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Sugar regulation of gene expression in plants

Sjef Smeekens

The molecular details of sugar sensing and sugar-mediated
signal transduction pathways are unclear but recent results
suggest that hexokinase functions as an important plant sugar
sensor in a way that is similar to that found in yeast. The use
of mutants in Arabidopsis defective in specific signaling steps
is of particular importance because these give access to

the genes encoding components in the signaling pathways.

In addition, the physiological analysis of such mutants may
reveal the interaction of sugar-induced signaling pathways
and those induced by other stimuli such as environmental or
biotic stress.
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Abbreviation
SUN sucrose uncoupled

Introduction

In plants, the control of enzymatic activity by sugars
and sugar metabolites has been investigated in detail and
these studies have yielded insight into the regulation of
metabolic pathways. It has also been shown that in these
pathways several different enzymes usually share flux
control instead of being regulated by a single rate-limiting
step. More recently, attention has turned to the regulation
of gene expression by sugars and sugar metabolites.
The expression of a large number of genes is altered
by changes in sugar levels [1°*]. These genes encode
proteins that function in carbohydrate metabolism and,
equally important, in many other metabolic pathways and
developmental programs.

The picture which emerges is that of a sugar-responsive
regulatory web in which endogenous developmental
programs and external stimuli are integrated and result in
a co-ordinated metabolic response. It is, therefore, of inter-
est to understand the way in which sugars are sensed and
how this sensing activates signal transduction pathways
leading to altered gene expression. These sugar-sensing
and signal transduction systems will interact closely with
pathways responsive to other stimuli like phytohormones
and light; for example, the expression of light-regulated
genes like those encoding RBCS (encoding the small
subunit of ribulose-1,5-bisphosphate carboxylase) and CAB
(encoding chlorophyll a/b binding proteins) is repressed
by elevated levels of sugar [2]. Several reviews on plant

sugar sensing and sugar induced signal transduction have
appeared recently [1°°,3-5]. Here, I focus mainly on
literature of the past two years on sugar sensing and on the
analysis of the sugar-induced signal transduction cascade.

How are sugars sensed?

In principle, a large number of different sugars and
intermediates in sugar metabolism can affect expression of
sugar-regulated genes. To date, however, such a signaling
function has been proposed for only a few sugars.
Hexoses are sugars of clear importance in this respect
and a signaling function has been proposed especially
for glucose. Hexoses can modulate gene expression by
entry into the plant cell or by entry into intermediary
metabolism through the action of hexokinases. Evidence
for hexose signaling associated with transport into the
cell comes from the use of glucose analogs such as
6-deoxyglucose and 3-O-methyl glucose. These analogs
can enter the cell but are not substrates for hexokinases
or any other enzyme. It is most likely that their transport
across the membrane initiates a signaling event resulting
in altered gene expression (Figure 1). Experiments with
such analogs showed that genes encoding extracellular
invertase, sucrose synthase and phenylalanine ammonia
lyase [6-8] can be induced in plants. These studies
were performed in a Chenopodium rubrum cell suspension
culture and similar experiments and conclusions were
obtained with intact plants. For example, the patatin (B33)
promoter is induced by such glucose analogs in transgenic
Arabidopsis [9°]. Currently, direct evidence is lacking for
the involvement of sugar transporters in sugar sensing
in plants. Such evidence has recently become available
for yeast (Saccharomyces cerevisiae) in which it was shown
that two hexose transporter homologs, SNF3 and RG12,
function as hexose sensors [10°]. Dominant mutations in
these genes have been identified which, in the absence of
sugar, initiate a signaling transduction cascade.

In a number of systems, it was shown that the entry
of monosaccharides into intermediary metabolism through
the action of hexokinase signals gene expression, not the
uptake of them into the cell. The non-phosphorylatable
glucose analogs 3-O-methyl glucose and 6-deoxyglucose
described above are ineffective and only hexoses that
are substrates for hexokinase are sensed. It has been
proposed that the phosphorylation by hexokinase induces
this enzyme to initiate a signaling cascade resulting
in altered gene expression. A large body of evidence
suggests such a dual function for hexokinases, especially
in yeast [11]. Conclusive evidence for such a dual function
requires the separation of the hexose phosphorylation and
signaling functions and this has not been reported vyet,
nor have target proteins been identified that interact with
hexokinase in the signaling cascade. One problem is that
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Hypothetical model of hexose-sensing systems in plant cells. Sensing
can occur by hexose transporters or hexose transporter homologues
alone [10°], or in combination with membrane transporter-associated
hexokinases, but not by soluble cytosolic hexokinases. These
transporter—hexokinase complexes are proposed to be present

in membranes that line the cytosolic compartment, such as the
plasmalemme, the endomembrane system and the plastid envelope.

hexose flux through hexokinase affects metabolic status
as monosaccharides are fed into glycolysis. This problem
can be overcome by the use of sugars analogs such as
2-deoxyglucose which are substrates for hexokinase but do
not enter glycolysis. Mannose is also a good hexokinase
substrate which, in many plants, only enters metabolism
slowly. Such substrates have been used extensively to
show that further metabolism is not required for signaling.
The possibility is left open that altered ATP/ADP ratios or
altered cytosolic phosphate ion concentration, as a result
of hexokinase activity, have a signaling function [12].
Several experiments in which the effect of phosphate ions
or hexose mono- and diphosphates were tested do not
support this notion [13,14,15°°,16].

Evidence for a function of hexokinase in sugar signaling in
plants comes from the Sheen and coworkers [4,14,17°°,18].
Using a maize protoplast transient expression system, the
effect of sugars was studied on the expression of a number
of genes encoding photosynthetic enzymes. Hexoses that
are hexokinase substrates inhibit gene expression but
adding mannoheptulose, a competitive inhibitor of hexok-
inase, reversed this inhibition. One important advantage of
this experimental system is that it allows the introduction,
via electroporation, into cells of normally impermeable
compounds such as hexose-phosphates. In this way it
was possible to show that products of hexokinase action
such as glucose-6-phosphate, fructose-6-phosphate and
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ATP did not have the same inhibitory effect as glucose.
The notion that hexokinase is important for signaling was
further tested in transgenic Arabidopsis using antisense
and overexpression technologies. The effect of changing
the endogenous hexokinase levels on sugar signaling was
investigated. It was found that plants with increased
hexokinase levels showed enhanced glucose (330 mM) and
2-deoxyglucose (0.8 mM) sensitivity whereas plants with
lowered hexokinase levels were hyposensitive to these
sugars [17°*]. This altered sensitivity was also observed
for regulation of expression of CAB and RBCS genes.
Moreover, endogenous hexokinase signaling could be
by-passed by overexpressing a heterologous, non-signaling
hexokinase.

Several other studies support the involvement of hexok-
inase in signaling gene expression. The glyoxylate cycle
genes /CL (encoding isocitrate lyase) and MS (encoding
malate synthase) are essential in the conversion of lipid
into sugars. These genes are repressed by sugars at
the transcriptional level. In a cucumber cell line this
repression could be mimicked only by hexoses such as
2-deoxyglucose and mannose that are both substrates for
hexokinase whereas 3-O-methylglucose has no effect [13].

In another study, it was found that germination of
Arabidopsis seedlings on mannose or 2-deoxyglucose is
severely inhibited. Titrating the hexokinase inhibitor
mannoheptulose in the growth medium could relieve
this inhibition. In this study too, 3-O-methylglucose
and 6-deoxyglucose do not inhibit germination, even at
high concentrations [5], showing that hexose uptake as
such is not involved in this inhibition. In celery, the
activity of the mannitol-catabolizing enzyme mannitol
dehydrogenase (MTD) is repressed by sugars [19]. The
addition of glucose to cultured celery cells represses
MTD enzymatic activity and steady state mRNA levels
whereas 3-O-methylglucose was ineffective. Inhibition of
hexokinase activity by titrating mannoheptulose in the
culture medium relieved glucose repression of MTD
activity. All the above-mentioned studies are in agreement
with the notion that hexokinase is of major importance
for hexose sensing in plants. As argued above, however,
proof of this hypothesis has to come from unraveling the
molecular details of the signaling and enzymatic functions
of hexokinase.

Others have questioned such a dual function of plant
hexokinase [20°*]. Expression of yeast invertase in either
the cytosol, apoplast or vacuole of transgenic tobacco
plants leads to excessive sucrose hydrolysis in these three
compartments resulting in elevated levels of glucose and
fructose which are stored in the vacuole [21]. Interestingly,
the excess glucose and fructose were only sensed in
plants expressing invertase in the apoplast or vacuole,
resulting in altered gene expression and bleaching in these
plants. Remarkably, plants that express yeast invertase
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in the cytosol do not show these effects. If hexokinase
is involved in hexose sensing, the glucose and fructose
generated in the cytosol should result in sugar signaling
because hexokinase is a cytosolic enzyme. This was
not observed and the authors proposed that hexoses are
sensed only when produced in the endomembrane system
(Golgi—endoplasmic reticulum). The apoplastic and vac-
uolar targeted invertases both traverse the endomembrane
system and are enzymatically active in this compartment.
Moreover, sucrose is present in the endomembrane system
as plants expressing a bacterial fructosyl transferase in
this compartment accumulate fructans to high levels
[22]. The monosaccharides generated by this fructosyl
transferase in the endomembrane system are being sensed,
as indicated by the severe chlorotic phenotype of these
plants. Interestingly, the expression of this enzyme in
chloroplasts also leads to high level fructan accumulation
in plastids and to the same chlorotic phenotype and
elevated hexose levels (S Turk, S Smeekens, unpublished
data). This observation shows that there must be an
extensive sucrose flux through plastids. Moreover, the
hexoses generated in plastids by the action of fructosyl
transferase are somehow sensed.

The studies discussed so far are compatible with the
idea that the entry of sugar into the cytosol is a major
site of sensing (Figure 1). In this model, hexokinase
sensing may function only in association with hexose
transport into the cytosol [4]. Hexoses generated in either
the endomembrane system or in plastids are transported
into the cytosol with concomitant phosphorylation by
signaling hexokinases. Possibly, only such transport-as-
sociated hexokinases are capable of signaling and thus
hexoses produced in the cytosol are not sensed. In this
respect it is interesting to note that plasmodesmata are
important sugar entry (and export) sites between cells
[1°¢,23]. Modifications that affect /# vivo plasmodesmata
function greatly affect this transport capacity [24-26].
It is quite likely that sugars are sensed here too, but
currently no information is available on the details of
plasmodesmatal sugar transport. As discussed, sugars
are present and sensed in the endomembrane system
[20°*,22] and such endomembranes of neighboring cells
are connected through plasmodesmata.

Many questions remain unanswered but it is clear that
hexose sensing is an important mechanism through which
plants are able to respond to changes in sugar status. It
is to be expected that plants have several other ways
in which information on sugar status can be sensed and
used. The knowledge of yeast-sensing systems may be
a good guide in this respect and it is likely that, in
plants, specialized sugar transporters are also employed
in sensing. Recent results indicate the existence in
Arabidopsis of a sucrose transporter or sensor that responds
to sucrose concentration differences and, when activated,
results in translational control of a transcription factor
gene [5].

Unraveling the signal transduction cascade

Sugar sensors somehow initiate a signal transduction
cascade leading to altered gene expression. The molecular
nature of this cascade is unclear, but several groups are
addressing this question. Plant homolog of yeast signaling
components have been identified, most notably the SNF1
protein kinase [27,28]. Moreover, in several systems the
use of chemicals that affect the function of known signal
transduction steps has pointed to possible intermediates
in sugar signaling. In this way, the involvement of
protein kinases and protein phosphatases as important
components in signaling have been implied [8,29-31].
Moreover, the use of chemicals that inhibit calmodulin
or CaZ+ ion channels point to the involvement of Ca2+
ions in signaling [32]. In this respect, the identification
of a sugar-induced plasma membrane-associated calcium-
dependent protein kinase in tobacco [31] is interesting.
One proposed function of such a kinase is to control the
activity of sugar transporters located in the membrane.
T'asks that lie ahead include the confirmation that these
observations are specific for the sugar signaling cascade
and the placement of the individual steps in this cascade.

The isolation and analysis of mutants defective in sugar
sensing will be important in unraveling this sugar-induced
signaling cascade and several groups have identified such
mutants in Arabidopsis using different approaches. A
number of sucrose-uncoupled (sun) mutants were identified
in which sucrose is unable to repress the developmentally
controlled transient induction of photosynthesis genes
(RBCS, CAB, PETE [encoding plastocyanin]) upon germi-
nation [33,34°°]. Interestingly, one of the mutants (suz6)
that was analyzed in detail showed reduced feedback
inhibition of photosynthesis in the mature plant by the
sugar analog 2-deoxyglucose [15°°]. 2-deoxyglucose is a
hexokinase substrate and in accordance with this observa-
tion it was shown that s##6 is also insensitive to elevated
(6%) glucose levels. In another screen, reduced sucrose
response (rsr) mutants were identified as being defective
in the sugar-induced expression of the class I patatin
(B33) promoter [9°]. Similar /low-level beta-amylase (lba)
mutants were identified showing reduced sugar-induced
beta amylase gene expression [35°°]. Remarkably, the
Arabidopsis Landsberg erecta ecotype is a naturally occurring
/ba mutant and one can speculate about the ecological
significance of this finding in terms of growth advantages
or efficient resource utilization of this ecotype in its natural
habitat.

The reciprocal type of mutant in which sugar-induced
genes are hyper-responsive to sugars have also been
identified [36]. In such /Aigh-level beta-amylase (hba) mutants
relatively low levels of sugars strongly stimulate beta-amy-
lase gene expression. A more complete listing of potential
sugar sensing mutants including unpublished information
has been presented [5]. Physiological and molecular
analysis of such mutants, including gene identification,
will greatly advance our knowledge of sugar-sensing and



signaling in plants. Moreover, such mutants are invaluable
for unraveling interactions between sugar-induced and
other signaling pathways. Interesting in this respect, is
the observation that two of the SUN genes, SUN6 and
SUN7, modulate phytochrome A (PHYA) responsiveness
in a sugar-dependent way and in this way link light- and
sugar-responsive signal transduction pathways [34°*]. In
fact, the SUN6 and SUN7 genes interact with two different
branches of the PHYA signaling pathway.

Similar examples of gene products mediating cross talk
between sugar-signalling pathways and pathways such as
phytohormone or stress signaling can be predicted to be
uncovered in the mutant collections. Several examples of
interactions between sugar and other signaling pathways
have appeared over the years [1°*]. One recent observation
is the sugar-mediated repression of a gene involved in
brassinolide biosynthesis [37]. Moreover, different stimuli
can result in similar expression patterns. For example,
the sugar modulated expression of three C. rubrum genes
can be mimicked through different signal transduction
pathways by stress and cytokinin signals [8,38].

Several studies have indicated a close interaction between
sugar signaling and developmental processes. In a recent
study on Vica faba developing seeds it was suggested
that hexoses signal meristematic activity (cell division)
in the developing cotyledons whereas sucrose induces
a switch towards the non-proliferative storage phase
of seed development [39]. Upon fertilization, a seed
coat associated invertase activity generates hexoses from
incoming sucrose. The duration of expression of this
invertase activity is a determinant for the number of
cells in the embryo and, because the number of cells
determines storage capacity, seed size. The importance
of extracellular invertase in determining seed size was
also shown in the maize where the miniature mutant is
defective in this extracellular invertase gene [40].

At elevated CO; concentrations, an increase in apical
meristem cell number and size, and a more rapid
progression through the cell cycle has been observed in
different plant species [41,42]. Growth in elevated CO;,
concentrations will lead to increased sugar concentrations
in the plant and sugar-sensing systems of meristem cells
may well activate increased cell division rates.

Conclusions

The molecular and genetic analysis of sugar sensing
systems in plants will lead to the identification of a rapidly
growing number of genes whose products are involved in
the sugar-induced signal transduction pathway. Moreover,
physiological and genetic characterisation of mutants will
reveal epistatic relations and provide entry points for de-
tailed biochemical investigations. In particular, techniques
such as the yeast two-hybrid system have been most
successfully used in studying protein—protein interactions
in sugar-induced signaling in yeast [43]. Using exciting
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new technologies such as fluorescence lifetime imaging
microscopy, molecular interactions can be visualized in
living cells. These methods can be complemented with
microinjection techniques where signaling intermediates
can be tested directly by injection into wild-type and/or
mutant cells [44,45]. Sugar-induced signaling pathways
will interact with many other signaling pathways to
form regulatory webs that allow the integrated response
to developmental programs and changing environmental
conditions. Such pathways probably are cell autonomous
and must respond to signals that co-ordinate responses at
the whole plant level.
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