
seedlings were incubated for 24 hours in media containing either no sucrose (white bars) or six percent sucrose 
(dark bars). Firefly luciferase activity levels were normalized using co-transformation of a constitutive Renilla 
luciferase construct. Error bars represent the standard deviation of the mean of the measured activity levels 
(at least three replicates). The values were adjusted to the normalized LUC activity of the wt constructs for 
plants treated with media lacking sucrose to simplify comparison between experiments. The experiment was 
independently replicated yielding similar results. 
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the near perfect contexts of the AUGs of the main ORFs of these genes (Fig. 8B). 
The context of internal AUG start codon of uORF2 was improved by mutagenesis 
to investigate whether bZIP11 is translated by ribosomes that have been translating 
uORF2 (reinitiation) or by ribosomes that have passed the AUG codons of the 
uORFs (leaky scanning). The second start codon was chosen for modification as 
the first part of the peptide has been shown to be dispensable for SIRT (wiese 
et al., 2004; this thesis). Ribosomes that initiate translation at the internal AUG 
codon have already skipped the first AUG. The second AUG is not conserved 
among SC-peptide homologues (chapter 2), therefore minimal secondary effects 
of the change is expected. The AUG context of the wt uORF2b, uuuAUGuu, was 
changed to the aaaAUGgc sequence (Fig. 8A) This sequence has been shown to 
yield maximum initiation frequency in higher eukaryotes (Joshi et al., 1997). The 
mutated leader was tested for sucrose repression using the transient expression assay 
and compared to the activity of the wt leader (Fig. 8C). In addition the stv1 mutant, 
which was previously shown to be deficient in translation reinitiation (Nishimura 
et al., 2005), was used as well to test if reinitiation was necessary for translation of 
the main ORF. The STV1 gene encodes RPL24A a ribosomal protein of the large 
subunit. The stv1 mutation is in the Ws-0 accession and therefore Ws-0 was used 
for this experiment. The results of transient expression assay show that improving 
the context of the uORF2b peptide negatively affects translation of the main 
ORF in the non sucrose treated wt seedlings. The improved context of the AUG 
most likely results in more frequent initiation of translation of uORF2. Thus, the 
reduced LUC activity in the improved AUG context mutant suggests that leaky 
scanning ribosomes are translating the major ORF. The relative LUC activities 
were not affected by the stv1 mutation (Fig. 8C). Results indicate that reinitiating 
ribosomes at most contribute to a limited extent to translation of the main ORF. 
The remaining LUC activity of wt plants transformed with the improved context 
leader is not due to reinitiation as approximately the same levels are detected in the 
stv1 mutant using the same transcript. The relative LUC activities of a construct 
lacking uORFs was not affected by sucrose in the stv1 mutant (Fig. 8B), confirming 
the equal translatability of mRNAs in the mutant treated with or without sucrose. 
The results using the improved context leader were also reproduced in the Col-0 
background (data not shown).

D i s c u s s i o n

The bZip transcription factor bZIP11 is translationally repressed by sucrose. Sucrose 
induced repression of translation (SIRT) is mediated by the leader of the mRNA 
(Rook et al., 1998b). In this manuscript the mechanism of sucrose repression is 
studied in detail. 
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S u c r o s e  i n d u c e d  r e p r e s s i o n  i s  m e d i a t e d  b y  a  2 8  a m i n o  a c i d  l o n g  
p e p t i d e

The bZIP11 leader contains four partly overlapping uORFs, followed by a 169 
nt long intercistronic region lacking open reading frames. Systematic shortening 
of the bZIP11 leader from the 3’ direction and testing for functionality in planta 
showed that the intercistronic region is dispensable for SIRT. The ∆330 construct 
shows SIRT, whereas the ∆313 construct lacks SIRT. In the ∆313 construct the 3’ 
part of the uORF2 is deleted. This is in agreement with previous studies where 
uORF2 has been shown to be important for SIRT (Chapter 3; Wiese et al., 2004). 
uORFs can regulate translation in lower and higher eukaryotes and were shown to 
be involved in the translational regulation of the main ORF (Johansen et al., 1984; 
Johnston and Rochon, 1996; Morris and Geballe, 2000; Dever, 2002).

The 313 to 330 region of the bZIP11 mRNA also includes the start codons 
of uORF3 and uORF4. The importance of uORF3 and uORF4 was tested by 
mutation analysis. These mutations did not affect SIRT and likely do not play a 
role in the repression mechanism. Removal of the uORF2 AUG codons (AUG2a 
and AUG2b) completely abolishes regulatory effects of sucrose on the translation 
of bZIP11 (Wiese et al., 2004). The first part of the peptide encoded by uORF2 
is dispensable for SIRT and the second part (uORF2b, initiating at the second 
methionine codon) is sufficient for SIRT (Chapter 3; Wiese et al., 2004). Transplanting 
this uORF2b to the leader of the unrelated PC gene (At1g20340) imposes SIRT 
on this mRNA (chapter 3). The minimal element mediating SIRT is thus defined 
as the part of uORF2 starting from the second methionine. This 84 nucleotides 
long uORF encodes a peptide of 28 amino acids. This element is highly conserved 
in plants both at the amino acid and the nucleotide level. The initiation codon of 
the uORF2 can be used in vivo as translational start site, as shown by GFP fusion 
experiments. A frame shift mutation in the nonessential 5’ part of uORF2, two 
codons downstream of the second methionine codon, abolished SIRT showing that 
the encoded peptide sequence is important. Most likely, the nucleotide sequence 
conservation is due to selection pressure on the peptide sequence. 

C o n s e r v e d  a m i n o  a c i d s  o f  t h e  s u c r o s e  c o n t r o l  p e p t i d e  a r e  
n e c e s s a r y  f o r  r e p r e s s i o n

The evolutionary conservation of the peptide sequence indicates functional 
constraints on the peptide. The argenine rich region (R20, R21, and R22) is partly 
encoded by rare codons. Such rare codons encoding specific amino acids can be 
important for translational repression (Meijer and Thomas, 2003). Mutational 
analysis showed the argenine rich region to be dispensable for SIRT. However, the 
highly conserved serine29, serine31, leucine 35 and tyrosine39 are essential for SIRT. 
Single amino acid substitutions can thus disrupt functionality of the SC-peptide, 
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which highlights the specificity of the repression system. Interestingly, the peptide 
in which tyrosine39 is changed to the structurally similar amino acid phenylalanine 
seems to confer some repression activity. Likely, the peptide is interacting with 
another bio-molecule in vivo to repress translation and an aromatic amino acid is 
necessary at position 39 of the peptide for functional interaction. The position of 
the stop codon of uORF2 is conserved in the SC-peptide. Mutations resulting in 
either shortening or lengthening of the peptide affect SIRT. Thus the localization of 
the stop codon position in relation to the SC-peptide is essential. Likely, the peptide 
must be positioned at a specific position in the exit tunnel of the ribosome at the 
termination of translation for efficient SIRT. Such positioning can be important 
for a mechanism based on stalling of the ribosome, as previously reported (Cao 
and Geballe, 1995; Lovett and Rogers, 1996; Mize and Morris, 2001; Hayes et al., 
2002; Sunohara et al., 2004). In mammalian and cytomegalovirus systems ribosome 
stalling is dependent on the position of the stop codon of the uORF in a manner 
resembling translational inhibition of bZIP11 (Cao and Geballe, 1995; Janzen et 
al., 2002). In the Neorospora crassa arg-2 gene, the nascent peptide encoded by the 
uORF mediates ribosome stalling even when the uORF is fused in frame to a 
downstream reporter gene, contrasting to the bZIP11 mechanism (Fang et al., 
2000). The importance of the stop codon position might also indicate that the 
factor interacting with the peptide recognizes the free carboxy-terminal end of 
the peptide. However, so far no uORF-encoded peptide has been shown to work 
in trans. Translation of uORF2 and physical interaction of the translated peptide 
with yet unknown molecules is likely required for sucrose induced repression 
of translation of bZIP11. If the interaction mediates stalling of the ribosome the 
interacting molecules must be part of or associated with the translating ribosomes.

Tr a n s l a t i o n  o f  t h e  b Z I P 1 1  m a i n  o p e n  r e a d i n g  f r a m e

None of the point mutations in the leader of the bZIP11 mRNA presented in this 
manuscript results in reduced translation of the major ORF, with the exception of 
the optimized context of AUG2b mutation. This supports the model suggested by 
(Rook et al., 1998b) that the leader represses translation of the main ORF in the 
presence of high sucrose levels but does not reveal how the main ORF is translated. 
Several models of how a downstream ORF can be translated have been documented 
(Kozak, 2002). Translation of bZIP11 does not depend on internal ribosomal entry 
site at a position downstream the uORFs in the RNA as these sequences can be 
deleted without affecting translation of the main ORF. Translational fusion between 
uORF2 and GFP showed that the uORF2 start codon is recognized in vivo and 
that sucrose treatment seems not to affect GFP expression. Therefore, it is unlikely 
that translational repression is dependent on changes in frequency of translation of 
the uORF2, which then might affects translation of the main ORF. Transplanting 
the uORF2 to the unrelated PC leader also excludes the possibility of secondary 
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structures in the mRNA which, might lead to ribosome shunting as documented for 
several virus RNAs (Xi et al., 2005; Babinger et al., 2006; Pooggin et al., 2006). 

The bZIP11 ORF may also be translated by ribosomes that have passed the 
non optimal uORF start codons while scanning without initiating translation 
and later do initiate translation further downstream at the near optimal AUG of 
the main bZIP11 ORF in a process named leaky scanning. The possibility that 
a ribosome misses the AUG and continues scanning increases by non canonical 
sequences surrounding the AUG. All of the known bZIP11 homologues have non 
canonical sequences surrounding the uORF AUGs and near optimal sequences 
surrounding the start codons of the main ORFs (Fig. 8A). This indicates that leaky 
scanning ribosomes contribute to the translation of the main ORF. The optimal 
context AUG2b mutation strongly represses translation of the main ORF and 
this observation suggests that ribosomes failing to initiate translation of uORF2 
contribute to translation of the main ORF. The fact that the translation of the main 
ORF is affected by changed context of the second AUG is by itself indicating that 
a majority of the ribosomes fail to initiate translation at the first AUG codon of 
uORF2. Also an independent change of the context of AUG2b to a better but not 
perfect context, as in the uORF2b transplant to another leader, repress translation 
of the main ORF (Chapter 3).

 Ribosomes are able to reinitiate translation after translating short uORFs 
(Kozak, 2002). As increased uORF2 translation results in reduced translation of 
the main ORF, reinitiating ribosomes are most likely not translating the main 
ORF of bZIP11. The translation of the main ORF was also not affected by the 
stv1 mutation, indicating that reinitiation is not required (Nishimura et al., 2005). 
The remaining activity of the optimized context construct may reflect reinitiating 
ribosomes but as the relative LUC activity levels are similar in the stv1 mutant 
we conclude this to be dependent on ribosomes that have not translated uORF2. 
Together, these observations imply that bZIP11 is translated through leaky scanning 
ribosomes. However, our findings do not exclude a reinitiation mechanism for a 
small fraction of the ribosomes. Several genes have been shown to be translated by 
both leaky scanning and reinitiating ribosomes (Arst and Sheerins, 1996; Ryabova 
et al., 2006; Zhou and Song, 2006). Noticeable is also that SIRT is not dependent 
on reinitiation as shown by the effect of sucrose in the stv1 mutation. This is in 
agreement with a model in which sucrose causes a translational block by stalling the 
ribosomes while translating uORF2.

S u c r o s e  i n d u c e d  t r a n s l a t i o n a l  r e p r e s s i o n  d e p e n d s  o n  s t a l l e d  
r i b o s o m e s  

We propose a model of translational repression involving stalled ribosomes. Stalled 
ribosomes efficiently block translation mediated by both ribosome reinitiation and 
leaky scanning ribosomes. The ribosome likely is stalled after the tysosine39 codon 
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due to the importance of this amino acid for translational repression. The stop 
codon position is essential for SIRT, possibly due to stalling during termination of 
translation. Most likely, the peptide is produced but not released from the ribosome 
and fully located in the exit tunnel of the large subunit of the stalled ribosome. 
The exit tunnel covers about 40 amino acids of the nascent amino acid chain 
(Matlack and Walter, 1995). The important amino acids in the SC-peptide will 
thus be positioned at a defined position in the tunnel which enables interaction 
with molecules of the ribosomal apparatus and additional translational machinery 
components (Fig. 9). Shortening or increasing the length of the SC-peptide by 
moving the stop codon as done by mutations will position the peptide away from 
the important molecules and thereby abolish stalling. In yeast, the exit tunnel is 
made mainly of RNA and ribosomal proteins L19, L25, L26 and L35 (Beckmann 
et al., 2001). One of the essential factors for termination of translation is eRF1 
which confers stop codon recognition in the termination process. Interaction 
between eRF1 and peptidyl-tRNA leading to inhibition of translation termination 
is documented (Janzen et al., 2002). These authors showed that interaction between 
the carboxy-terminal amino acids of the peptide encoded by a uORF and the 
eRF1 protein can lead to ribosomal stalling and translational repression (Janzen et 
al., 2002). This situation resembles the bZIP11 uORF2 mediated regulation but 
does not explain the sucrose dependence of the translational repression. 

The data presented in this manuscript suggest that the peptide encoded 
by uORF2 interacts specifically with a sucrose modified component of the 

Figure 9. Model for sucrose induced translational repression through ribosome stalling
In the presence of sucrose the ribosomes translating uORF2 are stalled at the stop codon of uORF2. Likely, the 
ribosome stalls due to the interaction between conserved amino acids of the peptide and components of the 
translational machinery. The ribosomes upstream of the stalled ribosome are halted and the translation of the 
main ORF is inhibited. The beads on a string represent the sucrose control peptide in the ribosomal exit tunnel. 
The dark beads represent the conserved amino acids serine29, serine31, leucine35 and tyrosine39. Possible factors 
that physically interact with the nascent sucrose control peptide and, thereby mediate stalling are indicated. The 
factors are identified based on sequence similarity to the yeast homologues (Beckman et al., 2001). In the absence 
of sucrose, ribosomal stalling does not occur and the ribosomes that translate uORF2 dissociate from the mRNA. 
Scanning ribosomes that failed to initiate translation at any of the uORF initiation codons can initiate translation 
of the main bZIP11-encoding ORF further downstream.

����

���
����

����

bZIP11 mRNA

���

���

04+•Rahmani.indd   69 23-05-2007   12:24:11



7 0  •  S IRT  i s  mediated  by  uORF2  pept ide

translational apparatus. This could be a release factor (eRF1), a ribosomal protein, 
RNA molecule or an accessory protein. These molecules are encoded by several 
genes in Arabidopsis and are subjected to regulated expression. For example, the 
five genes encoding eRF1s in Arabidopsis are extensively transcriptionaly regulated 
(http:/genevestigator.ethz.ch). The translational machinery is a dynamic system. 
For example, phytohormones applications have been shown to result in specific 
phosphorylation of ribosomal proteins without affecting global translation (Turck 
et al., 2004). Moreover, phosphorylation of the P protein located on the tip of the 
lateral stalk on the 60S ribosomal subunit is developmentally and environmentally 
regulated in maize (Szick-Miranda and Bailey-Serres, 2001). Possibly, sucrose 
treatment affects the translational machinery in a way that results in changed 
translation of particular proteins, such as bZIP11. In case of bZIP11, translational 
control is affecting the expression of downstream genes on the transcriptional level. 
The bZIP11 protein is a transcription factor that regulates the transcription of many 
sucrose regulated genes, such as those encoding enzymes involved in amino acid 
metabolism, e.g. Asparagine Synthetase 1 (our unpublished observations). Possibly, 
sucrose signaling causes differential activity of the translational apparatus, which 
results in differential translation of key regulators such as bZIP11.

M a t e r i a l  a n d  m e t h o d s

P l a n t  g r o w t h  c o n d i t i o n s

Ten day old seedlings were used for transient expression assays. The plant material 
(var. Col-0) were grown on media containing ½ strength MS medium, pH 5.7 
(Duchefa, Haarlem, the Netherlands), supplemented with 0.2% sucrose, 1mg/ml 
MES (Sigma-Aldrich, Spruce St, St. Louis, USA) and 14g/l plant agar (Duchefa). 
The seedlings were grown in growth chambers (Snijders, Scientific, Tilburg, the 
Netherlands) at 22°C and 40% relative humidity under constant florescent light 
(100 µmolm-2s-1). 

b Z I P 1 1  l e a d e r  c o n s t r u c t s  u s e d  f o r  t r a n s i e n t  e x p r e s s i o n  
e x p e r i m e n t s

A Gateway™ compatible destination vector, p35S-ccdB-LUC, containing the 35S 
promoter driven firefly luciferace were constructed using the XbaI/SacI restriction 
fragment of pGWB35 (provided by Dr. T. Nakagawa of Shimane University, Matsue, 
Japan) containing the firefly luciferase gene with Gateway™ sites for translation 
fusion ligated to the 35S vector (pUC19 based). The wild type or altered bZIP11 
leaders were transferred to pDONR-Zeo vector using BP reaction followed by 
LR transfer to the p35S-ccdB-LUC destination vector, according to instructions 
of the manufacturer (Invitrogen, Carlsbad, California). The wt bZIP11 leader 
was amplified by the bZIP11 5’UTR FWD and bZIP11 5’UTR REV primers 
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(Table 1). The deletion constructs were amplified by using primer bZIP115’UTR 
FWD and bZIP11∆313, ∆330, ∆342, ∆392, ∆423, ∆455, ∆493 (Table 1). Gateway 
sites (attB1 or attB2) were added as 5’ extensions of the primers (Invitrogen). 
For mutated versions of the bZIP11 leader the whole leader fragment including 
gateway sites were translocated to the pALTER vector (Promega, Madison, WI, 
USA) using traditional methods (Sambrook et al., 1989). The resulting clone was 
used as a mutagenesis template using Altered sites II in vitro mutagenesis system kit 
(Promega) according the instructions of the manufacturer and indicated primers 
listed (Table 1). Mutated leaders were moved using the Gateway™ technology to 
p35S-ccdB-LUC. For the cloning of the fusion of GFP to uORF2, the leader was 
amplified using the FWDuORF2-1 and REVuORF2-1 primers (Table 1). The 

Table 1.  Primers used to construct wt and mutated of the bZIP11 leaders used for transient 
expression experiments.

Primer name Used for Primer sequence

bZIP11 5’UTR FWD WT leader 5’-cgaattcggggacaagtttgatcaaaaaagcaggctgccccctcttctctccttctctcct-3’

bZIP11 5’UTR REV WT leader 5’-gctctagaggggaccactttgtacaagaaagctgggtccgattccatttagtaacacacaaac-3’

bZIP11∆313 Deletion 5’-cgggatcccggggaccactttgtacaagaaagctgggttaaagccagtaaaggaagacaacagaga-3’

bZIP11∆330 Deletion 5’- cgggatcccggggaccactttgtacaagaaagctgggtaatagtaaagccagtaaaggaagacaacag-

bZIP11∆343 Deletion 5’-cgggatcccggggaccactttgtacaagaaagctgggtgagatcatgagacatagtaaagccagta-3’

bZIP11∆392 Deletion 5’-cgggatcccggggaccactttgtacaagaaagctgggttggagataagttcagagatcatgagaca-3’

bZIP11∆423 Deletion 5’-cgggatcccggggaccactttgtacaagaaagctgggttgaaaagaaactagggttttgttgta-3’

bZIP11∆455 Deletion 5’-cgggatcccggggaccactttgtacaagaaagctgggtacccagatgacgaaaaacgaagaagag-3’

bZIP11∆493 Deletion 5’-cgggatcccggggaccactttgtacaagaaagctgggtaacagaacagaacaagacacaacagaac-3’

S29A Mutagenesis 5’-acccatcttgttcaagcattctctgttgtcttc-3’ 

S31A Mutagenesis 5’-cttgttcaatctttcgcagttgtcttcctttac-3’

S42A Mutagenesis 5’-tggctttactatgtcgcatgatctctgaactta-3’

L35A Mutagenesis 5’-ttctctgttgtcttcgcatactggctttactat-3’

Y39A Mutagenesis 5’-ttcctttactggcttgcatatgtctcatgatct-3’

R21R22R23 AAA Mutagenesis 5’-ctctgggtttatgttaaattccacaatcgcagctgcaacccatcttgttcaatctttctctgttg-3’

FS Mutagenesis 5’-gggtttatgttacaattccacaatc-3’

St3 Mutagenesis 5’-tttactggctttactacgtctcatgatctctga-3’

St4 Mutagenesis 5’-gctttactatgtctcttgatctctgaactta-3’

St3&4 Mutagenesis 5’-ttgtcttcctttactggctttactacgtctcttgatctctgaacttatctccagttt-3’

Double frame 
shift 1

Mutagenesis 5’-gggtttatgttacaattccacaatc-3’

Double frame 
shift 2

Mutagenesis 5’-tactggctttac.atgtctcatga-3’

Y39F Mutagenesis 5’-ttcctttactggcttttttatgtctcatgatct-3’

L35I Mutagenesis 5’-ttctctgttgtcttcatttactggctttactat-3’

context Mutagenesis 5’-ctcagtgagatctttctctctgggaaaatggcaaattccacaatcaggcgc-3’

LS Mutagenesis 5’-atgtctcatgttctctgaact-3’

bZIP11ES. Mutagenesis 5’-cgggatcccggggaccactttgtacaagaaagctgggtaaatattttaaaatgggtttttagggg-3’

FWDuORF2-1 GFP fusion 5’-gcgaattcggggacaagtttgtacaaaaaagcaggctgccccctcttctctccttctctccct-3’

REV uORF2-1 GFP fusion 5’-cgaagctttgagacatagtaaagccagtaaaggaag-3’

FWD GFP GFP fusion 5’-cgaagcttgtgagcaagggcgaggagctgttcaccggg-3’

REV GFP GFP fusion 5’-cgggggaccactttgtacaagaaagctgggtcttacttgtacagctcgtccatgccg-3’
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resulting fragment was sub-cloned into pGEMT-easy vector (Promega). GFP coding 
sequence was amplified from pGWB4 (Mita et al., 1995) vector using FWDGFP 
and REVGFP primers (Table 1) and sub-cloned into pGEMT-easy vector. The 
uORF2 and GFP clones were digested with HinDIII /PstI restriction enzymes and 
GFP was ligated into the HinDIII /PstI sites of the leader vector using standard 
procedures. The resulting fragment was moved to p35S-ccdB-LUC using gateway 
technology (Invitrogen).

Tr a n s i e n t  t r a n s f o r m a t i o n  o f  A r a b i d o p s i s  s e e d l i n g s

Gold particles (1 μm diameter) (BioRad, Hercules, USA) were coated with plasmid 
DNA according to (Giovanna et al., 1998). DNA for coating was premixed in a 
concentration equivalent of 1.2 μg firefly LUC (fLUC) vector and 0.4 μg renilla 
LUC (rLUC) vector per transient expression experiment. The rLUC vector includes 
rLUC gene driven by the constitutive 35S promoter. Seedlings were transformed 
using the Biolistic Particle Delivery System, Model PDS-1000He (BioRad) 
according to the instructions of the manufacturer using a vacuum adjusted to 28 
Pa and 900Psi rupture discs. Prior to particle bombardment selected seedlings were 
transplanted to fresh plates. Following particle bombardment, half of the transformed 
seedlings were transferred into 250 ml flasks containing 50 ml liquid ½ strength 
MS media supplemented with 6% sucrose and the other half were transferred to 
flasks containing media without sucrose. The seedlings were incubated in growth 
chambers, rotary shaking (45 rpm) under constant light for 24 hours and harvested 
in liquid nitrogen. All experiments were replicated in independent experiments.

L u c i f e r a s e  a n d  G F P  a c t i v i t y  a s s a y s  

The activities of firefly luciferase (fLUC) and renilla luciferase (rLUC) were measured 
by the Dual-Luciferase Reporter assay System kit according to the manufactures 
instructions (Promega, Madison, USA). Approximately 25 mg grinded Arabidopsis 
tissue was lysed using 100 µl passive lysis buffer and incubated for 15 minutes at 
room temperature, followed by 2 minutes centrifugation (16 000 rcf). 20 μL of the 
supernatant was transferred into new 2 mL tube and processed according to the 
Dual-Luciferase Reporter assay System kit manual (Promega). LUC activity was 
measured using the TD-20/20 Glomax luminometer (Promega). The fLUC activity 
levels were normalized by the rLUC activity levels, to compensate for different 
transformation efficiency between independent transformations. All experimental 
series included transient expression of the wt bZIP11 leader. The normalized fLUC 
activity levels were adjusted to the value of the plants transformed with the wt 
leader treated with media lacking sucrose. All activity levels were measured using 
three replicates minimal, averaged and standard deviation from the mean were 
computed.
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Following transient transformation of the constructs containing the green 
fluorescent protein (GFP) gene seedlings were incubated for 48 hours in media 
containing six percent sucrose or without sucrose supplements. The presence of 
GFP was determined by fluorescent microscopy.

Q - P C R  a n a l y s i s

Total RNA was isolated from leaves of 25 days old Arabidopsis (var. Col-0 or Ws-
0). The plants were grown in soil in growth chambers (Snijders) with the light 
intensity of 150 µmolm-2s-1, 80% humidity and 22°C in a light-dark cycle of 16-8 
hours. Plant tissues were homogenized by grinding in liquid nitrogen and total 
RNA was isolated using the RNeasy kit (Qiagen, Hilden, Germany). DNA was 
removed from the preparations using RNase free DNase I (Fermentas, GmBH, St. 
Leon-Roth, Germany). cDNA was synthesized using M-MLV reverse Transcriptase 
(Promega, Madison, USA) according to the manufacturer’s instruction. Due to 
low RNA yield, RNA preparations from three independent preparations were 
pooled and used as substrate for cDNA synthesis. Real time quantitative PCR was 
performed using ABI7900HT sequence detector using Syber Green II master mix 
(Applied Biosystems, Foster City, USA). The Actin2 gene (At3g18780) was used as 
an internal reference. Relative RNA levels were calculated by the ∆∆Ct method 
(Pfaffl, 2001). Primer efficiency was determined as described by (Rasmussen, 2001). 
Sequences of primers used in quantitative RT-PCR reaction are listed in Table 2. 
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S u m m a r i z i n g  d i s c u s s i o n

In this thesis the effects of sucrose on the translation of five bZip genes in Arabidopsis 
are investigated. These homologous bZip genes share a sucrose control element 
located in the leader of their mRNAs. The sucrose control element consists of 
a conserved upstream open reading frame (uORF) encoding a sucrose control 
peptide (SC-peptide), important for translational control (Wiese et al., 2004). This 
peptide sequence is present only in the five genes in the Arabidopsis genome. 
Homologous sequences are found in almost 60 plant species but not in any non 
plant organism, indicating that it represents a plant specific regulatory mechanism. 
Experiments showed that the five similar SC-peptides confer similar sensitivities to 
sucrose treatments (chapter 2). Therefore, one of the genes, bZIP11, was chosen for 
further investigation.

A transient expression system using Arabidopsis seedlings was developed to 
investigate the mechanism of translational repression in planta (chapter 3). Using this 
system a relatively rapid sucrose signaling was demonstrated as repression could be 
observed after three hours. It was also shown that the signaling pathway mediating 
sucrose repression was independent of other pathways such as hormone or light 
signaling (chapter 3). Sucrose does not require the hexokinase system (chapter 3), 
previously shown to be important for glucose regulated gene expression of for 
example genes involved in photosynthesis (Rolland and Sheen, 2005). Using this 
system it was also demonstrated that a sequence encoding 28 amino acids was 
sufficient to mediate sucrose induced repression of translation (chapter 3). Using a 

Figure 1. Model for sucrose induced translational repression through ribosome stalling
In the presence of sucrose the ribosomes translating uORF2 are stalled at the stop codon of uORF2. Likely, the 
ribosome stalls due to the interaction between conserved amino acids of the peptide and components of the 
translational machinery. The ribosomes upstream of the stalled ribosome are halted and the translation of the 
main ORF is inhibited. The beads on a string represent the sucrose control peptide in the ribosomal exit tunnel. 
The dark beads represent the conserved amino acids serine29, serine31, leucine35 and tyrosine39. Possible factors 
that physically interact with the nascent sucrose control peptide and, thereby mediate stalling are indicated. The 
factors are identified based on sequence similarity to the yeast homologues (Beckman et al., 2001). In the absence 
of sucrose, ribosomal stalling does not occur and the ribosomes that translate uORF2 dissociate from the mRNA. 
Scanning ribosomes that failed to initiate translation at any of the uORF initiation codons can initiate translation 
of the main bZIP11-encoding ORF further downstream.
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���
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range of mutations in the bZIP11 leader sequence and testing of repression activity 
in wt and mutant Arabidopsis seedlings, a model on the mechanism of SIRT was 
proposed (Chapter 4). The model indicates that the bZIP11 protein is translated 
by ribosomes that have not previously been translating the uORF in the leader of 
the mRNA, through a so called leaky scanning mechanism. In contrast, translation 
repression is dependent on translating ribosomes that are synthesizing the SC-peptide. 
Four of the residues in the carboxy terminal part of the translated SC-peptide are 
essential for repression. The model proposes that sucrose repression is mediated 
through ribosomes that stall on the bZIP11 mRNA while synthesizing the SC-
peptide (Fig. 1). The stalled ribosomes efficiently block translation of the downstream 
bZIP11 main ORF. Stalling occurs in response to sucrose signaling. Lengthening 
of the peptide by thirteen residues abolishes SIRT. The SC-peptide functions as 
a sucrose dependent key that locks translating ribosomes (Fig. 1). Ribosomes are 
protein-RNA super complexes consisting of over one hundred different molecules. 
These molecules are in most cases encoded by multigene families of very similar 
but not necessarily identical genes. Several of the individual gene members in such 
families are subjected to differential expressional regulation. Thus, the translational 
machinery is a most dynamic system. Phytohormone applications have been 
shown to result in specific phosphorylation of ribosomal proteins without affecting 
global translation (Turck et al., 2004). Moreover, phosphorylation of the P protein 
located on tip of lateral stalk on the 60S ribosomal subunit is developmentally 
and environmentally regulated in maize (Szick-Miranda and Bailey-Serres, 2001). 
Ribosomes of sucrose treated plants somehow are prone to respond to the SC-
peptide compared to ribosomes of plants grown without sucrose, which results in 
differential bZIP11 translation.

The sugar controlled bZIP genes are differentially expressed both in different 
tissues and in response to different environmental stresses (Chapter 2). In contrast to 
the different expression patterns all five genes are similarly translationally regulated 
by sucrose (chapter 2). The proteins dimerize preferentially with bZip transcription 
factors of the C class, but probably can homodimerize to some extent as well (Ehlert 
et al., 2006; Weltmeier et al., 2006). The different homo- and heterodimers can also 
bind to identical DNA sequences when the proteins are expressed in protoplasts 
(Satoh et al., 2004; Weltmeier et al., 2006). Taken together, this regulatory network 
requires the presence of both C and S class proteins in the cell to generate active 
transcriptional regulators. The limiting factor thus restricts the transcriptional 
regulatory function. Sucrose signaling through SIRT does restrict the activity of 
the network. Several other possible control mechanisms are likely present in the 
pathway as well, such as differential nuclear translocation as was shown for the C 
class protein bZIP10 (Kaminaka et al., 2006). The bZip signaling network represents 
a regulatory hub where signals from different signaling pathways are integrated to 
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a combined response. In this hub sucrose control of translation has a central role 
(Fig. 2).

Figure 2. The bZip signaling network
The C and S class genes are expressed in response to different environmental and tissue specific factors. Sugar 
controlled S class bZip genes and proteins are depicted in dark gray and C class bZip protein in light gray. The S 
class bZip mRNAs are only translated in the absence of sucrose. S and C class proteins must both be present to 
form active heterodimers that regulate expression of target genes. 
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Samenvatting in het Nederlands

Suikers hebben naast hun metabole functie ook een belangrijke rol als 
signaleringsmoleculen, vergelijkbaar met de rol van hormonen. In planten worden 
de neutrale suikers glucose, fructose en sucrose waargenomen door verschillende 
sensorsystemen. In planten is alleen voor glucose het sensoreiwit bekend. Dit is 
het enzym hexokinase, dat naast zijn enzymatische functie ook een sensorfunctie 
heeft.

Sucrose is de belangrijkste transportsuiker in planten en wordt in enkele 
plantensoorten ook als opslagsuiker ingezet. Ook sucrose heeft een signaleringsfunctie 
maar de sensor is niet bekend. Een familie van vijf transcriptiefactoren behorende 
tot de bZIP DNA bindingsdomein klasse wordt door sucrose gereguleerd. Bijzonder 
is dat de translatie van deze bZIP eiwitten wordt gecontroleerd door sucrose. 
Fysiologische concentraties sucrose remmen de translatie van bZIP1, 2, 11, 44 
en 53. Op deze wijze staan ook de doelgenen van deze bZIP transcriptiefactoren 
onder controle van sucrose. Regulatie van translatie vindt plaats via een peptide wat 
is gecodeerd door de 5’-leader sequentie van het mRNA. Dit zogenaamde sucrose 
controle (SC) peptide is zeer geconserveerd in de 5’-leader sequenties van alle vijf 
Arabidopsis bZIP genen en ook in geselecteerde bZIP genen van meer dan 60 
andere plantensoorten. Dit geeft aan dat het regulatoire mechanisme evolutionair 
goed geconserveerd is. Het SC peptide komt alleen in planten voor.

De SC peptiden in de vijf Arabidopsis bZIP genen zijn geconserveerd maar 
er zijn ook sequentieverschillen. De experimenten in Hoofdstuk 2 geven echter 
aan dat deze verschillen geen functionele betekenis hebben. De 5’-leader sequenties 
van de vijf genen werden gekoppeld aan het glucuronidase (GUS) reporter gen 
en met de Ubiquitine10 promoter tot expressie gebracht in transgene planten. 
Vervolgens werden geschikte lijnen met suiker behandeld. De vijf genen reageren 
met ongeveer gelijke mate van gevoeligheid op sucrose. Een concentratie van 20 
mM sucrose leidt al tot maximale remming van translatie.
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Het bZIP11 gen werd gekozen voor gedetailleerde analyse van het 
werkingsmechanisme. Een transient expressie systeem werd opgezet waarbij 
Arabidopsis zaailingen met de testgenen werden getransformeerd met de biolistiek 
methode (Hoofdstuk 3). Met dit systeem kon worden aangetoond dat repressie 
van translatie in de zaailingen binnen drie uur optreedt. Tevens werd aangetoond 
dat sucrose geïnduceerde repressie van translatie (afgekort SIRT) onafhankelijk is 
van diverse plantenhormonen en de invloed van licht. Belangrijk is ook dat SIRT 
niet wordt beïnvloed door de glucose sensor hexokinase. Mutanten in hexokinase 
vertonen normale SIRT activiteit. 

Het bZIP11 SC peptide is 42 aminozuren lang maar eerder onderzoek had al 
aangetoond dat de C-terminale 28 aminozuren voldoende zijn voor SIRT, althans 
in de bZIP11 context. Om te onderzoeken of deze 28 aminozuren op zichzelf 
ook voldoende zijn voor SIRT werd de coderende sequentie van uitsluitend 
deze 28 aminozuren overgezet in de ongerelateerde 5’-leader sequentie van het 
plastocyanine gen, wat was gekoppeld aan het Luciferase reporter gen. De translatie 
van het luciferase eiwit werd hierdoor door sucrose gereguleerd wat aantoont dat 
het peptide op zichzelf alle informatie voor SIRT bevat.

Vervolgens werden de geconserveerde C-terminale 28 aminozuren van 
het SC peptide door mutagenese experimenten functioneel onderzocht in het 
transiente systeem (Hoofdstuk 4). Hierbij werd ook ontdekt dat de regio’s rond 
de start en stop codons van cruciaal belang zijn voor SIRT. Deze experimenten 
leiden tot een model van ‘leaky scanning’ ribosomen voor SIRT. Hierbij passeren 
scannende ribosomen op het mRNA de twee AUG initiatiecodons van het SC 
peptide ongehinderd om vervolgend het hoofd open leesraam (ORF) van het 
mRNA te bereiken en hier translatie te initiëren. De AUG initiatiecodons in de 
5’-leader sequenties van alle vijf Arabidopsis bZIP genen met een SC peptide 
hebben een suboptimale sequentie voor translatie initiatie en er is dus een grote 
kans dat deze niet worden herkend door de scannende ribosomen. Het hoofd 
ORF heeft wel een optimale AUG context en zal daardoor zeer efficiënt worden 
getransleerd.
Een deel van de ribosomen zal echter wel het SC peptide transleren. Indien er 
sucrose aanwezig is zal de translatie terminatie echter worden geblokkeerd in de 
omgeving van het stop codon. Bij geblokkeerde terminatie van translatie kunnen 
opvolgende ribosomen het geblokkeerde ribosoom niet passeren en komt de 
translatiemachinerie tot stilstand (ribosome stalling). Het SC peptide functioneert 
zo als een sucrose gecontroleerd slot op translatie van het bZIP eiwit en, daardoor, 
de expressie van doelgenen. De verkregen resultaten ondersteunen dit model, 
maar additionele experimenten waarbij het geblokkeerde ribosoom-mRNA ook 
biochemisch wordt aangetoond zijn nog nodig.
Ribosomen zijn eiwit-RNA supercomplexen met meer dan honderd onderdelen. 
Deze onderdelen worden meestal door multigen families van vrijwel identieke 
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genen gecodeerd. Individuele leden van dergelijke multigen families komen vaak 
op nauwkeurig gereguleerde wijze differentieel tot expressie, waardoor ribosoom 
assemblage een zeer dynamisch proces is. Toediening van bepaalde fytohormonen 
leidt tot fosforylering van ribosomale eiwitten zonder dat globale translatie wordt 
beïnvloed (Turck et al., 2004). Het P proteïne is gelokaliseerd op de punt van de 
laterale uitstulping van het 60S ribosomale deeltje. Dit eiwit wordt afhankelijke 
van omgevingsfactoren gefosforyleerd (Szick-Miranda en Bailey-Serres, 2001). 
Ribosomen van met sucrose behandelde planten moeten op een of andere wijze 
reageren op het SC peptide zodanig dat translatie terminatie wordt geremd en de 
bZIP eiwitsynthese wordt stilgelegd. Op dit moment is echter onduidelijk hoe dat 
in zijn werk gaat. 

Door sucrose gecontroleerde bZIP genen komen allen gedifferentieerd tot 
expressie, zowel in de verschillende plantenweefsels, alsook onder invloed van 
allerlei stressvolle omgevingsfactoren (Hoofdstuk 2). Echter in alle gevallen bepaald 
sucrose of het bZIP eiwit ook daadwerkelijk wordt aangemaakt en overruled 
daarmee de transcriptionele regulatie van deze genen. SC peptide bZIP genen 
coderen voor de S-klasse van bZIP eiwitten. Deze klasse vormt hetero-dimeren 
met de gerelateerde C-klasse van bZIP eiwitten (Ehlert et al., 2006; Weltmeier et 
al., 2006). Alleen de heterodimeren hebben een hoge biologische activiteit: het 
activeren van de doelgenen (Satoh et al., 2004; Weltmeier et al., 2006). Dus zowel 
S- en C-klasse bZIP eiwitten moeten op het zelfde moment en in dezelfde cel 
aanwezig zijn om functionele dimeer transcriptie activatoren te vormen. SIRT 
reguleert de activiteit van het transcriptionele netwerk. Daarnaast zijn er nog 
andere regulatiemechanismen, zoals differentiële nucleaire translocatie van de 
transcriptiefactoren, zoals aangetoond voor het C-klasse eiwit bZIP10 (Kaminaka 
et al., 2006).

Concluderend kan worden gesteld dat het SIRT bZIP regulatie systeem 
het brandpunt vormt van een regulatoire netwerk waar verschillende signalen 
worden geïntegreerd, leidend tot gereguleerde expressie van doelprocessen. Een 
van deze doelprocessen is het aminozuurmetabolisme in planten (J. Hanson et al., 
ongepubliceerde gegevens).
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