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Abstract There are several important factors affecting
the rate of starch decomposition in plants, including the
circadian clock, the regulation of gene expression, the
regulation of enzyme activities and starch phosphorylation
by glucan, water dikinase activities (GWDs). One isoform
of glucan, water dikinase named GWD3 or PWD (EC
2.7.9.5) was isolated for the first time from Arabidopsis
thaliana, and now we report its isolation and identification
in Solanum tuberosum L. leaves and tubers. We compare
StGWD3 sequence to the other GWDs sequences using
bioinformatics tools and propose also structural models for
the starch-binding domains in StGWD3 and StGWDI1. The
StGWD3 gene expression and protein were localised in
different heterotrophic and autotrophic potato tissues and

Communicated by L. A. Kleczkowski.

Electronic supplementary material The online version of this
article (doi:10.1007/s11738-012-1091-y) contains supplementary
material, which is available to authorized users.

S. Orzechowski (X)) - A. Grabowska - D. Sitnicka - J. Siminska
- M. Felus

Department of Biochemistry, Faculty of Agriculture

and Biology, Warsaw University of Life Sciences, SGGW,

Nowoursynowska 159, 02-776 Warsaw, Poland

e-mail: slawomir_orzechowski @sggw.pl

M. Dudkiewicz

Department of Biometrics and Bioinformatics, Faculty

of Agriculture and Biology, Warsaw University of Life Sciences,
SGGW, Nowoursynowska 159, 02-776 Warsaw, Poland

S. Fudali - M. Sobczak

Department of Botany, Faculty of Agriculture and Biology,
Warsaw University of Life Sciences, SGGW,
Nowoursynowska 159, 02-776 Warsaw, Poland

organs using in situ RT-PCR and immunolocalisation
methods, respectively. Diurnal changes in the transcript
abundance of StGWD3 in leaves were analysed using
quantitative real-time PCR and they appeared to be typical
for most genes involved in starch degradation in

chloroplasts.
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Abbreviations

CBM20 and CBM45 Carbohydrate binding module type
20 and 45

GWD1 Glucan, water dikinase

GWD3 Phosphoglucan, water dikinase
(PWD)

SBD Starch-binding domain

Introduction

Starch is the main storage carbohydrate in higher plants. It
is present in all tissues and plays an important role both as
a main ingredient in many human diets and as a raw
material in many food and chemical industries. Starch
metabolism is very important for understanding the biology
of the regulation of mass increase in plants. Starch is a
complex polysaccharide with two distinct forms, amylose
(linear) and amylopectin (branched), which together con-
stitute the starch granule. One of the covalent modifications
of starch granules is the phosphoesterification of the C-3 or
C-6 hydroxyl group in the glucosyl unit. In storage starch
of potato tubers, approximately 0.5 % of the glucose resi-
dues is phosphorylated (Mikkelsen et al. 2006), whereas
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the level of phosphorylation in transitory starch does not
exceed 0.1 %. The phosphorylation of starch granules
possibly facilitates the attack of amylases on the granule.
Because the structure of the biological starch molecule is
complex, the initiation of starch degradation requires
structural changes of the starch granule (Koétting et al.
2010; Smith 2012). Phosphorylation of the starch poly-
saccharide chains can weaken the compact granule and
create space for amylases to bind the polysaccharides
(Fettke et al. 2006; Dudkiewicz et al. 2008; Hejazi et al.
2008). As suggested by systematic analysis of NMR and
Molecular Dynamics Simulation (MDS) data for five
amylopectin branch-point trisaccharides (Hansen et al.
2008), there are several inter-ring bridging water molecules
involved in the stabilisation of specific amylopectin con-
formations within the starch granule. The introduction of
additional negatively charged phosphate groups could
possibly change the hydration network between oxygen
atoms in monosaccharide rings, which could influence the
structure of the entire granule. According to recently
published NMR and MDS results from Hansen et al.
(2009), 3-O-phosphorylation of disaccharides strongly
influences the glucosidic bonds in starch. The observed
shift in the conformational equilibrium was induced only
by 3-O-phosphorylation and has been attributed to the
steric effects of the introduced phosphate group. The fre-
quency of phosphorylated glucose residues in storage
starch in potato tubers is 1 per 200-300 (Mikkelsen et al.
2004). Phosphorylation of starch occurs widely in many
plant species, but the level of phosphoesterification
depends on the botanical origin of starch granules. The
proposed mechanism of starch phosphorylation due to
StGWD and AtGWD was recently published (Hejazi et al.
2012). This process seems to depend strongly on avail-
ability of the various acceptors during the phosphotransfer
reaction catalysed by GWDs.

Glucan, water dikinase (GWD1; EC 2.7.9.4), known as
R1 protein in S. fuberosum and SEX1 in A. thaliana,
phosphorylates glucose residues at the C-6 position (Ritte
et al. 2006). The second enzyme, the GWD3, named also
phosphoglucan, water dikinase (PWD/GWD3; EC 2.7.9.5)
(Baunsgaard et al. 2005; Kotting et al. 2005; Ritte et al.
2006; Smith 2012), phosphorylates the C-3 position of
glucose residues in amylopectin chains. Both dikinases are
necessary for normal starch metabolism in Arabidopsis
(Lloyd et al. 2005; Fettke et al. 2006; Edner et al. 2007).
GWD3 (PWD) activity depends highly on GWDI action
because the former phosphorylates substrates that have
already been phosphorylated, such glucans have proper
structure (Kotting et al. 2005, Hejazi et al. 2009) and
therefore acts downstream of GWDI.

Three genes have been identified in the Arabidopsis
genome that encodes GWD homologs: GWD1 (GWD,
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SEX1), GWD2 and GWD3 (PWD). A plastidial localisa-
tion has been confirmed for GWD1 and GWD3, but the
third homologue, GWD2, has been localised in the cytosol,
which excludes its involvement in starch degradation
(Orzechowski 2008).

To date, there has been one GWD homologue, previ-
ously called R1, described in potato. Its activity depends on
the cellular redox potential (Mikkelsen et al. 2004, 2005,
2006). After analysing potato EST sequences, Mikkelsen
et al. (2005) suggested that there is at least one additional
GWD homologue in S. tuberosum that is independent of
the redox potential, similar to GWD3 in Arabidopsis.

In this paper, we describe the purification of the second
GWD homologue, named StGWD3, from potato tubers, its
identification using MALDI-TOF, analysis of expression
and the localisation of its gene and protein using in situ
RT-PCR or polyclonal antibody labelling, respectively.
Using two-step real-time RT-PCR, we analysed diurnal
changes in StGWD3 and StGWDI transcript levels. We
present the full nucleotide sequence of StGWD3 and the
results of the bioinformatics analysis of its domain struc-
ture and substrate-binding site. We compared the effects of
phosphorylation on intermolecular energies (kJ/mol) for
stabilising complexes between the set of sugar ligands and
S. tuberosum starch-binding domains (SBDs) from the
StGWDI1 and StGWD3 enzymes. We observed that phos-
phorylation of the oligosaccharides affects ligand binding
to the SBDs in both StGWDI1 and StGWD3. As Glaring
et al. (2007) used the term “GWD2” for the cytosolic
homologue of GWDI1 in Arabidopsis, we suggest that this
novel GWD homologue be named “StGWD3” to avoid
confusion in the terminology given by previous works
(Baunsgaard et al. 2005; Koétting et al. 2005; Orzechowski
2008; Blennow and Engelsen 2010).

Materials and methods

Potato Solanum tuberosum L. cv. “Russet Burbank™ plants
were grown under controlled conditions in a growth
chamber at 23 °C and 60 % relative humidity under a 16-h
photoperiod (100 pmol quanta m~2 s™'). Harvested leaves
and tubers, which were stored in the dark either at room
temperature or at 4 °C (cold-stored for 8 weeks), were
collected and stored at —80 °C before analysis.

Purification of StGWD3

All purification steps were performed at 4 °C. Approxi-
mately 100 g potato tubers were ground in extraction
buffer (100 mM citrate, 20 mM Tris, 2 uM leupeptin
hemisulfate, 2 puM pepstatin A, 1 mM EDTA, 5 mM
2-mercaptoethanol, pH 6.5) using 2 ml buffer per 1 g
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tubers. The homogenate was filtered through two layers of
gauze and then centrifuged for 20 min at 14,850g. The
pellet was discarded, and the supernatant was precipitated
using 30 % ammonium sulphate with stirring for approxi-
mately 20 min. The solution was centrifuged again for
20 min, and the supernatant was precipitated with 60 %
ammonium sulphate and treated as before. After centrifu-
gation, the pellet was dissolved in 15 ml extraction buffer
and centrifuged for 10 min at 14,850g. To desalt the pro-
tein fraction following centrifugation, the supernatant was
loaded onto a Sephadex G-25 column (1 x 11 cm) equil-
ibrated with 25 ml extraction buffer. A total volume of
2 ml of supernatant was deposited on the column, and 4 ml
of eluted extraction buffer was collected as a separate
fraction. After collecting each fraction, the column was re-
equilibrated. The obtained fractions were then loaded onto
an amylose resin (BioLabs) column (1.5 x 2.5 cm; ~5 ml
resin) for affinity chromatography and equilibrated with
25 ml extraction buffer. The flow speed was approximately
I ml min~". The column was washed with 1:10 diluted
extraction buffer, and the flow through was discarded. The
column was eluted with 1:10 diluted extraction buffer
containing 2 % Dextrin 20 (Fluka). Fractions (1.5 ml) were
collected into microcentrifuge tubes. Most of the proteins
that specifically bound to the resin were eluted in fractions
2-6. The collected fractions were concentrated to
0.1-0.2 ml in a vacuum centrifuge.

Denaturating electrophoresis

One-dimensional SDS-PAGE was performed according to
the protocol of Laemmli (1970). Proteins were stained with
Coomassie Blue R-250 (Carl Roth GmbH).

In-gel digestion, mass spectrometry and database search

After in-gel digestion of proteins, MALDI-TOF MS anal-
ysis was carried out in the Laboratory of Mass Spectrom-
etry, Institute of Biochemistry and Biophysics, Polish
Academy of Sciences (Warsaw, Poland) as previously
described by Truszkiewicz and Paszkowski (2005). A
database search using the proteolytic peptide masses was
performed with the Mascot program (http://www.matrix
science.com/search_form_select_html). The search was
done with an assumed peptide mass accuracy of 0.1 Da,
and the database was restricted to proteins with a mass
below 200 kDa.

RNA isolation

Total RNA was isolated from potato leaves, which were
collected in three replicates at eight time points during a

single day, using the NucleoSpin RNA Plant Kit (Mache-
rey-Nagel). RNA concentrations were determined spec-
trophotometrically by absorption at 260, 230 and 280 nm.
The quality of the RNA was examined using electropho-
resis on a 1.3 % agarose gel.

cDNA synthesis, cloning and sequencing
of full-length StGWD3

First-strand cDNA synthesis, primed with an oligo (dT),_;g
primer, was performed with AMV reverse transcriptase
following the manufacturer’s protocol (Promega). Based on
the sequence information of the A. thaliana GWD3 gene and
ESTs from the potato (EST734844, EST439862), a pair of
primers was designed to amplify a 1,380-bp fragment from
the StGWD3 gene. The sequences of the forward and
reverse primers used in the PCR are respectively StGWD3-F
(GGTATATCTGGTTGGAAGCC) and StGWD3-R (GCA
TCTTTCTGGGAGACAC). PCR was carried out with 35
cycles of 94 °C for 60 s, 55 °C for 30 s and 72 °C for 90 s.
PCR was performed in 20-pl reaction mixture containing
20 ng of cDNA, 0.2 uM dNTPs, 0.4 uM each primer, 1x
GoTaq buffer, 2 mM MgCl, and 1.25 U GoTaq DNA
polymerase (Promega).

The full-length cDNA was generated using the Rapid
Amplification of cDNA Ends (RACE) system (Invitrogen).
All reactions were performed essentially according to the
manufacturer’s instructions. The RACE-ready first-strand
cDNA was prepared from RNA isolated from leaves with
random primers or a GeneRacer oligo dT primer and used
as a template for 5% RACE and 3’ RACE, respectively.
First-strand synthesis was performed with SuperScript III
Reverse Transcriptase (Invitrogen).

The gene-specific primers used for RACE were designed
based on the above partial StGWD3 cDNA sequence. PCR
amplification for 3’ and 5 RACE was performed with
the RACE-F1 (CAGCAGCCGGACTTTATGATTCAAT
T), RACE-R1 (TGACGGCAATTGAGGAAGCACT) and
RACE-R2 (GCCCGATTTCGCAGAGACGCCAACTTC)
primers. PCR was performed with Tag DNA High Fidelity
Polymerase (Invitrogen).

Based on the nucleotide sequence of the 5" and 3’ RACE
products, the 5’ and 3’ gene-specific primers StGWD3-
full-F (ATGGATTCTATGCATCTGTCACACTGTT) and
StGWD3-full-R (TCTCACTGGGGTTGAGGTCGCGATT)
were designed for the amplification of the full-length
StGWD3 cDNA. PCR was carried out at 94 °C for 60 s,
followed by 35 cycles of 94 °C for 60 s, 58 °C for 30 s and
72 °C for 3 min 30 s. PCR was performed in 50-1 reaction
mixture that contained 1 pl of first-strand cDNA, 0.2 mM
dNTPs, 0.4 uM each primer, 1x High Fidelity PCR Buffer,
2 mM MgSO, and 1 U Platinum Taqg DNA High Fidelity
Polymerase (Invitrogen).
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In all cloning experiments, PCR products were gel-
purified with the DNA Extraction Kit (Fermentas), ligated
into pGEM-T Easy (Promega) and amplified in E. coli
strain JM109. Plasmids were isolated by a standard alkaline
lysis method. DNA sequencing was performed with the
ABI Prism BigDye Terminator Cycle Sequencing Kit on an
ABI Prism 3730 DNA analyser (Applied Biosystems) at
the DNA Sequencing and Oligonucleotide Synthesis Lab-
oratory, Institute of Biochemistry and Biophysics, Polish
Academy of Sciences (Warsaw, Poland).

Two-step real-time RT-PCR

One microgram of each RNA sample was reverse tran-
scribed into cDNA using the Transcriptor First Strand
cDNA Synthesis Kit (Roche) and anchored oligo(dT);g
primers specific to the poly(A) tail according to the man-
ufacturer’s instructions. cDNA synthesis from three inde-
pendent RNA extractions was performed for each time
point to obtain biological replicates. Based on the sequence
information from GenBank (http://www.ncbi.nlm.nih.gov/)
of potato StGWDI1 (GI:186886419) and of cloned full-
length StGWD3 cDNA (GU045560), two primers were
designed StGWD3-F (CAATAGCTATGCGTCGGAAG
TG) and StGWD3-R (GCTTTGCATTCCTCGGGCTTC).
Relative gene expression was evaluated with LightCycler
Software 4.1 using a comparative ratio of the examined
gene over the reference gene, which was elongation factor
1-a (EF1-o) amplified using the primers designed by Nicot
et al. (2005). Gene-specific primers for RT-PCR for
StGWDI are StGWD1-F (CCCACGATCTTAGTAGCAAA)
and StGWDI1-R (TTAGCTCCAACCATTTCACT) and for
EFI-o, EF1-0-F (ATTGGAAACGGATATGCTCCA) and
EFl-0-R (TCCTTACCTGAACGCCTGTCA). Real-time
RT-PCR was performed using the LightCycler FastStart
DNA Master SYBR Green I Kit (Roche Diagnostics),
with 250 nM of forward and reverse primers in a Light
Cycler 2.0 device (Roche Diagnostics) according to the
manufacturer’s instructions. PCR conditions were as fol-
lows: initial denaturation at 95 °C for 10 min, followed by
40 cycles of 95 °C for 10s, 62 °C for 5s, and 72 °C
for 12 s.

In situ RT-PCR

Tissue localisation of StGWD3 transcripts was performed
using the Titan One Tube RT-PCR System (Roche) and
PTC-100 (MJ Research) thermal cycler. Samples of potato
leaves and tubers in early tuberisation phase and those
stored at 4 °C were collected, fixed and embedded in butyl-
methyl-methacrylate resin (BMM) under RNase-free con-
ditions following procedure described by Fudali et al.
(2008). RT was conducted at 50 °C for 45 min, and PCR
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consisted of 46 cycles of 94 °C for 45 s, 57 °C for 30 s,
and 68 °C for 30 s. The same StGWD3 primer pair was
used as for real-time RT-PCR. After removing the RT-PCR
mixture, the amplified cDNA was detected using the
Fluorescent Antibody Enhancer Set for DIG Detection
(Roche) or anti-DIG antibodies conjugated with alkaline
phosphatase (Roche). In the latter case, the colour was
developed following the procedure described by de
Almeida et al. (2001). In control experiments, digoxigenin-
labelled dUTP or primary detection antibodies were omit-
ted. Sections were examined under an Olympus AX70
‘Provis’ (Olympus) light microscope equipped with an
Olympus DP50 digital camera and a BX-TFC2 fluores-
cence filter set.

Immunolocalisation of StGWD3

One-dimensional SDS-PAGE was performed using the
Laemmli method (1970). Proteins were transferred to
nitrocellulose membranes using a modified procedure of
Towbin et al. (1979). A polyclonal antibody anti-StGWD3
against the purified StGWD?3 isolated from potato tubers
was raised in rabbit by Eurogentec (Searing, Belgium).
Immunodetection of StGWD3 was carried out with anti-
serum diluted 1:500.

For microscopic immunocytochemical localisation of
StGWD3, samples of potato tubers stored at room tem-
perature or at 4 °C and leaves illuminated for 3 or 10 h
were fixed in 2 % (w/v) paraformaldehyde in MSB buffer
(50 mM PIPES, 5 mM EDTA, 5 mM MgSO,, pH 6.9) for
2 h. The samples were then dehydrated in a graded series
of ethanol solutions and embedded in LR-White acrylic
resin (Fudali et al. 2008). After sectioning on a Leica
RM2165 microtome, the 3-pum thick sections were incu-
bated in 2 % (w/v) BSA for 1 h and then incubated with
primary anti-StGWD3 antibody diluted 1:100 with PBS for
1 h. The primary antibody was detected using a commer-
cially available goat-anti-rabbit secondary antibody con-
jugated to the Alexa Fluor488 fluorochrome (Invitrogen).
Slides were examined under an Olympus AX70 ‘Provis’
(Olympus) microscope equipped with a BX-TFC2 fluo-
rescence filter set and an Olympus DP50 digital camera.
The ultrastructural localisation of StGWD3 was observed
on 100-nm thick sections taken on a Leica UCT ultrami-
crotome and collected on uncoated nickel grids
(400 mesh). The immunolocalisation procedure was the
same as described above, except the secondary antibody
was replaced with a goat-anti-rabbit antibody conjugated to
?20-nm colloidal gold particles. Microscopic examinations
were conducted on an FEI M-268D ‘Morgagni’ (FEI)
transmission electron microscope equipped with an SIS
‘Morada’ (SIS) digital camera. In control experiments, the
primary anti-StGWD?3 antibody was omitted.
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Homology modelling and sequence alignment

Multiple sequence alignments (MSA) of A. thaliana
AtGWD1 (SEX1), AtGWD3 (PWD), a putative Oryza
sativa PWD, S. tuberosum StGWDI1 and the newly iden-
tified S. fuberosum StGWD3 amino acid sequences were
built using Clustal X 1.83 (Thompson et al. 1997; Jean-
mougin et al. 1998). MSA manual editing and analysis was
performed using the GeneDoc 2.6.02 (Nicholas et al. 1997)
and Jalview 2.3 (Clamp et al. 2004) MSA analysis tools.
Identification of the coding region, open reading frames
and the translation of the StGWD3 nucleotide sequence was
based on the FGENESH gene structure prediction based
on the Hidden Markov Model (HMM) constructed for
Nicotiana tabacum (Solanaceae) genome (http://linuxl.
softberry.com/berry.phtml).

The CBM20 SBD from Bacillus stearothermophilus
maltogenic o-amylase (Dauter et al. 1999) (PDB:1QHO,
24 % similarity over amino acid residues 553-780) and the
CBM25 carbohydrate-binding module from B. halodurans
maltohexaohydrolase (maltohexaose producing amylase;
Boraston et al. 2006) (PDB:2C3V, 30 % similarity over
amino acid residues 9-90) were used as templates to generate
StGWD3 and StGWD1 SBD homology models, respec-
tively. B. stearothermophilus maltogenic a-amylase con-
tains only one starch binding module, classified as member
of CBM20 family, whereas B. halodurans maltohexaohy-
drolase contains two starch binding domains, identified as
members of CBM25 and CBM26 families, but only CBM25
was used in this study. Template structures for preliminary
models were selected based on scores of the Fold and
Function Assignment System (FFAS03) (Rychlewski et al.
2000; Jaroszewski et al. 2005). To investigate the structural
alignment of three FFASO3 best scoring StGWD3 SBD
homologues (i.e. the granular SBD of Aspergillus niger
glucoamylase (PDB:1ACO), the oligosaccharide-binding
fragment of Hypocrea jecorina glucoamylase (PDB:2VN4)
and the oligosaccharide-binding fragment of the B. stearo-
thermophilus maltogenic «-amylase (PDB:1QHO), the pro-
visional model of the potato SBD was constructed, using
automated Swiss-Model mode (http://swissmodel.expasy.
org/) with multi-template option. As aligned structures were
crystallised with carbohydrate ligands, the preliminary
superposition of carbohydrate binding sites enabled the
comparative study of CBM20 regions (Fig. 3a) and helped
make adjustments to initial FFASO3 alignments.

The proposed preliminary models for potato CBM20
and CBM45 were made using the Schrédinger® Prime 4.5
fully integrated package for homology-based protein
structure prediction. The alignments were manually edited.
After model building, the chosen loops near the starch-
binding sites were refined using the loop refinement mod-
ule of the Prime package (Jacobson et al. 2004).

To compare the binding energies of the four selected
phosphorylated and unphosphorylated oligosaccharide
ligands, Schrédinger® Glide 4.5 was used, which is an
automated procedure for ligand-receptor docking, in stan-
dard and extra-precision mode. Grid-based Ligand Dock-
ing with Energetics (Glide) searches was performed for
favourable interactions between the protein receptor and
putative ligand molecules.

After generating several possible ligand orientations,
their interactions with the receptor were evaluated. The
best candidates were used in the final step of the algorithm,
which was energy minimisation of the ligand-receptor
complex in the optimized potentials for liquid simula-
tions—all atom (OPLS-AA) force field. Final scoring using
the Glide-score function was carried out on energy-mini-
mised conformations. The ligand positions obtained during
this step were then ranked using the Glide-score values
(kcal/mol). The elements that make up the Glide-score
function are specified below:

GlideScore (GScore) = a x vdW + b x Coul + Lipo
+ Hbond + Metal + Rewards
+ RotB + Site + Emodel
+ CvdW,

where vdW, van der Waals interaction energy; Coul,
Coulomb interaction energy; Lipo, lipophilic-contact plus
phobic-attractive term; HBond, hydrogen-bonding term;
Metal, metal-binding  term  (usually a  reward);
Rewards, various reward or penalty terms; RotB, penalty
for freezing rotatable bonds; and Site, polar interactions in
the active site. The coefficients of vdW and Coul are
a = 0.063 and b = 0.120 for Standard Precision (SP)
Glide 4.5. CvdW = Coul 4+ vdW is the non-bonded
interaction energy between the ligand and the receptor. The
Emodel is a specific combination of GScore, CvdW and
Intern, where Intern = the internal torsional energy of the
ligand conformer.

The receptor structure was considered rigid, and the
ligand structures were fully flexible. For each ligand,
approximately 30 possible conformations were considered,
which were generated using the LLMOD (large-scale low-
mode sampling) mode of the Schrédinger MacroModel
package.

Results

Sequence analysis and homology modelling

The full-length sequence of StGWD3 cDNA contains a
3,609-bp open reading frame (ORF), a 348-bp 3’ UTR and

198-bp 5/ UTR (GenBank: GU045560.1; GI:270269269).
StGWD3 encodes a protein of 1,202 amino acids with
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transit peptide (Supplemental Fig. S1), (GenBank:
ACZ66259.1; GI:270269270) with a calculated molecular
mass of 132.27 kDa and an isoelectric point at 5.8.

A BLAST analysis of the StGWD3 amino acid sequence
revealed the presence of two conserved domains: a C-ter-
minal PPDK_N nucleotide-binding domain (PEP/pyruvate-
binding domain; Pfam: PF01326) and an N-terminal
CBM20 starch-binding module (Pfam: PF00686). There is a
linker region of ~450 amino acids between these two
domains, where a [TL]-S—-H phosphohistidine domain
(COGs: COG 00391) (PEP utilising enzyme, mobile
domain) was identified, which is thought to be mobile in all
proteins where it is found (Fig. 1).

The sequence of StGWD3 has 58.6 % identity and
75.3 % similarity to AtGWD3 and shows a similar level of
homology to the putative GWD3 from Oryza sativa
(59.8 % identity and 75.9 % similarity). The StGWD3
sequence has only 29.7 % identity and 48.2 % similarity to
the StGWD1 protein. An alignment of CBM20 domains
from three GWD3 sequences (Fig. 2a) shows the conser-
vation of all four important residues from two symmetri-
cally placed SBDs identified in CBM20 region (Machovic¢
and Janecek 2006; Christiansen et al. 2009b, Janecek et al.
2011): W118, K146 and W158 from SBS-1 (within the
conserved W-E-X-G-X-N motif (amino acids 158-163 of
the StGWD3 sequence) and W132 from SBS-2 (Fig. 2a).
An alignment of phosphohistidine and PPDK domains
of AtGWD3, StGWD3 and Os12g0297500 sequences
(Fig. 2b, c) shows very high sequences identity within this
part of analysed sequences.

In our study, homology-modelling templates were chosen
based on their FFAS03 score. For the S. tuberosum CBM20
domain model, the top three crystal structures from the PDB
database were selected: the granular SBD of A. niger glu-
coamylase complexed with cyclodextrin (PDB:1ACO0), the
oligosaccharide-binding fragment of H. jecorina glucoam-
ylase complexed with acarbose-derived hexasaccharide
(PDB:2VN4) and the oligosaccharide-binding fragment of
the B. stearothermophilus maltogenic ¢-amylase complexed
with maltose (Novamyl) (PDB:1QHO). All proteins men-
tioned above were co-crystallised with oligosaccharide
ligands, which was helpful for identifying the conserved

Fig. 1 Comparison of domain

structures of GWDI and GWD3 AtGWD3 @
sequences from S. tuberosum

and A. thaliana. Red CBM20 StGWD3 Sy
domains, green

phosphohistidine domains, grey StGWD1 o
CBM45 domains, blue PPDK

(nucleotide binding) domains AtGWD1 @

(colour figure online)
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residues involved in sugar binding. According to the
CLUSTAL x multiple alignments, there is a highly con-
served 6-amino-acid motif in all the sequences mentioned
above: WE[NS][GD][PSIN (Fig. 3a).

The analysis of the ligand-receptor complexes revealed
that all residues from the above-described motif are located
in proximity to oligosaccharide ligands. After analysis of
pairwise alignments between the newly obtained amino
acid sequence of StGWD3 and sequences from the three
homologous structures, the structure of the oligosaccharide
binding-fragment of the B. stearothermophilus maltogenic
o-amylase (PDB:1QHO) was selected for homology mod-
elling with the Schrodinger® Prime modelling package,
because all of its key residues that form the substrate-
binding site are conserved and correspond to the appro-
priate residues of StGWD3 in the preliminary model.

CBM45 domain has been described so far only in higher
plant sequences, none of them has been analysed by means
of X-ray or NMR methods and there is no appropriate
template structure available in PDB database. Identification
of the template for modelling purposes had to be based on
FFASO3 (Fold and Function Assignment) scores. To model
the CBM45 domain from StGWDI, the carbohydrate-
binding module (classified as CBM25) from the B. halodu-
rans maltohexaohydrolase (PDB:2C3V) with score —13.10
(above the critical threshold of —9.00) was selected as a best
available template. After analysing the CBM45-family
alignments, conserved domains and probable key residues
were identified (Fig. 3b). In the selected template structure
and in bacterial key histidine motif (LHW) two important
tryptophan residues were conserved, what gave high pre-
diction scores. Based on these findings a preliminary
homology model of CBM45 domain was constructed.

The CBM45 fingerprint is a tryptophan triad, with one
residue within the LHWG motif, the second 10 residues to
the right and the third at a distance of approximately 100
amino acids (Fig. 3b). In bacterial CBM25 domain, very
similar to the higher plant CBM45, the LHW motif is
replaced by IHY, but the remaining two tryptophans are
conserved. After aligning the StGWD3 and StGWD1 SBDs
with the B. halodurans maltohexaohydrolase sequence, the
conservation of the LHW histidine and a conserved

@ S 1196 aa

W - 1202 aa

i W PP 1464 aa
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Fig. 2 MSA alignments of
GWD sequences. For analyses
fragments of three GWD3
sequences, AtGWD3, the newly
identified StGWD3, the putative
0. sativa GWD3 (GenBank:
0s12g0297500), and two
GWDI sequences, StGWD1
and AtGWD1 were used. a The
CBM20 starch-binding domain;
only the alignment of the
GWD3-like sequences is shown.
b Alignment of the region of the
phosphohistidine domain.

¢ Alignment of the nucleotide-
binding domain (PPDK) region
(colour figure online)

StGWD3 79 NN
AtGWD3/PWD (14
0s12g0257500 €5

StGWD3 140
AtGWD3/PWD 124
0s12g0297500 128

StGWD3 825
AtGWD3/PWD 742 1
0s12g0257500 755
AtSEX1 (GWD1l) 101¢
StR1(GWD1) 1081

C PPDK domain

StGWD3 1052
AtGWD3/PWD 980
0s12g0297500 981
AtSEX1(GWD1) 1213
StR1 (GWD1) 1278

StGWD3 1112
ATtGWD3/PWD 1040 A
0s12g0257500 1051
AtSEX1(GWD1l) 1265
StR1(GWD1) 1330 &

StGWD3
ATtGWD3/PWD
0s12g0257500
AtSEX1(GWD1) 1317PI
StR1(GWD1)

StGWD3 1208
AtGWD3/PWD 1137 N
0s12g0257500 1148 Qi

similarity of residues in the neighbourhood of the ligand-
binding site were observed. The constructed model based
on the presented sequence alignment is shown in Fig. 4a, b.

Analysis of StGWD3 expression

The presence of StGWD3 transcripts (GenBank:
GU0455600) was confirmed in the total RNA isolated from
both leaves and tubers (Fig. 5). The StGWD3-specific band
had a length of 881 bp. Consequently, in further experi-
ments, an attempt was made to analyse the expression of
StGWD?3 in both hetero- and autotrophic tissues, in tubers
at different physiological states and in leaves during the
diurnal cycle.

Changes in the levels of StGWDI and StGWD3 mRNA
in leaves in relation to the length of daylight were analysed
with PCR and revealed an increased products in real time.
This technique allowed a relative assessment of the tran-
scripts levels in reactions with primers specific to frag-
ments of potato EF/-o, StGWDI and StGWD3 (Fig. 6).

RT-PCR results clearly indicated a change in the
amounts of both StGWDI and StGWD3 transcripts during
the day. The expression of StGWD3 during the diurnal cycle
increased until 13 h of illumination, when it reached its
maximal level. StGWDI expression reached its maximum
after 10 h of illumination, preceding the expression peak of

ﬁiﬁ

B rhosphohistidine domain

1382LSNIARAGHSF

A starch binding domain (CBM20)

- KDKK-ML{E

JRNDGS- LS :

VGGKDKIf

= b= =l =

StGWD3. The fluctuations in the expression of StGWD3
during the day were not as prominent as they were for
StGWDI. The lowest level of StGWD3 expression was 4 h
after turning the light off, and it was more than 2.5 times
lower than the maximal expression level. The lowest
expression of StGWDI occurred 4 h after turning the light
on, and it was approximately seven times lower than the
expression measured 6 h later.

In situ RT-PCR

Considering that the StGWD3 gene is expressed both in
potato leaves and tubers, the localisation of its expression
was studied in autotrophic leaves and in tubers harvested at
an early tuberisation stage or cold-stored. In situ hybridisa-
tion procedures did not result in any detectable signal (data
not shown); thus, an in situ RT-PCR technique was imple-
mented. The same pair of StGWD3-specific primers was used
for in situ RT-PCR as for real-time PCR that gave a 229-bp
product (GU0455600). Clear StGWD3 expression signals
were obtained on sections of tubers collected at the tuberi-
sation stage and stored in low temperature (Fig. 7a,b, g). The
signal was distributed throughout the cytoplasm of all stor-
age parenchyma cells. In leaf samples, no signal was found in
young leaves (Fig. 7¢), and only a faint signal was observed
in fully developed autotrophic leaves (Fig. 7d—f, h).
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Fig. 3 a Alignment of three A 30 50 60 70
best scoring sequences from . .. B T I
FFASO03 and the StGWD3 CBM StGWD3 50 NKNNSGS TE QLR—FR—LDHQVEYG -EHI "'L KK—NIMMDWTE ———————————— NCTT
region. Hj_2VN4, Hypocrea An _1ACO 509 -—-CTT} —ATTTYGENI———Y ETEDGIALEA-————- DKYTSSDELLY
. . I | Hj_2VN4 493 -————- T3 TFHE —STQFGQTVK————HA W TSAAVALDAVNYADNH—-———1JLT
Jeconina glucoamylase— Bs_1QHO 537 TVKSAP|iNIGDKI—YJ#T———————mmmmmmm 1P ||--STDTECAVNNAQGPLLAPNY—3D)F
oligosaccharide-binding
fragment; Bs_1QHO, Bacillus 120 130
stearothermophilus maltogenic el | el - |
lase: N . StGWD3 104 GEEEVRSGETLE—— EGGGFELV————CQ

a-amylase; Novamyl, An 1ACO 565 VT)T-LPAGESF- JOACGTET-ATVTDRIN-
oligosaccharide-binding Hj_2VN4 547 CTYNLEACDV-——i —JAVACVWOV-VKED,
fragment; An_1ACO, granular Bs_1QHO 637 YVFS-VPAGKTI-¢ TGA——yyGN——IT
starch-binding domain of
Aspergillus niger glucoamylase.
b Multi-alignment of six plant B 180 190 200 210 220 230 240
sequencescontainingtwo l””I“..‘””l“..‘..”l”“‘....‘7..'.”l....‘.”.l'i“‘ R |
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conserved motif, second in the Os_aAMY AEPDG! GKCKVVIGCEVEGK SYDGEQGRE|}[DQIZP SDM3IP Ty YANESLDTPH  ————
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third in the. distance of above 250 260 270 280 290 300 310
80-100 residues. MSA based on . I P B N DA N B DI BN DI B
fragments of six plant SBDs Os_hp KI[ IDDPAV LIFDEARNI\@YKN‘NGQNFQIQLQASQYQGQGTSTATS—— —STVVPEILVQIQOV
from: O. sativa hypothetical S1_GWD RLIILDTAIE LIYDEARDKIKNNGGNFRVKLSRREIRGPDVS———————— ——VPIHALVOIQOK

. i StGWD1  RLOIRDTAIE LIYDEAHDK]|IKNNGGNFRVKLSRKEIRGPDVS—————————— VPIRALVQIQOK
protein (OS,—hp EEC80673), Vv_hp —SIBRDTLHEVTMD | SPNSEIAAIRFVLK DYGAT——

S. Iycopersicon GWD Os_aBAMY -—S|3GKTIHEVQIAIDKGTSIAAINFVLKVQILRCCILYHVSKGLEVYDWP IRFVKLLKVPKIDNETGA——
(SI_GWD-ACG69788), Zm_hp ~SIMGOPLYEMORSY  DKDIPIAAVNEVLK ETGAY——
S. tuberosum StGWDI,

V. vinifera hypothetical protein 190 500 510 520 530 S50
(Vv_hp-CAN69906.1), [ B B DA DR DU DN IR RN BRI B e
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Partial purification of StGWD3 and its identification
using MALDI-TOF

We devised a method for purifying StGWD3 from potato
tubers, making it possible to obtain a partially purified
mixture of proteins that bind specifically to an amylose
resin following SDS-PAGE (Fig. 8). One of the protein
bands analysed had a molecular mass of approximately
125 £ 3.5 kDa under denaturing conditions.

@ Springer

The 125-kDa band and the other bands were excised and
hydrolysed with trypsin. The molecular masses of the
obtained peptides were analysed using MALDI-TOF mass
spectrometry. The results were analysed in silico using a
procedure similar to that described previously (Ritte et al.
2000; Macewicz et al. 2006). A search of the accessible
sequence databases resulted in sequence coverage at 31 %,
and 33 out of 68 searched peptide masses matched
StGWD3. This protein was used as an antigen for the
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Fig. 4 Structural models of StGWD3 and StGWD1 molecules. a Left
panel Superposition of the modelled structure of the starch-binding
domain (SBD) of potato GWD3 and the template structure of the
oligosaccharide-binding fragment of the B. stearothermophilus mal-
togenic a-amylase (PDB:1QHO) crystallised with its maltose ligand.
The ligand-binding site residues within the WE[NS][GD][PS]N[HR]
motif are depicted in the wire model (orange ribbons and black
residues represent the model; grey ribbons and grey residues represent
the template). Right panel zoom of the StGWD3 SBD model. b Left

production of polyclonal antibodies (anti-StGWD3) made
by Eurogentec (Belgium).

Immunolocalisation of StGWD3

Western blot analyses of proteins isolated from tubers in
different physiological states with a polyclonal antibody
directed against StGWD3 indicated the presence of
StGWD3 protein in the fraction of soluble proteins isolated
from the tubers stored for 3 weeks at room temperature
without light (Fig. 9). In the case of proteins isolated from

(8 F 1)

23 /Q.
Wigt
450

panel Superposition of the modelled structure of the SBD domain in
GWDI1 and the template structure of B. halodurans maltohexaohy-
drolase SBD (PDB:2C3W) crystallised with its maltotetraose ligand.
The ligand-binding site residues are depicted in the wire model
(orange ribbons and black residues represent the model; grey ribbons
and grey residues represent the template). Right panel zoom of the
GWDI1 SBD model. The Trp residues contacting the oligosaccharide
are depicted in the stick presentation (gold), and the maltotetraose
moiety docked to GWD1 SBD is coloured red (colour figure online)

tubers stored at 4 °C for 8 weeks or at a late stage of
sprouting (sprouts length exceeded 10-15 cm), no clear
immunochemical signal corresponding to the molecular
weight of StGWD3 was obtained. Among the proteins
isolated from tubers at the initial stage of sprouting (sprouts
length approximately 2 cm), StGWD3 was found in the
fraction of soluble proteins. There was no immunocyto-
chemical signal for proteins with a molecular weight cor-
responding to that of StGWD3 in protein fractions isolated
from tubers during their formation, when the synthesis of
starch granules dominates over its decay. In proteins
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Fig. 5 Expression of StGWD3 in leaves (L) and tubers (7) using
RT-PCR

W 5tGWD1
3 I StGWD3

Relative mRNA levels

1hD 4hD 7hD

10hD 13hD 1hN 4hN 7hN

Fig. 6 Relative levels of StGWDI and StGWD3 transcripts during
diurnal cycle. 2D hours after light was on, AN hours after light was off
in a growth chamber

isolated from leaves exposed to the light for different time
periods, no change in the level of StGWD3 was found (data
not shown).

Subcellular localisation

Using a polyclonal anti-StGWD?3 antibody, the StGWD3
protein was localised in tubers and leaves. Immunocyto-
chemical microscopy indicated that SStGWD3 was present
in starch grains formed in amyloplasts in tubers (Fig. 10a,
b, f). In autotrophic leaves, StGWD3 was present in chlo-
roplasts of palisade and spongy parenchyma cells
(Fig. 10c, d). StGWD3 apparently accumulated on transi-
tory starch grains, as the number of labelled chloroplasts
increased when the leaves were exposed to light (Fig. 10c
vs. d). Transmission electron microscopy showed also
sparse gold grains attached to the cell walls (data not
shown). This unspecific labelling can explain the faint
green colouration of cell walls observed after detection
with fluorochrome-conjugated antibodies (Fig. 10a). No
fluorescent labelling or colloidal gold grains were observed

@ Springer

Fig. 7 In situ RT-PCR localisation of StGWD3 transcripts on
sections of tubers (a, b, g) and leaves (c—f, h). The expression signal
of StGWD3 is visible as a green colouration (a—d, fluorescence
microscopy) obtained from FITC fluorescence or as a blue colour-
ation (e and f, light microscopy) obtained from alkaline phosphatase-
produced precipitations. No expression signal is present on control
sections (g and h, fluorescence microscopy) when primary anti-DIG
antibodies were omitted. a and g sections of fresh tuber collected at
the tuberisation phase; b section of a cold-stored tuber; ¢ cross-section
of young heterotrophic leaf; d, h sections of old autotrophic leaf;
e cross-section of autotrophic leaf exposed to light for 3 h; f cross-
section of an autotrophic leaf exposed to light for 10 h. Scale bars are
25 pm (colour figure online)

in starch grains and cell walls when the primary antibody
was omitted from the procedure (Fig. 10b, e).

Discussion

In this study, we provide evidence for the existence of a
second glucan, water dikinase (GWD) homologue in the
potato, which we named StGWD?3. The protein was par-
tially purified and cloned, and the obtained sequences were
analysed using bioinformatics methods. The identification
of a GWD enzyme activity in the potato and its official
naming as a-glucan, water dikinase occurred in 2002 (Ritte
et al. 2002). The existence of a GWD was also confirmed in
the model organism A. thaliana L. in mutants with
increased starch content in the leaves; hence, the A. thali-
ana homologue was initially named SEX1 (starch excess)
(Yu et al. 2001). Nucleotide sequence analysis was used to
find GWDI1/SEX1 orthologues in A. thaliana. The exis-
tence of two additional homologues of AtGWDI was dis-
covered by a database search (AtGWD2 and AtGWD3). The
presence of corresponding signal sequences indicates that
only two of them (AtGWDI and AtGWD3/PWD) are
assumed to be localised to plastids (Baunsgaard et al. 2005;
Kotting et al. 2005). Mikkelsen et al. (2005) postulated the
presence of a GWD homologue in the potato with activity
that does not depend on changes in redox potential.
Because GWDI1 activity is regulated by changes in cellular
redox potential, it was assumed that an undiscovered GWD
enzyme exists in the potato genome. The presence of a
potato EST sequence in the database (CK251207) that
exhibits 57 % identity and 73 % similarity with corre-
sponding fragments of AtGWD3 (Mikkelsen et al. 2005)
motivated us to purify and clone a second potato isoform of
GWD and to perform a bioinformatics analysis of the
obtained sequence.

Molecular mass determination

Several protein bands were obtained by modifying a puri-
fication protocol for specific binding to an amylose resin, a
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Fig. 8 SDS-PAGE electrophoresis of the partially purified protein
fraction obtained during purification of StGWD3. M unstained SDS-
PAGE molecular weight marker, # homogenate, As protein fraction
after ammonium sulphate fractionation, Ar protein fraction after
fractionation on amylose resin. The gel was stained after electropho-
resis using Coomassie Blue G-250

starch analogue, combined with SDS-PAGE electrophore-
sis. Using a MALDI-TOF-based identification method, a
31 % sequence coverage of StGWD3 (GU045560) was
obtained for a band with a molecular mass of approxi-
mately 125 & 3.5 kDa based on its SDS-PAGE mobility.
This molecular mass was similar to the 131.3 kDa of the
AtGWD3 molecular mass calculated from the amino acid
sequence. The same calculation for StGWD?3 results in a
molecular mass of 132.3 kDa. In contrast, StGWD1 and
AtGWDI1 have molecular masses of approximately
160.0 kDa (Ritte et al. 2000) and 146.3 kDa (Yu et al.
2001), respectively.

Bioinformatics analysis of the obtained sequence

According to Christiansen et al. (2009a), starch degrada-
tion-related dikinases contain dedicated SBDs at their
N-termini that are responsible for substrate binding. The
overall domain structure of phosphorylating GWD homo-
logues is similar and, apart from the SBD, always contains
a phosphohistidine domain and nucleotide-binding domain
(PPDK) (Fig. 2b, c). According to the sequence-based
classification, the SBD belongs to the family of carbohy-
drate-binding modules (CBM indexed from 1 to 64;
http://www.cazy.org/fam/acc_CBM.html), which is
defined as a contiguous amino acid sequence within a
carbohydrate-active enzyme with a discreet fold having
carbohydrate-binding activity. For the first time noticeable
similarity of N-terminal domains in some starch-degrading
enzymes was indicated by Svensson et al. (1989). Sub-
sequent studies revealed that these modules should be
divided into several groups named CBM with appropriate
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Fig. 9 Western blotting carried out with anti-StGWD3 antibody.
Protein extracts were obtained from tubers at the tuberisation stage
(1), early sprouting stage (2), cold-stored (3), late sprouting stage (4)
and stored at room temperature (5). 50-1g protein was loaded per lane

indexing. CBM20 is the most thoroughly studied (Mach-
ovi¢ and Janecek 2006; Janecek et al. 2011) and is present
mainly in amylolytic enzymes from several glycoside
hydrolase families, but also in many regulatory enzymes
catalysing phosphorylation or acting on phosphate-
containing substrates as phosphoglucan, water dikinase
(AtGWD3) (Janecek and Sevcik 1999; Janecek et al. 2011),
whereas CBM45 (Glaring et al. 2007) was identified in
a-amylases and glucan, water dikinase (AtGWDI1). The
SBDs are 90-130-residues long and typically retain func-
tion after isolation. Their conserved structure contains a
distorted f-barrel with 7-8 antiparallel strands arranged in
two ff-sheets. The CBMs bind maltoheptaoses and malto-
dextrins (Sorimachi et al. 1997; Giardina et al. 2001), but
their main function is to attach to the starch granule.
Another proposed role is to unwind the a-glucan helices on
the granule surface. The functional characteristics of an
isolated plant CBM20 showed a relatively low affinity to
the starch granule in comparison with fungal CBM20, but
analysis of the binding of fluorescein-labelled AtGWD3-
SBD to starch granules revealed that AtGWD3-SBD pen-
etrates the interior of these granules more efficiently and is
not only limited to binding to the starch granule surface
(Christiansen et al. 2009a). Identification of the CBM20
region in the obtained StGWD?3 sequence is an important
argument in favour of its functional assignment.

Homology modelling of AtGWD3-SBD was attempted
by Christiansen et al. (2009a) based on the crystal structure
of the SBD of A. niger glucoamylase (GA-SBD;
PDB:1KUL and 1ACO0). The main structural differences
between AtGWD3-SBD and GA-SBD were found in the
flexible loop region of binding site 2, which could be
responsible for the lower affinity of AtGWD3-SBD to the
starch granule.

The results of SBD homology modelling confirm the
assumption of SBD-localised differences between the two
potato dikinases. After identifying and analysing structures
of the bacterial homologues of StGWDI1- and StGWD?3-
SBDs, we constructed hypothetical models of the SBDs for
the two potato glucan, water dikinase sequences. Ligand-
site residues for the proposed models of potato CBM20 and
CBM45 were superimposed onto appropriate template
residues (Fig. 4a, b). To test the models, we docked a set of
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Fig. 10

Immunocytochemical localisation of StGWD3. The pres-
ence of the StGWD3 protein is indicated by the green colouration
(a—e, fluorescence microscopy) obtained from fluorescence of Alexa
Fluor488 and colloidal gold grains (f, transmission electron micros-
copy, some of gold grains are indicated by arrows). a, b, f sections of

C-6-phosphorylated and unphosphorylated oligosaccharide
ligands onto the modelled structures. This experiment was
based on the hypothesis that the sequenced StGWD3
(PWD) homologue from the potato has the physicochemical
properties of AtGWD3 and that glucan C-6-phosphorylation
is necessary for GWD3 (PWD) substrate-binding affinity,

cold-stored tubers; c-cross-section of an autotrophic leaf exposed to
light for 3 h; d, e cross-sections of an autotrophic leaves exposed to
light for 10 h; b, e sections of tuber and leaf, respectively, from
control labelling when the anti-StGWD3 antibody was omitted.
St starch grain. Scale bars a—e 25 pm; f 1 um (colour figure online)

as it was proposed in the model of consecutive action of two
plant glucan, water dikinases (Fettke et al. 2009).

The results of docking (Glide scores) are presented in
Fig. 11. Before docking, we performed a control Glide run
with the B. stearothermophilus maltogenic o«-amylase
(PDB:1QHO) and the B. halodurans maltohexaohydrolase
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A =2 comparable. The same set of ligands docked to the car-
S TR makotriose.  maltotetracse  maliopentaose bohydrate-binding module modelled for the StGWDI
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Fig. 11 Glide scores for the 16 ligand-receptor pairs. Results for
StGWD3 SBD (a) and StGWD1 SBD (b) docking with the
phosphorylated and unphosphorylated forms of maltose, maltotriose,
maltotetraose or maltopentaose were obtained using Glide 4.5
software with the OPLS-AA force field. Calculations for ligands
longer than five glucose rings could not be made because of the
internal limitation of the program for the number of atoms and
rotatable bonds for ligand molecules

(PDB:2C3V) template structures as receptors for the
maltose and maltotetraose ligands that were originally co-
crystallised with the above-mentioned proteins, respec-
tively. The values obtained were close to the scores cal-
culated for the appropriate oligosaccharides from the set of
examined ligands. In the CBM20 model of StGWD3, both
elongation and phosphorylation of oligosaccharide chains,
except maltotriose, improved the docking score. The dif-
ferences in docking scores between the phosphorylated and
unphosphorylated forms for a given oligosaccharide were
in the range of 20 %. The same range was observed for
maltose and maltotetraose docked to the same SBD
receptor. These data confirm that the effects of phosphor-
ylation and chain elongation on substrate binding are
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amino acid sequence yielded similar results for short and
longer oligosaccharides. It seems to confirm that the mode
of starch binding in the case of CBM45, as well CBM20 is
very similar. According to recent findings of Glaring et al.
(2011), CBM45 domain binds to starch and soluble
cyclodextrin with about twice lower affinity than classical
microbial SBDs, such as CBM20 or CBM21. Such findings
support the previous hypothesis that low-affinity SBDs are
important for dynamic and reversible interactions in starch
metabolism (Blennow and Svensson 2010). This has been
confirmed by relation between obtained docking scores for
CBM45 and CBM20 models. Glide Scores for StGWD3
CBM20 model are relatively higher than scores obtained
for CBM45 model. This relation is kept for both phos-
phorylated and unphosphorylated ligands.

The docking results indicate that the CBMs from
StGWD3 and StGWDI do not differ in their relative affin-
ities for phosphorylated ligands, because phosphorylation
positively influenced binding energy. However, there is no
evidence that the C-6 phosphate in the glucosyl ring indi-
rectly influences the StGWD3 SBD engagement. Thus, it is
possible that the consecutive action of two glucan dikinases
is really based on the mechanism proposed by Fettke et al.
(2009). In the first step, GWDI1 phosphorylates highly
ordered, insoluble starch, and glucan phosphorylation at the
C-6 position results in a transition state of the phosphoglu-
cans, which is less ordered but still insoluble. This specific
state of the starch granule is an appropriate substrate for
GWD3 (PWD) catalysis (C-3 phosphorylation), after which
the phosphoglucan finally becomes soluble.

The localisation of StGWD?3 in various organs
and tissues of potato

In potato, the presence of the StGWDI gene and protein
both in leaves and in tubers was confirmed (Lorberth et al.
1998; Mikkelsen et al. 2005). The spatial expression pat-
tern of the StGWD3 gene was analysed in S. tuberosum
organs using the in situ RT-PCR method (Fig. 7). The
reliable localisation of StGWD3 transcripts was achieved
only after applying an in situ RT-PCR method that is more
sensitive than in situ hybridisation. In situ RT-PCR fol-
lowed by fluorescent detection clearly identified StGWD3
mRNA in tubers, but only enzymatic detection indicated
that transcripts of the StGWD3 gene were present in leaf
parenchyma cells. It seems that the expression level of
StGWD3 in leaves is much lower than in tubers. However,
in conjunction with the results of in vitro and real-time RT-
PCR using a template of total RNA isolated from leaves,
the expression of StGWD3 in these organs could be con-
firmed (Figs. 5, 6). In vitro, RT-PCR had been used
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previously for organo-specific localisation of AtGWD3
gene transcripts in A. thaliana leaves, roots, stems and
inflorescences (Baunsgaard et al. 2005). It was shown that
the expression of the AtGWD3 gene occurs in all organs
where the starch is present.

The immunochemical localisation of the StGWD?3 pro-
tein with the use of polyclonal anti-StGWD3 antibody
(Fig. 10) showed that StGWD3 in potato is associated with
the storage of starch grains formed in amyloplasts and with
transitory starch grains formed in leaf parenchyma chlo-
roplasts. In addition, StGWD3 is present mainly in the
fraction of chloroplast proteins that are superficially asso-
ciated with the starch granules. Western blotting following
the SDS-PAGE analysis of the abundance of StGWD3 in
tubers in different physiological states showed that
StGWD3 was abundant in early sprouting potato tubers and
less abundant in other analysed organs, including freshly
harvested tubers (Fig. 9). Expression pattern of StGWD3 in
leaf extracts demonstrated that the level of the StGWD3
protein is independent from the circadian clock (data not
shown). It could be due to the lack of high sensitivity of
Western blotting method or relatively low level of
expression of StGWD3 in potato leaves, because we could
observe clearly differences in mRNA levels of StGWD3
and StGWDI (Fig. 6). Taking in account diurnal cycle in
starch degradation in chloroplast, these results suggest a
different role of StGWD3 (PWD) in the starch degradation
in heterotrophic and autotrophic tissues of potato.

Changes in StGWD3 expression

The analysis of the expression of the SitGWD3 and StGWD1
genes in leaves of S. tuberosum throughout the day/night
cycle showed that the lowest mRNA levels were observed
at the end of the dark period and in the first half of the light
period (Fig. 6). Over the next few hours of light avail-
ability, there was a significant increase in the amount of
both StGWD1 and StGWD3 transcripts. The maximal level
of StGWD] transcript occurred after exposure to light for
10 h and after 13 h for StGWD3. Therefore, a shift between
the maximal levels of transcripts for these genes was
observed, consistent with the general trend that the
expression of both dikinases grows at the end of the light
period. Similar diurnal variations were found for the
mRNAs of 13 genes, including those encoding DPE2 (EC
2.4.1.25), PHS2 (EC 24.1.1), GWDI and GWD3 in
A. thaliana (Smith et al. 2004; Baunsgaard et al. 2005;
Kotting et al. 2005). Most of these genes encode proteins
that have a confirmed involvement in starch degradation.
According to Grennan (2006), a common regulation of the
transcription of a gene group may suggest that they par-
ticipate in the same metabolic pathway; e.g. in starch
degradation. Of note, the final activity of individual

proteins may be the result of post-translational modifica-
tions, such as proteolytic modifications, changes in redox
potential or phosphorylation/dephosphorylation (Smith
et al. 2005; Orzechowski 2008; Blennow and Svensson
2010). In Arabidopsis leaves, the phosphatase SEX4
(Hejazi et al. 2010) was detected, which acts in opposition
to glucan, water dikinases. Phosphatase removes the
phosphate groups introduced by AtGWDI1 or AtGWD3
activities, allowing the correct degradation of starch by
amylases. The occurrence of these regulatory mechanisms
of starch degradation does not exclude the presence of a
common regulation at the transcriptional level of gene
group responsible for the starch mobilisation in vascular
plants. However, the sequences that may be responsible for
controlling the expression of genes involved in starch
metabolism have not been identified.

The role of glucan, water dikinases

The results of in vitro studies with amyloplasts isolated
from potato tubers prove that starch phosphorylation is
necessary for both its biosynthesis (Wischmann et al. 1999)
and degradation (Yu et al. 2001; Baunsgaard et al. 2005;
Koétting et al. 2005). The most thoroughly analysed genes
in terms of their presumed function in a cell are SitGWDI
from S. tuberosum L. and AtGWDI/SEX]I from A. thaliana
L. (Ritte et al. 2002, 2004; Mikkelsen et al. 2005, 2006). In
contrast, the AtGWD3 from A. thaliana and its functions
have been the subject of only a few experimental studies
(Baunsgaard et al. 2005; Kétting et al. 2005; Ritte et al.
2006). Fettke et al. (2009) have suggested that GWD?3
(PWD) in Arabidopsis acts downstream of GWDI1. NMR
analyses (Ritte et al. 2006) demonstrated that GWD3
(PWD) selectively phosphorylates the C-3-position of
glucosyl residues, whereas GWD1 always introduces the
phosphate group at the C-6 position. It is worth empha-
sising that the C-3-bound phosphate is rarely found in
nature (Damager et al. 2010). The recently combined NMR
and molecular modelling approaches (Hansen et al. 2008,
2009) have indicated that the C-3 phosphorylation of
maltose moieties strongly influences the conformation
equilibrium of the maltosidic linkage when the hydration
effects are considered (Hansen et al. 2009; Damager et al.
2010). The main effect is presumably steric, but the con-
figuration of the structural water network is also altered,
which results in problems with the accommodation of 3’-O-
phosphate groups in the helix and leads to a local disrup-
tion effect. Hence, the role of C-3 phosphorylation seems
to be clear and confirmed by different approaches and
studies, but the significance of C-6 phosphorylation
remains unclear. According to Blennow and Engelsen
(2010), C-6 phosphate groups can propagate signals by
tagging particular positions in the starch granule to be
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locally melted. GWDI1 could be a kind of ‘tracker’ that
finds and marks the sites required for local amorphisation,
which is executed by its GWD3 (PWD) isoform. It is
possible that C-6 phosphorylation can induce hydration and
voids between helices and thereby facilitate access to the
glucosidic bonds for endo-active hydrolases, whereas a
more severe disruption of the helix are caused by GWD3
(PWD) activity that stimulates exo-hydrolases and de-
branching enzymes.

The analysis of the StGWD3 day/night expression cycle
in leaves of S. tuberosum, along with earlier studies on the
significance of the phosphorylation in in vitro processes,
may prove the hypothesis that the phosphorylated substrate
changes its conformation through the activity of GWD1/
GWD3 (PWD) and becomes more accessible to amylolytic
enzymes, thereby may initialise the process of starch grain
decomposition (Edner et al. 2007; Dudkiewicz et al. 2008;
Hejazi et al. 2008, 2009; Damager et al. 2010). The initial
stage of degradation is important because the native starch
grain, with its semi-crystalline structure, is not a good
substrate for amylases or starch phosphorylase (Tester et al.
2004). The results of the Western blot analysis performed
with extracts of tubers in the early sprouting stage (Fig. 9)
and the presence of StGWD3 bound to the surface of starch
grains in tubers may confirm the key role of StGWD3 in the
decomposition of storage starch. In turn, the lack of enzyme
bound to starch grains during the tuberisation phase and the
lack of any immunocytochemical signal at the late sprout-
ing stage (Fig. 9) may indicate that StGWD3 is not involved
in reserve starch biosynthesis and is less involved in the late
stage of reserve release in sprouting tubers. Combining our
results and the findings of Weise et al. (2011) we could
assume that GWDI is required for phosphorolytic and
hydrolytic pathways of starch breakdown as well as for
synthesis of starch in leaves, while GWD3 (PWD) is
involved in hydrolytic starch mobilisation in tubers. How-
ever, the existence of a post-transcriptional mechanism
regulating activity of StGWD3 and enzymes of starch
metabolism, that is different from the redox mechanism
characteristic of StGWDI, is likely (Smith et al. 2004;
Mikkelsen et al. 2005). Such regulation could involve the
N-terminal domain of StGWD3. It is known that AtGWD3
and AtGWDI in leaves of A. thaliana differ in substrate
specificity due to the N-terminal domain (Koétting et al.
2005; Ritte et al. 2006). Therefore, it is possible that the
same domain also plays a regulatory role.
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