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Abstract

Olsson, T. 2005. Functional characterization of hexokinases in the moss Physcomitrella
patens.

Doctor’s dissertation.

ISSN 1652-6880, ISBN 91-576-6979-1.

Carbohydrates are important nutrients and structural components in all living organisms. In
plants they affect the developmental and metabolic processes throughout the plant life
cycle. However, the mechanisms by which plants recognise and respond to carbohydrates
are mainly unknown. Hexokinase, an enzyme that mediates the first catalytic step in hexose
metabolism, has recently been suggested to be involved in sugar sensing and signalling in
plants.

The moss Physcomitrella patens has recently emerged as a powerful model system in
plant functional genomics following the discovery that gene targeting works in it with
frequencies comparable to those in yeast. The aim of this thesis was to learn more about the
function of plant hexokinases, both as key metabolic enzymes and in their putative role as
sensors in sugar signalling, using Physcomitrella patens as a model system.

Five hexokinases from Physcomitrella patens were cloned and studied with respect to
their subcellular localizations. PpHxkl and PpHxkS5 are located in the stroma of
chloroplasts and are dependent on N-terminal transit peptides for correct localization.
PpHxk2 and PpHxk3 both contain hydrophobic membrane anchors that localize the proteins
to the outer envelope of chloroplasts. PpHxk4 contain neither a transit peptide nor an
anchor, and is found in the cytosol.

A targeted knockout revealed that PpHxkl1 is the major hexokinase in Physcomitrella,
accounting for 80% of the glucose phosphorylating activity. Consistent with this, the
knockout mutant exhibits an artificial starvation phenotype with altered sensitivities to plant
hormones and a disturbed development.

Keywords: hexokinase, Physcomitrella patens, sugar signalling, subcellular localization,
chloroplast, carbohydrate
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ABA abscisic acid

ATP adenosine triphosphate
cDNA  complementary DNA
CDS coding sequence

DNA deoxyribonucleic acid

EST expressed sequence tag
GFP green fluorescent protein
HXK hexokinase

PCR polymerase chain reaction

RNA ribonucleic acid
RNAI RNA interference
RT-PCR reverse transcriptase PCR



Introduction

All organisms need to be able to balance the availability and requirement for
carbohydrates in order to sustain their metabolism and support their growth and
development. Plants are unique in that they produce the carbohydrates they require
from light energy and carbon dioxide. This also makes them vulnerable. Plants are
sessile and therefore utterly dependent on the sunlight in order to generate energy
and various carbon compounds. Furthermore, not all tissues in the plant are able to
utilize the light energy, but are instead dependent on the allocation of
carbohydrates from other parts of the plant to meet their energy requirements. To
cope with these problems, plants have developed a highly flexible metabolism and
means to transport and store carbohydrates in anticipation of less favourable
environmental conditions. The coordination of the carbohydrate partitioning and
choice of developmental program demands that the plant has information
regarding not only its carbohydrate and energy status but also where in the plant
and for what purpose the available carbohydrates are needed. These requirements
are met by a range of different signal molecules forming a complex network of
signalling pathways within the plant. The exact nature of these pathways and the
way that they interact with each other is still to a large extent unknown. However,
one of the proposed players in this signalling network is hexokinase. It has been
known as a key enzyme in the carbohydrate metabolism for many years, but has
also recently been suggested to serve as a sugar sensor in plants. Still, the precise
function of hexokinase in sugar sensing and signalling is yet to be elucidated.

Carbohydrate metabolism in plants

Plants capture the energy of sunlight and convert it into a usable form. This
process is called photosynthesis and takes place in the chloroplasts. Chloroplasts
are located in the cytosol and belong to an organelle family known as plastids.
These organelles contain their own genome and are believed to have evolved from
endosymbiotic cyanobacteria. However, most of the genes encoding chloroplast
proteins reside in the nuclear genome. Such nuclear-encoded chloroplast proteins
usually contain an N-terminal sequence, a targeting peptide, which targets them
for import into the chloroplast (Keegstra & Cline, 1999). In addition to being
essential for photosynthesis, plastids are important sites for biosynthesis of starch,
fatty acids, and amino acids. Photosynthesis converts light energy to ATP and
NADH, which in turn are used to reduce carbon dioxide into simple carbohydrates
called triose phosphates. These triose phosphates can directly enter various
metabolic pathways where they generate energy and provide building blocks for
nucleic acids, proteins and fatty acids. Triose phosphates can also be converted to
hexose phosphates, which are used for sucrose, starch and cell wall synthesis
(Hopkins, 1995; Buchanan, Gruissem & Jones, 2000).



Sucrose synthesis and allocation

Not all organs or cells of a plant are able to carry out photosynthesis and through
that fulfil their requirement for energy and carbon compounds. These organs are
referred to as sink organs and are exemplified by the roots. The plant therefore
needs to export energy from the photosynthesising cells, which are called source
tissues, in order to support the sink tissues. The first step in this process is that
triose phosphates are exported from the chloroplast to the cytosol, where they are
used for hexose production and subsequent sucrose synthesis. Sucrose is a major
end product of photosynthesis, and it is synthesised from UDP-glucose and
fructose-6-posphate. Sucrose is a nonreducing sugar, and is therefore well suited
as a transport compound from photosynthetic tissues to tissues in need of energy
or tissues specialised for long-term storage.

Starch synthesis

A plant also has to be able to cope with fluctuations in the rate of photosynthesis.
At night, there is no photosynthesis but the plant’s need for energy and anabolic
building blocks does not cease. Starch synthesis is a mechanism used to store
excess photosynthate for later use. Starch synthesis in photosynthetic cells takes
place during the day, when the rate of sucrose synthesis exceeds the rate of
sucrose export from the cell. The excess of fixed carbon thus goes into starch
synthesis. Starch is synthesised in the plastids and is also stored there. Temporary
storage occurs in the chloroplasts, while long-term storage occurs in plastids
specialised for that purpose, the amyloplasts. Much of the starch that is stored
temporarily in the chloroplast is broken down during the night.

Utilization of stored energy

When a plant cell cannot meet its requirement for energy by increasing
photosynthesis, either due to a dark period or because it is not a photosynthesising
cell, it must rely either on sucrose transported from other tissues or starch that has
been stored within the chloroplasts in order to obtain the needed energy and
building blocks for anabolism.

Sucrose can be degraded either by sucrose synthase or invertase. The invertase
reaction produces fructose and glucose, while the sucrose synthase reaction
produces UDP-glucose and fructose. Starch on the other hand can be degraded
either by phosphorylytic or hydrolytic cleavage reactions. The phosphorylytic
degradation produces glucose-1-phosphate while the hydrolytic degradation
produces glucose. The free hexoses that are the products of sucrose and hydrolytic
starch degradation must be phosphorylated by a hexokinase before they can enter
the hexose phosphate pool, and thus be of subsequent use in metabolic pathways.

Plants integrate the use of the glycolysis, the oxidative pentose phosphate
pathway and various biosynthetic pathways in a unique way. Glycolysis converts
hexoses into pyruvate and generates ATP and reductant (e.g. NADH). The main
source of ATP production, however, is the Krebs cycle (in which the puryvate is



further converted into carbon dioxide and water) and oxidative phosphorylation.
In plants, glycolysis takes place both in the cytosol and in plastids, either
independently of each other or interacting across the plastid envelope (Plaxton,
1996), while the Krebs cycle and oxidative phosphorylation take place in the
mitochondria. In addition to its role in ATP production, glycolysis also provides
building blocks for anabolic reactions. One important building block is glucose-6-
phosphate, which is used by the oxidative pentose phosphate pathway to generate
reductants and pentose sugars for use in nucleic acid synthesis. Like the
glycolysis, the oxidative pentose phosphate pathway occurs both in the cytosol
and in plastids to different degrees, depending on the species and the stage of
development (Neuhaus & Emes, 2000). Furthermore, the two pathways interact
with each other in the sense that intermediates originating from one pathway can
enter the other.

Hexokinases

The function and structure of hexokinases

Hexokinase catalyses the first step in glycolysis, the phosphorylation of hexoses.
There is a distinction between glucokinases, fructokinases and hexokinases.
Glucokinases exclusively phosphorylate glucose and fructokinases exclusively
phosphorylate fructose, while hexokinases have dual specificity for both hexoses.
It should be noted that in plants, there also exists fructokinases that belong to a
protein family that is unrelated to the hexokinase family (Pego & Smeekens,
2000).

Most eukaryotes have multiple isoforms of hexokinase. Saccharomyces
cerevisiae encodes three hexose phosphorylating enzymes; Hxk1, Hxk2 and Glk1
(Maitra & Lobo, 1983). The three yeast enzymes differ in their substrate
specificites: Hxk1 is mainly a fructokinase, Glk1 a glucokinase, and Hxk2 (the
major isozyme) an enzyme with dual specificity. Mammalian genomes encode one
glucokinase and three hexokinases; type I, type 1I and type III. It should be noted,
however, that the mammalian glucokinase is in fact an enzyme with dual
specificity for glucose and fructose. This has led to the suggestion that this enzyme
should be referred to as hexokinase IV, since glucokinase clearly is a misleading
name (Cardenas, Cornish-Bowden & Ureta, 1998). In plants, the Arabidopsis
thaliana genome encodes six hexokinases (Frommer, Schulze & Lalonde, 2003)
while the rice genome encodes ten hexokinases (unpublished observation).

The crystallization of yeast Hxk2 and human hexokinase I has revealed that the
protein consists of one large and one small domain, between which the active site
is situated (Aleshin et al., 2000; Kuser et al., 2000). The amino acid residues
responsible for binding ATP and glucose have been identified in the crystal
structures. Glucose is thought to bind first to the active site, which induces a slight
conformational change that creates the binding site for ATP (Kuser et al., 2000).



Hexokinases from different species differ in molecular mass, generally ranging
from 50-100 kDa. The mammalian hexokinases I, II and III fall into the 100 kDa
group and consists of two halves whose sequences clearly are related to each
other. These types of hexokinases are therefore thought have evolved by
duplication and fusion of an ancestral gene (Cardenas, Cornish-Bowden & Ureta,
1998). In contrast, the mammalian glucokinase (or hexokinase IV) is an
unduplicated 50 kDa protein similar to the hexokinases found in most other
eukaryotes. Finally, it should be noted that hexokinases are able to interact with
each other to form dimers (Randez-Gil et al., 1998a; Frommer, Schulze &
Lalonde, 2003).

The subcellular localization of hexokinases

The glucokinase and two hexokinases of Saccharomyces cerevisiae have been
considered to be cytosolic, but recently Hxk2, which is required for glucose
repression, has been shown to have a dual localization to both the cytosol and the
nucleus (Randez-Gil ef al., 1998b). The nuclear localization of Hxk2 is necessary
for glucose repression of the SUC2 gene, which encodes invertase (Herrero,
Martinez-Campa & Moreno, 1998). Moreover, the nuclear localization is glucose
regulated and dependent on a decapeptide in the N-terminal part of the protein,
which in addition interacts with the Migl repressor (Ahuatzi et al., 2004).

The mammalian type I hexokinase is associated with the outer mitochondrial
membrane, a localization which is dependent on a 15-amino acid N-terminal
domain (Xie & Wilson, 1988; Gelb et al., 1992). The type I hexokinase also
interacts with porin, also called VDAC, a protein that spans the outer membrane
and serves as a membrane channnel for small metabolites including ATP (Felgner,
Messer & Wilson, 1979; Lindén, Gellerfors & Nelson, 1982). Furthermore, the
hexokinase preferentially binds to porins that are located in regions where the
inner and outer mitochondrial membranes have close contact, where it favours
ATP generated in mitochondrial respiration over cytosolic ATP (Wilson, 2003).
The type II isozyme also contains a hydrophobic N-terminal sequence capable of
targeting the enzyme to mitochondria but the protein has also been found in the
cytosol (Sui & Wilson, 1997; Wilson, 2003). The type III isozyme lacks the N-
terminal sequence and is found in the cytosol, particularly in the nuclear periphery
(Preller & Wilson, 1992; Wilson, 2003). Finally, the mammalian glucokinase
(hexokinase IV) has been reported to be associated with the actin cytoskeleton
(Murata ef al., 1997).

In plants, hexokinases have also been proposed to localize to various subcellular
compartments (Figure 1). Most of the localization studies to date have been
performed only by biochemical activity studies, without isolation and
identification of the proteins involved. This means that fractions exhibiting
predominantly fructose phosphorylating activity have been referred to as
fructokinases while fractions exhibiting glucose phosphorylating activity have
been designated as hexokinases. Thus, it remains unclear to what extent the
various activities that have been described are mediated by true hexokinases or
plant-specific fructokinases.
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In spinach, two hexokinase and two fructokinase activities were initially found
in leaves. One of the hexokinase activities was reported to be associated with
mitochondria, while one of the fructokinase activities was found in the chloroplast
stroma. The two remaining activities were suggested to be cytosolic
(Schnarrenberger, 1990). Singh and colleagues (1993) could later show that there
are two hexokinase-activity pools in spinach chloroplasts, where one was bound to
the cytosolic side of the envelope and one resided in the chloroplast stroma. Wiese
and colleagues (1999) cloned a hexokinase cDNA, and showed that the encoded
protein, SoHxK1, is inserted into the outer envelope membrane of the
chloroplasts. They further showed that this localization is dependent on a
hydrophobic anchor at the N-terminus of the protein. The main role of SoHxK1 in
both chloroplasts and plastids from non-green tissues is thought to be an
immediate phophorylation of glucose that is exported from the chloroplasts as a
product of hydrolytic starch breakdown. In castor oil seed, there are three
hexokinase activities, where isozyme I is associated with the mitochondrial outer
membrane, isozyme II is located in the plastid stroma, and isozyme III is cytosolic
(Miernyk & Dennis, 1983). Hexokinase activity is also associated with
mitochondria in both pea stems and leaves, while a fructokinase activity is found
in the cytosolic fraction of the stems (Tanner, Copeland & Turner, 1983; Cosio &
Bustamante, 1984). Hexokinase activity in seedling maize roots is distributed
between cytosolic and non-cytosolic fractions. The non-cytosolic fraction includes
mitochondria, microsomes and Golgi-derived vesicles. Additionally, at least two
fructokinase activities are found in the cytosolic fraction. The non-cytosolic
hexokinases in maize roots seem to be coupled to UDP-glucose formation, and
might be involved in glycosylation reactions in the Golgi apparatus (Galina & da-
Silva, 2000; da-Silva, Rezende & Galina, 2001).
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Figure 1. Proposed localizations of hexokinases in plant cells. Grey circles represent
hexokinases.
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A number of cDNAs and genes encoding hexokinases have been identified in
different plants (Jang et al., 1997; Wiese et al., 1999, Veramendi et al., 1999;
2002), but only in a few cases, such as the above mentioned SoHxK1, has the
subcellular location of the enzyme been determined. Most plant hexokinases that
have been studied so far, including AtHxk1 and AtHxk2 (Jang et al., 1997) belong
to the type B group (Olsson, Thelander & Ronne, 2003 [paper I]), which have N-
terminal membrane anchors similar to that in SoHxK1. As discussed further
below, we found that Physcomitrella patens also has another kind of hexokinase
(type A), which is imported into the chloroplast stroma (Olsson, Thelander &
Ronne, 2003 [paper I]) and we predicted that uncharacterized type A-like
hexokinases in other plants also might be targeted to the chloroplast stroma. This
prediction was recently confirmed by Giese and colleagues (2005) who found that
a type A hexokinase in tobacco, NtHxk?2, is localized in the plastid stroma. The
expression of NtHxk?2 is mainly restricted to tissues where starch turnover takes
place, indicating that NtHxk2 might be involved in starch degradation.

Finally, in Arabidopsis, the gene products of AtHXK2 and the putative
hexokinase gene Atlg50460, along with several other glycolytic enzymes, were
reported to be associated with mitochondrial fractions, as determined from partial
sequencing of peptides (Giegé et al., 2003). This has led to the suggestion that the
entire glycolytic pathway is associated with mitochondria in plants, by attachment
to the cytosolic face of the outer mitochondrial membrane. This micro-
compartmentation of the glycolysis would allow pyruvate to be supplied directly
to the mitochondria, where it subsequently is used as a substrate for the Krebs
cycle.

Sugar sensing and signalling in plants

Sugars as signalling molecules

As described above, sugars are crucial as substrates in the carbon and energy
metabolism and as structural components throughout a plant’s life cycle.
Accordingly, sugars have a major impact on plant growth and development. The
developmental process is complex because of the multicellular nature of the plant.
This requires extensive communication and coordination between different cells
and tissues in the plant. Such intercellular communication is principally carried out
by the plant hormones, such as abscisic acid, cytokinin, auxin, and ethylene
(Hopkins, 1995). These hormones influence a wide variety of developmental and
physiological processes ranging from seed development to senescence, stress
responses and cell cycle completion. In addition, most of the above processes can
be influenced by more than one plant hormone at a time.

In recent years, there has been increasing evidence that sugars also have
important hormone-like functions that seem to be mediated both by modulation of
plant hormone pathways, and by sugar-specific signalling pathways in plants
(Rolland, Moore & Sheen, 2002). The fundamental role of sugars as signalling
molecules has long been recognised in yeast, which utilizes a system that
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optimises consumption of the preferred carbon source glucose. Thus, yeast
exclusively ferments glucose when it is available. In the presence of glucose,
genes that are needed for metabolism of other carbon sources are therefore
transcriptionally repressed, while genes involved in uptake and fermentation of
glucose are induced (Ronne, 1995; Johnston, 1999; Rolland, Winderickx &
Thevelein, 2002).

Similar to microorganisms, plants also need to be able to adapt to variations in
nutrient availability and energy status. Being multicellular, they also require
mechanisms for resource allocation between source and sink tissues. It is
established that photosynthesis is regulated by sugar in a feedback mechanism.
Thus, when sugar concentrations increase there is repression of genes involved in
photosynthesis and mobilization of stored reserves, while genes required for
metabolism and storage are induced. The depletion of sugars leads to activation of
photosynthetic genes and genes involved in carbohydrate mobilization (Koch,
1996). However, it is becoming increasingly clear that sugars do not only control
the metabolism but are also involved in the regulation of numerous developmental
processes throughout the plant life cycle, from germination to senescence
(Rolland, Moore & Sheen, 2002; and references therein).

Sugar response screens

In order to identify components of sugar signalling pathways in plants the
approach has been predominantly genetic, i.e. to isolate sugar response mutants.
This has been accomplished by either of two major strategies. The first approach is
based on the screening of mutagenized plant populations that carry a construct
with a sugar responsive promoter in front of a reporter gene. This method was
used to isolate sucrose uncoupled (sun) mutants (Dijkwel et al., 1997), reduced
sucrose response (rsr) mutants (Martin et al., 1997), impaired sucrose induction
(isi) mutants (Rook et al., 2001), the low p-amylase (Iba) and the high p-amylase
(hba) mutants (Mita ef al., 1997a; 1997b). The second approach is based on the
fact that some plants exhibit a sugar-dependent developmental arrest at the
germination or seedling stage. There have been several screens performed for
mutants that are able to overcome the inhibitory effect of high sugar levels on
seedling development; mutants found in these screens include the glucose
insensitive (gin, Zhou et al., 1998), sugar insensitive (sis, Laby et al., 2000), and
sucrose insensitive growth (sig, Pego et al., 2000) mutants. The mannose
insensitive germination (mig, Pego et al., 2000) mutants were similarly isolated in
a screen based on the repression of seed germination by low levels of mannose.
The principle of seedling developmental arrest has also been used to isolate
mutants with enhanced sugar sensitivity, including glucose super sensitive (gss,
Pego et al., 2000), sucrose super sensitive (sss, Pego et al., 2000), and pleiotropic
regulatory locusl (prll, Németh et al., 1998). It should be stated that all genes
affected in the sugar response mutants are not necessarily involved in sugar
signalling.
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Hexokinase as a glucose sensor in plants

Hexokinase has in addition to its catalytic function in the metabolism also been
implicated as a key player in plant sugar sensing and signalling. This notion
originated from the yeast system where hexokinase long has been recognised as a
part of the glucose repression machinery, but only recently has evidence for the
exact role of the protein has begun to emerge in yeast (Moreno et al., 2005). In
plants, experiments with different glucose analogues has demonstrated that only
those analogues that can be used as substrates by hexokinase are able to modulate
the expression of certain sugar regulated genes, including the chlorophyll a/b-
binding protein (CAB) and ribulose-1,5-bisphosphate carboxylase small unit
(RBCS) genes from Arabidopsis and the malate synthase (MS) and isocitrate lyase
(ICL) genes from cucumber. Thus, mannose and 2-deoxyglucose, which both are
phosphorylated by hexokinase, are able to repress sugar regulated genes, while 6-
deoxyglucose and 3-O-methylglucose, which are taken up by the cell but not
phosporylated by hexokinase, both are ineffective (Graham, Denby & Leaver,
1994; Jang & Sheen, 1994). Furthermore, hexokinase inhibitors are able to relieve
the inhibitory effect of glucose on gene expression (Jang & Sheen, 1994). Finally,
transgenic Arabidopsis plants expressing antisense constructs for hexokinase have
been shown to be sugar hyposensitive, while plants overexpressing hexokinase are
sugar hypersensitive. Thus, the antisense plants did not exhibit glucose-dependent
repression of the CAB and RBCS genes, whereas the hexokinase overexpressors
showed an enhanced repression of these genes (Jang et al., 1997).

These data support the notion that hexokinase could function as a sugar sensor
in a sugar signalling pathway, although it is not an easy task to discriminate
between the metabolic function and the proposed sensor function. This problem is
illustrated by work in yeast, where the role of hexokinase in glucose repression is
still not fully understood, even though the effect has been studied extensively by
many research groups since its discovery 25 years ago (Entian, 1980). The role of
plant hexokinases in a strict regulatory sensor function that is distinct from the
catalytic activity has therefore been a subject of debate (Halford, Purcell & Hardie,
1999; Moore & Sheen, 1999). However, Moore and colleagues (2003) recently
showed that AtHXKI mutants that lack detectable Hxkl1 catalytic activity could
still support various effects of glucose on gene expression and development, thus
providing a strong indication that glucose signalling can be uncoupled from
glucose metabolism in at least some cases.

Sugar signalling pathways

Studies of transgenic Arabidopsis plants suggest the presence of at least three
separate glucose sensing and signalling pathways (Xiao, Sheen & Jang, 2000).
The first is a hexokinase-dependent but glycolysis-independent pathway, which
would reflect a distinct signalling function of hexokinase. The second is a
hexokinase- and glycolysis-dependent pathway, which probably reflects the
metabolic role of hexokinase, and the third is a hexokinase-independent pathway
(Figure 2).
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The hexokinase-dependent but glycolysis-independent signalling pathway
controls the expression of genes involved in photosynthesis, such as the
Arabidopsis chlorophyll a/b-binding protein (CAB), plastocyanin (PC), and
ribulose-1,5-bisphosphate carboxylase small unit (RBCS). This pathway does not
seem to be dependent on the catalytic activity of the hexokinase. This notion is
supported by the fact that overexpression of AtHXKI enhances the repression of
the above mentioned genes while no repression was seen in plants expressing
AtHXK] antisense constructs (Xiao, Sheen & Jang, 2000). Significantly,
overexpression of the major yeast hexokinase ScHXK?2 in Arabidopsis did not
result in enhanced repression of the photosynthetic genes although the catalytic
activity was elevated, indicating that the yeast enzyme was active (Jang et al.,
1997). This indicated that yeast Hxk2 cannot substitute the AtHxkl signalling
function. Furthermore, the fact that 2-deoxyglucose is able to repress the
expression of CAB while phosphorylated sugars are unable to do so indicates that
further metabolism downstream of hexokinase is not needed for the control of
expression of these genes (Jang & Sheen, 1994).

glucose

/ transporteu \f/ sensor \

1
1
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1
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Hxk ) :
U : 1 Hxk-
! : independent
: | pathway
glucose-6-phosphate | !
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pathway : pathway 1
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(PR1, PR5, (CAB, RBCS, (AS1, CHS,
\ AtNrt2.1) PC) PAL1, PAL2) )

Figure 2. The three proposed glucose signalling pathways in plants.

The hexokinase- and glycolysis-dependent pathway regulates the expression of
the pathogenesis-related genes PRI/ and PR2 in Arabidopsis. In this case,
overexpression of ScHXK?2 affects the induction of PR/ and PRS5 to the same
extent as overexpression of AtHXKI (Xiao, Sheen & Jang, 2000). Moreover,
analysis of the expression of the sugar-inducible Arabidopsis nitrate transporter
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gene AtNrt2.1 revealed that mannose and 2-deoxyglucose, which are
phosphorylated by hexokinase but not further metabolised, are unable to mimic the
inducing effect of sucrose, glucose and fructose. Furthermore, the regulation of the
gene is not altered in sugar sensing mutants, although the sugar induction of
AtNrt2.1 is abolished in an antisense AtHXK line (Lejay et al., 2003). These data
indicates that this pathway is dependent on the catalytic activity of hexokinase.
The specific signal in this case may not be glucose itself but a metabolite
downstream of hexokinase in the carbon metabolism.

It should further be noted that a knockout of the two redundant Physcomitrella
patens genes PpSNF1a and PpSNF1b, which encode Snfl-related protein kinase
1, produces a phenotype which is largely opposite that of a hxk/ knockout
(Thelander, Olsson & Ronne, 2004). This raises the possibility that this kinase
may function downstream of hexokinase in glucose signalling, as is the case for
the Snfl kinase in yeast (Ronne, 1995; Johnston, 1999; Rolland, Winderickx &
Thevelein, 2002). The snf1 and hxk2 knockout mutants have opposite phenotypes
in yeast, which reflects the fact that a hexokinase-dependent signal inhibits the
Snfl kinase within the glucose repression pathway.

The hexokinase-independent pathway, finally, regulates genes such as
asparagine synthase (4S7), phenylalanine ammonia-lyase (PALI and PAL?2), and
chalcone synthase (CHS). This pathway is not at all affected by changes in the
catalytic activity of hexokinase. Furthermore, the effect is triggered also by the
glucose analogues 6-deoxyglucose and 3-O-methylglucose, which are not
substrates for hexokinase (Xiao, Sheen & Jang, 2000).

It should be mentioned that there also are indications of a sucrose-specific
sensing and signalling pathway (Chiou & Bush, 1998; Tiessen et al., 2003).
Because of the degradation of sucrose into glucose and fructose, it can be
complicated to decide which molecule is responsible for the signalling event.
However, in some cases, it could be shown that fructose and glucose were unable
or less effective than sucrose in triggering responses, which provides evidence that
the hexoses are not involved in this signalling pathway. This also indicated that
further metabolism of sucrose is not necessary for the signalling event to take
place. Interestingly, the Snfl-related protein kinase 1 has also been suggested to
be involved in a sucrose-specific signalling pathway, but in this case
independently of hexokinase (Tiessen et al., 2003).

Sugar and hormone cross-talk

Interestingly, the characterization of the mutants isolated in the sugar screens
described above has led to the identification of mutations in genes previously
implicated in plant hormone biosynthesis or signalling, thus providing a link
between sugar and hormone signalling pathways. Accordingly, the sugar resistant
mutants sis4/ginl/isi4 (Laby et al., 2000; Zhou et al., 1998; Rook et al., 2001)
have been shown to be allelic to aba? (Léon-Kloosterziel et al., 1996). The
GINI/ABA2 gene was subsequently cloned, and shown to encode a short-chain
dehydrogenase/reductase involved in the synthesis of ABA (Cheng et al., 2002).
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Furthermore, the sugar resistant mutant gin5 (Arenas-Huertero et al., 2000) is
allelic to the ABA biosynthesis mutant aba3 (Léon-Kloosterziel et al., 1996) and
the sugar resistant mutants sis5/gin6/isi3/sun6 (Laby et al., 2000; Arenas-Huertero
et al., 2000; Rook et al., 2001; Huijser et al., 2000) are allelic to abi4, which is an
ABA insensitive mutant (Finkelstein et al., 1998).

There is also evidence of cross-talk with the ethylene response pathway. Thus,
the sis1/gin4 mutants (Gibson, Laby & Kim, 2001; Rolland et a/., 2002) are allelic
to the ethylene constitutive mutant c#r/. Furthermore, the ethylene overproducer
mutant efo/ is sugar resistant while the ethylene insensitive mutants efr/ and ein4
are hypersensitive to sugar (Gibson, 2004). The stability of a key transcriptional
regulator in ethylene signalling, Ein3, has been shown to be enhanced by ethylene
and reduced by glucose (Yanagisawa, Yoo & Sheen, 2003). Finally, an AtHXKI
null mutant was shown to be insensitive to auxin and hypersensitive to cytokinin,
thus demonstrating an interaction between the AtHxkl-dependent glucose
signalling pathway, and the auxin and cytokinin response pathways (Moore ef al.,
2003).

In conclusion, there is evidence of extensive cross-talk between the sugar
sensing and plant hormone signalling pathways. A major challenge in plant
biology is therefore to determine to what extent sugars exert their effects through
unique pathways that respond only to specific sugars, or by modulating plant
hormone pathways. Studies of knockout mutants in Physcomitrella patens and
their phenotypes may help to solve this important question.

The moss Physcomitrella patens

Functional genomics in plants

Functional genomics, i.e. designating each gene in a genome a precise function, is
one of the fundamental areas of plant biology today. There are several approaches
for revealing gene functions. The classical forward genetics approach is based on
the phenotypic screening of plants that have been mutagenized by chemical or
physical treatments. The disadvantage of this method is the laborious positional
cloning of the mutated gene locus once an interesting phenotype has been found.
The most frequent reverse genetics approach used to perform large-scale
functional genomics in plants has been to disrupt genes through random
integration by introducing either Agrobacterium-derived T-DNA (Krysan, Young
& Sussman, 1999) or a transposon (Martienssen, 1998) into the plant.
Alternatively, knock-down methods such as antisense RNA and RNAi can be used
to prevent expression of the gene of interest (Horiguchi, 2004). A very important
method in reverse genetics is gene targeting, i.e. the generation of specific
mutations in the genome by homologous recombination mediated integration of
foreign DNA sequences. The possibility to specifically knock out a gene of
interest is what has made the yeast Saccharomyces cerevisiae such a powerful
model system (Struhl, 1983). Unfortunately, a targeted knockout of a particular
gene in a flowering plant is almost impossible because homologous recombination
occurs only at very low frequencies (Mengiste & Paszkowski, 1999). The
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functional characterization of particular genes in plants has therefore been
performed either by transposon mutagenesis, overexpression or antisense RNA
suppression.

Physcomitrella as a plant model system

The bryophyte Physcomitrella patens was originally chosen as a model system to
study developmental processes in plants due to its simple morphology (Cove et al.,
1991 and references therein; Cove & Knight, 1993). A very significant turn of
events, however, was the discovery that Physcomitrella has an efficient native
system for homologous recombination (Schaefer & Zryd, 1997; Schaefer, 2001) in
contrast to other land plants, which makes knockouts possible. In addition, the
dominating growth phase of Physcomitrella is haploid, which makes it possible to
study knockouts and other recessive mutations without any backcrossing to obtain
homozygous diploids. These two features make Physcomitrella an ideal model
system for studying plant gene function by means of reverse genetics.

Physcomitrella is fast growing and is easily maintained both in liquid and on
solid media. The cultures can be kept for several months in the fridge, and long-
term storage of Physcomitrella strains by cryopreservation has been shown to be
reliable (Schulte & Reski, 2004). Furthermore, dried spores can be stored for
several years (Frank, Decker & Reski, 2005). Several important molecular biology
techniques have now been established in Physcomitrella. These include gene-trap
and enhancer-trap systems (Nishiyama et al., 2000; Hiwatashi ef al., 2001), RNA-
interference (Bezanilla, Pan & Quatrano, 2003), and a system to identify protein
phosphorylation (Heintz et al., 2004). Transformation can be accomplished by
either PEG-mediated DNA uptake by protoplasts (Schaefer ef al., 1991) or particle
bombardment (Bezanilla, Pan & Quatrano, 2003).

Many developmental and regulatory processes in Physcomitrella seem to be
influenced by the same factors as in higher plants. These factors include light
(Imaizumi et al., 2002), calcium (Tucker et al., 2005), gravity (Reski, 1997) and
phytohormones such as auxin (Ashton, Grimsley & Cove, 1979), cytokinin
(Ashton, Grimsley & Cove, 1979; von Schwartzenberg et al., 1998), and abscisic
acid (Knight et al., 1995; Nagao et al., 2005). The mechanisms through which
these effectors operate seem to be fairly conserved in some cases, such as the
response to light which is mediated through cryptochrome, red-light receptor,
dichroic phytochrome and phototropin in Physcomitrella (Uenaka, Wada &
Kadota, 2005). In other cases, such as the response to abiotic stresses, there seem
to be conserved mechanisms (Knight ef al., 1995) as well as pathways that have
been altered during evolution (Kroemer, Reski & Frank, 2004).

Physcomitrella is also interesting from an evolutionary developmental genetics
perspective. The last common ancestor of bryophytes and seed plants lived about
450 million years ago (Theissen et al., 2001). The phylogenetic position of mosses
near the base of land plants makes Physcomitrella ideal for addressing the
question on of how the land plants have evolved.
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The Physcomitrella life cycle

The life cycle of Physcomitrella is typical of a moss, in that it comprises the
alteration of two generations, the haploid gametophyte and the diploid sporophyte.
The dominant haploid gametophyte consists of filamentous protonemal tissue and
upright gametophores, also called leafy shoots (Figure 3).
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Spore

Fertilization
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Archegonia  Antheridia Chloronemata
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Haploid phase
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Figure 3. The life cycle of Physcomitrella patens.
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The development of Physcomitrella, which has been described by Reski (1997),
starts as a haploid spore germinates and grows out to form protonemal filaments.
These filaments consist of two distinct cell types, chloronemata and caulonemata,
which grows by apical cell divisions and sub-apical branching. Chloronemal cells
are characterized by cell walls that are perpendicular to the growth axis, and have
numerous round chloroplasts. Caulonemal cells, in contrast, have oblique cell
walls and contain fewer and smaller plastids. Additionally, caulonemal cells are
usually longer than chloronemal cells and have a higher growth rate. The first cell
type to form from the germinating spore is chloronemal. The next differentiation
step, the transition of chloronema to caulonema is induced by auxin (Ashton,
Grimsley & Cove, 1979), and it takes several cell divisions before the transition is
complete.

In contrast to side branches from chloronemal filaments which only can develop
into a new chloronemal filament, caulonemal side-branch initials can have one of
three fates: develop into a chloronemal side branch, a caulonemal side branch or
develop into a bud. The bud is the initial of the upright gametophore, which
consists of a stem and one cell-layer thick leaves. The stem contains hydroids,
which are specialised conducting cells, although not a true vascular system. From
the base of each gametophore root-like rhizoids protrude. The rhizoids are
morphologically similar to caulonemal cells but do not branch and appear to serve
mainly as a structural support for the gametophore. The gametophore bears the sex
organs. Physcomitrella is monoecious, which means that both male (antheridia)
and female (archegonia) sex organs develop on the same gametophore.
Fertilization requires a surface water film in order for the male gametes
(spermatozoids) to be able to swim down the neck of the archegonia. The zygote
develops into an embryo, which grows out to become the next generation, the
diploid sporophyte. Within the spore capsule the diploid cells then undergo
meiosis and produce around 5000 haploid spores, thus completing the life cycle.

Physcomitrella genomics and transcriptome

The haploid genome size of Physcomitrella patens is estimated to be around 511
Mbp (Schween et al., 2003) distributed on 27 chromosomes (Reski ef al., 1994).
The genome of Physcomitrella is currently being sequenced by the Joint Genome
Institute (JGI) and unassembled sequence data is already available at
http://www.jgi.doe.gov. The first draft of the complete genome is expected to be
released by the end of the year. This will make Physcomitrella the fourth plant
genome sequenced after Arabidopsis, rice and poplar (Reski, 2005).

Even though information on the genome organisation is still missing, there is
much information on the Physcomitrella transciptome available. Over 100 000
public ESTs (Nishiyama et al., 2003) and an additional of 110 000 proprietary
ESTs (Rensing ef al., 2002) are accessible in different databases representing more
than 95% of the Physcomitrella transcriptome. In a recent report by Rensing and
colleagues (2005) all EST and CDS data available were clustered to produce a
genome-wide analysis of protein encoding genes in Physcomitrella. This resulted
in the prediction of in total 19081 non-redundant ORFs. Approximately 30% of
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these putative transcripts have a homolog in both the rice and Arabidopsis
transcriptome, while 134 transcripts are not present in seed plants but can be found
in other kingdoms. The fraction of gene products associated with metabolism is
significantly higher in bryophytes than in seed plants (Lang et al., 2005). The
organisation of exons and introns are generally conserved between Physcomitrella
and Arabidopsis (Rensing et al., 2004; Champagne & Ashton, 2001), although the
Physcomitrella introns seem to be longer than those in Arabidopsis (Harries, Pan
& Quatrano, 2005; Rensing et al., 2005). Physcomitrella has been suggested to
have smaller gene families than Arabidopsis (Rensing et al., 2002), however this
is contradicted by our finding that there seems to exist 11 hexokinase genes in
Physcomitrella compared to six in Arabidopsis (unpublished results).

21



Aims of the present study

Carbohydrates are important nutrients and structural components in all living
organisms. In plants they affect the developmental and metabolic processes
throughout the plant life cycle. Hexokinase mediates the first catalytic step, sugar
phosphorylation, in hexose metabolism, but has also been implicated in
carbohydrate sensing and signalling. Still, the mechanisms by which plants
recognise and respond to carbohydrates are mainly unknown. The aim of the
present study was to gain more insight in the function of hexokinases in plants,
both as key metabolic enzymes and in their putative role as glucose sensors in the
sugar signalling system.

Results and discussion

A novel type of chloroplast stromal hexokinase is the major
glucose-phosphorylating enzyme in the moss Physcomitrella
patens (I)

In order to study the function of hexokinases in Physcomitrella patens, we used
PCR techniques to clone a full length cDNA and the corresponding gene, which
was named PpHXK .

Several genes from the Physcomitrella genome have been shown to have the
same exon/intron organization as higher plants (Schaefer, 2002). Consistent with
this we found that the exon/intron distribution of PpHXK] is identical to that of
the Arabidopsis AtHXK?2 gene (Jang et al., 1997). A low stringency Southern blot
indicated that there are no other genes that are very closely related to PpHXKI in
the Physcomitrella genome, although an additional weak band showed the
existence of at least one more distant relative. This is also consistent with our
recovery of other hexokinase encoding sequences in the initial PCR. The
expression of PpHXKI is essentially constitutive in young protonemal tissue,
which was shown using quantitative RT-PCR.

The Hxkl1 protein was predicted by the TargetP software (Emanuelsson ef al.,
2000) to be chloroplast-imported, with a possible N-terminal transit peptide
cleavage site after amino acid residue 37 (Nielsen et al., 1997). We could show
that Hxk1 indeed localizes to the chloroplasts by making translational fusions with
GFP. While GFP alone localizes to the nucleus and cytoplasm, the Hxk1-GFP
fusion is exclusively found in the chloroplasts. This localization is dependent on
the N-terminal transit peptide, since a truncated Hxk1-GFP fusion lacking the
signal peptide is excluded from the chloroplasts and shows a clear cytoplasmic
localization similar to that of GFP alone.
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We proceeded to knock out the PpHXKI gene, utilizing the fact that gene
targeting in Physcomitrella works with frequencies comparable to those in yeast
(Schaefer & Zryd, 1997; Schaefer, 2001). Interestingly, enzymatic studies
revealed that the Axk! knockout mutant has a strongly reduced ability to
phosphorylate glucose, only 22% of the wild type activity remained. We also
tested the fructose phosphorylating activity since many hexokinases have a dual
specificity for glucose and fructose. The Axk/ mutant exhibited 53% of the wild
type fructose phosphorylating activity. We could conclude that Hxk1 has a dual
specificity for glucose and fructose.

In order to further pinpoint the subcellular localization of Hxkl we purified
chloroplasts from both Physcomitrella wild type cells and the Axk/ mutant. The
glucose phophorylating activity was examined in both membrane and stromal
fractions. We could show that the PpHxkl1-dependent glucose phosphorylating
activity is exclusively found in the soluble fraction, demonstrating that the enzyme
is imported into the stroma of the chloroplasts. It seems to be the only glucose
phosphorylating enzyme there since 98% of the activity disappears in the Axkl/
knockout mutant. The much lower activity in the membrane fraction is not
affected in the hxkl mutant, which indicates that Hxk1 does not contribute to this
activity. We suggested at that time that this activity might be due to another
hexokinase-encoding gene named PpHXK?2, found in the initial PCR. PpHxk2 has
a predicted membrane anchor similar to that of spinach SoHxk1, which has been
shown to be inserted into the outer envelope membrane of the chloroplast, facing
the cytoplasmic side (Wiese et al., 1999). We were subsequently able to confirm
that PpHxk2 (and also a related protein, PpHxk3) localizes to the chloroplast
envelope (see paper III below).

We proceeded to study how the Axkl mutant responds to externally added sugar
since hexokinases have been implicated to function in glucose sensing and
signalling (Jang et al., 1997; Moore et al., 2003). We found that wild type moss
colonies respond to 0.05 M externally added glucose by enhancing the formation
of gametophores whereas the addition of 0.15 M glucose enhances the formation
of caulonemal filaments protruding from the edge of the colony. In the Axkl
mutant the enhancement of gametophores at 0.05 M glucose is unaltered but the
mutant is deficient in the response to 0.15 M glucose.

The finding of a chloroplast targeting peptide in PpHxkl prompted us to
compare the N- termini of all plant hexokinase sequences that were available at
that time. The sequences fell into two distinct groups, which we called Type A and
Type B. The Type A hexokinases all have predicted chloroplast transit peptides,
similar to PpHxkl. Type B are hexokinases with N-terminal hydrophobic
membrane anchors, as exemplified by SoHxkl (Wiese et al., 1999). The type B
group comprises all those hexokinases from higher plants that so far has been
studied in detail (Wiese et al., 1999; Jang et al., 1997; Veramendi et al., 1999;
2002). It should be noted, however, that the sequencing of more plant hexokinase
genes has since revealed a more complicated picture. Thus, we found a
hexokinase, PpHxk4, that lacks N-terminal extension (see paper III below) and
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some other plant hexokinases have N-terminal extensions that resemble neither the
Type A nor the Type B enzymes.

We next investigated how the different types of hexokinases are related to each
other. An evolutionary tree was computed from the core sequences of the
hexokinases in order to avoid any bias derived from the N-termini. We found that
the Type A enzymes are present in several deep branches within the tree,
indicating that they represent an ancestral form of plant hexokinase. The Type B
enzymes form two distinct branches, which we named B1 and B2. The B1 branch
appears to be very ancient since it diverged from other plant hexokinases before
the separation of mosses from higher plants. In contrast, the B2 branch appears to
be of more recent origin and might have arisen through an ectopic recombination
event that copied the membrane anchor from a Type Bl enzyme to the ancestor of
the Type B2 enzymes.

We think that the two types of hexokinases have distinct physiological roles,
which reflect their intracellular locations. The Type B enzyme has been proposed
to function in supplying the cell with glucose-6-P during starch breakdown, where
it would help to maintain a concentration gradient over the plastid membrane that
facilitates glucose export to the cytosol (Weber ef al., 2000). The Type A enzyme
could function to make glucose-6-P directly available for further metabolism in
the plastid after hydrolytic starch breakdown. The Type A enzyme could also
function to phosphorylate glucose imported into the plastid by facilitated transport.
The presence of hexokinases on both sides of the chloroplast envelope provides a
possible mechanism for changing the direction and driving force of glucose
transport by regulating the activities of the two hexokinases.

Effect of the energy supply on filamentous growth and
development in Physcomitrella patens (1I)

Our initial characterization of the Physcomitrella hxkl knockout mutant revealed
that 0.15 M glucose stimulates caulonema formation in light grown wild type
colonies and that this effect is reduced in the mutant, suggesting a link between
developmental regulation and the energy supply. This prompted us to investigate
the developmental response of the sxkl mutant to different growth conditions.

We found that the Axkl mutant generally has a somewhat smaller colony
diameter than the wild type, indicating a reduced growth rate. The Axk/ mutant
responds normally to auxin while it is hypersensitive to cytokinin. Furthermore,
the hixkl mutant shows a clear hypersensitivity to the inhibitory effect of abscisic
acid on colony size. Light microscopy analysis of chloronemal cells grown under
standard conditions further showed that the /sxk/ mutant cells have a somewhat
swollen appearance compared to the wild type. Abscisic acid is known to cause a
change in cell shape resulting in thicker and less elongated protonemal cells,
known as brood cells (Goode, Stead & Ducket, 1992) and consistent with this, the
mutant phenotype is more pronounced in the presence of ABA. This prompted us
to investigate if the Axk/ mutant had elevated endogenous ABA levels, but this
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could not be seen under any conditions tested. We concluded that the cell-shape
phenotype of /Axkl mutant is not mediated by changes in endogenous ABA levels.

Next, we investigated how the formation of caulonemal filaments is affected in
the mutant and under different growth conditions. It has previously been reported
that auxin stimulates and cytokinin inhibits the formation of caulonemal filaments
under high light conditions (Ashton, Grimsley & Cove, 1979; Reski, 1998). We
observed that both light and external glucose strongly enhance the formation of
caulonema in the wild type, while in the Axk/ mutant the basal rate of caulonema
formation is reduced several-fold irrespective of the growth conditions.

We proceeded to examine chloronemal branching in the mutant and the wild
type. We found that both high light and auxin reduce chloronemal branching while
cytokinin stimulates it in the wild type. The effect on side branch length is less
pronounced although a slight inverse correlation with the branching frequency is
seen. Glucose has a more complex effect in that it reduces the chloronemal
branching frequency but increases the number of cells per chloronemal side
branch. In the Axkl mutant the number of branches per chloronemal cell is
enhanced under all conditions tested, while the lengths of the branches are
generally shorter. The increase in branch length in response to glucose which is
seen in the wild type is blocked in the sxk/ mutant. The effects on caulonema
formation and chloronemal branching are opposite for all the conditions that we
tested, which suggests a balance between the two filament types. PpHxk1 is the
major glucose phosphorylating enzyme in Physcomitrella protonemal tissue. The
hxkl mutation is therefore likely to cause a significant reduction in hexose
phosphorylation, producing less ATP and therefore creating a condition of
artificial starvation. We therefore interpreted our findings as evidence that the
available energy supply affects the balance between chloronemal and caulonemal
cell types.

We could also show that the Axkl mutation causes buds to appear on
chloronemal filaments. This is rarely seen in the wild type but can be induced by
externally added cytokinin (Reski & Abel, 1985). The Axkl mutant has a
significant number of chloronemal buds under normal growth conditions and the
number of chloronemal buds is not further increased in the presence of cytokinin.
Auxin completely blocked the formation of buds, as shown previously by Ashton,
Grimsley & Cove (1979). We concluded that the developmental program that
controls bud formation is disturbed in the mutant and that cytokinin and
hexokinase may affect bud formation through a common mechanism.

Structure and localization of hexokinases in the moss
Physcomitrella patens (111)

Our finding that PpHxk1 is located in the stroma of chloroplasts encouraged us to
investigate where other hexokinases in Physcomitrella are localized. We started
out by cloning full-length ¢cDNAs of four additional hexokinases using PCR
primers obtained from hexokinase-like sequences found in the publicly available
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Physcomitrella EST database (Nishiyama et al., 2003). We also cloned the
corresponding genes, which we called PpHXK?2, PpHXK3, PpHXK4 and PpHXKS.

In order to see how the different hexokinases are related to each other we
constructed an evolutionary tree in the same manner as in (I) excluding the N- and
C-termini to avoid bias. The tree was computed using only Arabidopsis and rice
sequences along with our cloned Physcomitrella hexokinases because both these
genomes have been fully sequenced and we believed this would provide a more
complete picture of the plant hexokinase family. Surprisingly, we found that all
Physcomitrella hexokinases clustered in one single branch in the tree, while the
rice and Arabidopsis hexokinases were more widely dispersed throughout the tree.

We next investigated the subcellular localization of our new hexokinases. Both
PpHxk2 and PpHxk3 belong to the Type B hexokinases described earlier in (1),
since they both contain a predicted N-terminal membrane anchor. By making
translational GFP-fusions, we could show that both PpHxk2 and PpHxk3 are
localized to the chloroplast envelope and that this localization is dependent on the
membrane anchors. Furthermore, they both also localize to small ring-like
structures within the cells. However, we suspect that these might be artefacts due
to overexpression.

PpHxk4 appears to represent a novel type of hexokinase, which we termed Type
C. It neither has a signal peptide nor a membrane anchor, and is more distantly
related to the other Physcomitrella hexokinases based on its core sequence. We
expected this protein to be cytosolic because of the absence of a signal peptide.
GFP-fusions showed that the protein is indeed cytosolic but in addition to this also
localizes to the nucleus.

PpHxkS5 contains a predicted N-terminal transit peptide and thus clearly belongs
to the Type A hexokinases. GFP-fusions confirmed that the protein has a
localization similar to PpHxkl1, i.e. it is imported into the chloroplasts. As for
PpHxkl1, this localization was also shown to be dependent on the N-terminal
signal peptide.

Several plant hexokinases of the Type B group were originally cloned by
complementation of a hexokinase-deficient yeast strain (Jang et al., 1997;
Veramendi et al., 1999; 2002). We had previously noted that PpHxk1 is unable to
complement a yeast hxkl hxk2 glkl triple mutant and we reasoned that the
chloroplast transit peptide might interfere with the folding or targeting in yeast.
However, we found that PpHxkl lacking the transit peptide is still unable to
complement a yeast triple mutant. In contrast, PpHxk3 is able to complement a
yeast triple mutant, which is in agreement with the complementation cloning of
other Type B hexokinases (Jang et al., 1997; Veramendi et al., 1999; 2002).
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Conclusions

The Physcomitrella patens gene PpHXKI encodes a novel type of chloroplast
stromal hexokinase, which is dependent on its N-terminal transit peptide for
correct localization.

Hxkl accounts for most of the glucose phosphorylating activity in young
protonemal tissue.

A targeted knock out of the PpHXKI gene revealed an artificial starvation
phenotype. Furthermore, the xk/ mutation causes buds to appear on chloronemal
filaments and confers hypersensitivity to abscisic acid and cytokinin.

Both PpHxk2 and PpHxk3 are Type B hexokinases and localize to the outer
envelope of the chloroplast.

PpHxk4 is a novel type of hexokinase, without targeting peptide or membrane
anchor, which localizes to the cytosol and to the nucleus.

PpHxk5 is a Type A hexokinase, which localizes to the stroma of chloroplasts
similar to PpHxk1.

Future perspectives

Hexokinase has long been considered as an unexciting enzyme at the start of
glycolysis. However, the realisation that hexokinases are involved not only in
metabolic processes, but also many essential developmental processes during the
plant life cycle, and that there are several isozymes localized to different cellular
compartments, has changed this opinion. The complete picture including the
number of hexokinases, their localization and precise functions, is not known for
any plant. Using Physcomitrella as a model system can help to elucidate the full
story of hexokinase function in plants. There are several directions that should be
followed.

In order to reveal the complete picture we first need to know the number of
hexokinases in the Physcomitrella genome. This is a quite simple task to complete
once the genome is fully sequenced. Using the sequences already available from
the genome project we have identified in total 11 hexokinases in Physcomitrella.
This might be troublesome news for a knockout strategy but actually need not to
be. So far, only five of these hexokinases have been found in the available EST
libraries, which might mean that not all of them are expressed, at least not in the
cell types used for making the libraries or under the conditions used for
cultivation. There might be several pseudogenes if the theory of unusually
frequent gene duplications is true. The hexokinases also seem to be localized to
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very different compartments in the cell. These questions of whether they all are
expressed and where they localize to are important to answer.

Obviously, the gene targeting technique should be utilized on selected
hexokinase genes. This will without a doubt give insights in the functions of the
different hexokinases through studies of the resulting phenotypes. The resulting
knockout mutants can also be used in hexokinase enzyme activity studies. This
will demonstrate if all hexokinases are catalytically active. Moore and colleagues
(2003) have proposed that the catalytic activity of AtHxk]1 can be uncoupled from
the sensing activity. Might some hexokinases have lost all their catalytic activity in
favour of a signalling function? In this context, it should be noted that there are
glucose transporters in yeast (Snf3 and Rgt2) that have lost their transporter
activities and instead function as glucose sensors (Johnston, 1999; Rolland et al.,
2002).

Utilising a Physcomitrella yeast two-hybrid library already available in our lab
to fish for hexokinase interacting partners, might give us the means to find genetic
evidence both for a hexokinase-mediated sugar sensing pathway and for cross talk
between this pathway and the pathways of different plant hormones, for example
that of ABA.
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