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Abstract

A full-length hexokinase cDNA was cloned from Solanum chacoense, a wild relative of the cultivated potato. Analysis of the predicted
primary sequence suggested that the protein product, SCHK?2, may be targeted to the secretory pathway and inserted in the plant plasma
membrane, facing the cytosol. SCHK?2 was expressed as a hexahistidine-tagged protein in Escherichia coli. Expression conditions for this
construct were optimized using a specific anti-hexokinase polyclonal anti-serum raised against a truncated version of SCHK2. The full-
length recombinant protein was purified to electrophoretic homogeneity using immobilized metal ion affinity chromatography followed
by anion exchange chromatography on Fractogel EMD DEAE-650 (S). The purified enzyme had a specific activity of 5.3 umol/min/mg
protein. Its apparent K, s for glucose (23 uM), mannose (30 uM), fructose (5.2 mM), and ATP (61 uM) were in good agreement with val-
ues found in the literature for other plant hexokinases. Hexahistidine-tagged ScCHK?2 was highly sensitive to pH variations between 7.7
and 8.7. It was inhibited by ADP and insensitive to glucose-6-phosphate. These findings constitute the first kinetic characterization of a
homogeneous plant hexokinase preparation. The relevance of ScCHK?2 kinetic properties is discussed in relation to the regulation of

hexose metabolism in plants.
© 2005 Elsevier Inc. All rights reserved.
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Hexokinase (HK!, EC 2.7.1.1) is distributed in all king-
doms and catalyzes the irreversible, ATP-dependent phos-
phorylation of several hexoses including glucose, fructose,
mannose, and galactose. HK is thus distinct from glucoki-
nase (GK, EC 2.7.1.2) and fructokinase (FK, EC 2.7.1.4) that
are highly specific to glucose and fructose, respectively [1]. In
plants, glycolysis begins with sucrose degradation either into
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glucose and fructose by invertase (EC 3.2.1.26), or into
UDP-glucose and fructose by sucrose synthase (EC 2.4.1.13)
[2]. Therefore, HK, GK, and FK reactions may constitute a
potentially important site for regulation of carbon metabo-
lism as they commit hexoses to cell metabolism [3-6].

Plants typically contain an array of several HK isoforms
that differ in their chromatographic and kinetic properties
[3,4]. Estimated molecular masses range from 38 to 68 kDa
[3,7-9]. Among species studied, the K, for glucose is low
and may vary between 15 and 150 uM. In contrast, the K
for fructose is always in the millimolar range [4,7,10-15].
The affinity for ATP (K, between 50 and 560uM)
[4,11,13,15,16] is significantly higher than those of other
nucleoside triphosphates [4] or comparable to that of UTP
[17], depending on the isoform considered. In maize roots
and potato tubers, only some HK isoforms are inhibited by
physiological concentrations of glucose-6-phosphate (G6P)
(K; of 0.03-4mM) or ADP (K, of 20-110uM) [4,11,18]. In


mailto: jean.rivoal@umontreal.ca
mailto: jean.rivoal@umontreal.ca

330 E. Claeyssen et al. | Protein Expression and Purification 47 (2006) 329-339

addition, regulation by G6P may be pH-dependent [4]. HK
isoforms may also vary in their subcellular localizations.
Active HK isozymes have been reported in the cytosol [11],
in the Golgi complex [16], in the nucleus [19], in the chloro-
plast stroma [20], on the cytosolic side of the chloroplastic
outer membrane [21], and of the mitochondrial outer
membrane [22].

In addition to its metabolic role in glycolysis, HK is now
broadly accepted as a sugar sensor in eukaryotic cells
[19,23-25]. In plants, sugars act as signaling molecules in
the control of growth and development during the entire
life cycle [26] and regulate expression of genes involved for
example in photosynthesis [27,28]. Studies using sugar ana-
logs, metabolic intermediates and transgenic plants, pro-
vided evidence that HK is involved in sugar sensing [27,29].
It has also been shown that sugar sensing by HK in plants
was not dependent on HK catalytic activity per se, thereby
demonstrating that HK has separate functions in glucose
metabolism and sensing [30].

The question has often been raised as to how the different
HK isoforms of a plant cell contribute to hexose metabolism
or sensing [4,5,15,16,20,21,24,31]. Although several plant HKs
have been structurally and kinetically characterized [3,4,12—
15,21], none of these studies provide evidence that the prepa-
rations used for enzyme analyses were electrophoretically
pure. As part of our ongoing efforts to better understand the
control of hexose metabolism in plants, we describe here the
cloning of a HK ¢cDNA from Solanum chacoense, a wild rela-
tive of the cultivated potato. The corresponding recombinant
protein was expressed and purified to electrophoretic homo-
geneity from Escherichia coli. To our knowledge, this is the
first kinetic characterization of a pure recombinant plant HK.

Materials and methods
Materials and chemicals

All buffers, chemicals, reagents, and commercial
enzymes were of analytical grade and purchased from
Sigma Chemical (St. Louis, MO) or Fisher Scientific
(Nepean, ON, Canada), unless otherwise stated. PD10 col-
umns used for desalting protein extracts were from G.E.
Healthcare (Baie d’Urfé, QC, Canada). Ni**—nitrilotriacetic
acid (Ni-NTA) agarose was from Invitrogen Canada (Bur-
lington, ON, Canada). Platinum Pfx used for PCR and the
vector pProEx HT, which contains a (6x His) tag and a
Tobacco Etch Virus (TEV) protease cleavage site, were
from Invitrogen Canada. Restriction enzymes were from
MBI Fermentas (Burlington, ON, Canada), and Invitrogen
Canada. Primers for PCR and sequencing were from Sigma
Genosys (The Woodlands, TX). Fractogel EMD DEAE-
650 (S) was from VWR (Mississauga, ON, Canada).

¢DNA cloning and sequencing

A S. chacoense EST collection was generated in the
pBK-CMYV vector (Stratagene, La Jolla, CA) from weakly-

expressed mRNAs in pistil tissues [32]. A search for a full-
length HK in this EST collection led to the identification of
a 1.8 kb cDNA encoding a sequence with significant homol-
ogy to potato HK2 (UniProt Accession No. Q9SQ76). The
c¢cDNA (ScHK?2) was completely sequenced on both strands
using the Big Dye Terminator 2.0 sequencing Kit (Perkin-
Elmer, Montreal, QC, Canada) and an ABI 377 automated
sequencer.

Generation of full-length ScHK2 and truncated ScHK?2
constructs for heterologous expression in E. coli

To express the full-length construct, SCHK2 cDNA in
the pBK-CMYV vector was first amplified by PCR with Plat-
inum Pfx DNA polymerase using the following primers:
forward, 5'-ATGAAGAAGGCGACGGTG-3'; reverse,
T7 primer. The resulting fragment was digested with Kpnl
and cloned into Ehel/Kpnl-digested pProEX HTb. To
express the truncated construct, designated AScHK?2, the
ScHK2 cDNA in pBK-CMV was partially digested with
EcoRI after complete digestion with Xhol, and a 1618-bp
restriction fragment encompassing the C-terminal part of
ScHK2 was isolated. This fragment was cloned into EcoR1/
Xhol-digested pProEX HTa. The ligated plasmids were
used to transform competent E. coli (DH5a strain). Restric-
tion digestions confirmed the presence and correct orienta-
tion of the inserts. The full-length construct in the
expression plasmid carried the entire coding sequence of
ScHK2 in frame with a N-terminal 24-amino acid exten-
sion containing the (6 x His) tag from the expression vector.
The deduced amino acid sequence of the resulting fusion
protein was 520 amino acids long and had a predicted
molecular mass of 56,776 Da. For the truncated ScHK2
(AScHK?2) construct, the expression plasmid carried the
coding sequence of the C-terminal part of SCHK?2, in frame
with a 29-amino acid extension at the N-terminus. This
extension contained the (6 x His) tag of the expression vec-
tor. The deduced amino acid sequence of the resulting
(6 x His)AScHK?2 protein was 482 amino acids long with a
predicted mass of 52,817 Da.

Expression and purification of recombinant proteins

For the full-length recombinant SCHK?2, E. coli carrying
the expression plasmid was grown in Fernbach flasks at
37°C in Luria—Bertani (LB) broth medium (0.5 L volume) to
an Agy, of 0.5-0.7. At this point, isopropyl-p-p-thiogalacto-
side (IPTG) was added to the culture at a final concentration
of 0.6 mM. Unless otherwise mentioned, cultures were left to
grow for 1h at 23°C. Cells were harvested by centrifugation
(15min at 10,000g), and pellets were frozen at —80°C until
used. Purification steps were carried out at 4°C in native con-
ditions. Bacterial pellets were thawed in 10mL lysis buffer
(50mM NaH,PO,, 10mM imidazole, 0.3M NaCl, and
14mM B-mercaptoethanol) adjusted to pH 8.0 with NaOH,
and supplemented with 0.5mM phenylmethylsulfonylfluo-
ride (PMSF), 0.5mM benzamidine, 0.5mM g-amino-/N-
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caproic acid (e-CA), 5 ug/mL leupeptin and 0.05% (w/v) Tri-
ton X-100. Bacterial cells were lysed using a French pressure
cell (18,000 psi). After a 15-min centrifugation at 10,000g, the
supernatant was desalted on PD10 column pre-equilibrated
with lysis buffer. The desalted extract was adsorbed in batch
on I mL settled volume of Ni-NTA resin pre-equilibrated
with lysis buffer during ~75min. The suspension was then
poured into a disposable column (0.5cm diameter). The col-
umn was washed with 16 mL lysis buffer, followed by 12mL
wash buffer (50mM NaH,PO,, 20mM imidazole, 0.3 M
NaCl, and 14mM B-mercaptoethanol). The bound protein
was eluted from the column with 2.5mL elution buffer
(50mM NaH,PO,, 250mM imidazole, 0.3M NaCl, and
14mM B-mercaptoethanol) and collected in five frac-
tions of 0.5mL. Fractions containing (6x His)ScHK2 were
pooled and desalted on PD10 column pre-equilibrated with
buffer A (20mM Tris-HCI, pH 82, SmM MgCl,, 1mM
DTT, and 10% [v/v] glycerol), and stored overnight at 4°C.
At this stage, the recombinant enzyme preparation contained
several contaminating proteins, so an additional purification
step was performed. Pooled, desalted fractions were loaded
at 0.5mL/min onto a Fractogel EMD DEAE-650 (S) column
(1 x 8cm) pre-equilibrated in buffer A. The column was con-
nected to a Pharmacia FPLC system and washed with 18 mL
buffer A. (6 x His) ScCHK?2 was eluted with a  72-mL linear
gradient of 0-500mM KCI in buffer A, followed by a step
gradient to | M KCl in buffer A. One milliliter fractions were
collected and assayed. ScCHK?2 activity eluted as one peak
between 300 and 425mM KCI. Aliquots of fractions with
HK activity were further analyzed by SDS-PAGE and silver
staining [33] as well as immunodetection (see below). Frac-
tions that displayed HK activity and a single band on silver-
stained SDS-PAGE gel were concentrated over a Centricon
YM30 filter (Millipore, Nepean, ON, Canada). Because small
amounts of protein were recovered, protein amounts in con-
centrated solution were determined by spectrophotometry at
205nm [34] on a Cary 100 spectrophotometer (Varian Can-
ada, St. Laurent, QC, Canada). Glycerol was added to the
concentrated SCHK?2 solution at a final concentration of 50%
(v/v) and the solution was stored at —20°C for up to 3 days
without any loss of activity. For the partially purified frac-
tions, protein concentration was determined according to
Bradford [35], using the Bio-Rad protein assay reagent (Bio-
Rad Laboratories, Mississauga, ON, Canada) and bovine
serum albumin as standard.

For (6x His)AScHK2 protein, E. coli (DH5a strain) carry-
ing the expression plasmid was grown at 37°C in 250mL LB
broth medium and induced with IPTG for 5h at the same
temperature. Cells were harvested by centrifugation (10 min at
10,000g), and pellets were frozen at —80°C until used. Purifi-
cation steps were carried out at 4 °C. Cell pellets were thawed
in 10mL lysis buffer containing S0mM Tris—=HCI, pH 8.5,
SmM DTT, ImM PMSF, I mM benzamidine, I mM &-CA,
and 0.1% (w/v) Triton X-100 and disrupted using a French
pressure cell (18,000psi). The extract was centrifuged at
10,000 for 25min. The pellet contained insoluble
(6x His)AScHK?2 and was resuspended in 10mL buffer B (6 M

urea, 0.1 M NaH,PO,, and 10mM Tris—HCI, pH 8.0). After
centrifugation at 10,000g for 15min, the clarified sample was
adsorbed batchwise with 1mL Ni-NTA resin equilibrated in
buffer B for 1h. The suspension was then poured in a column
(0.5cm diameter). The column was washed with 4mL buffer B,
followed by 2mL buffer B adjusted to pH 6.3. The bound pro-
tein was eluted from the column with 2mL buffer B adjusted
to pH 5.9, then 2mL buffer B adjusted to pH 4.5. During elu-
tion, 0.5mL fractions were collected. ASCHK?2 eluted mainly at
pH 4.5, as visualized by SDS-PAGE analysis followed by
Coomassie blue staining. Fractions containing AScHK?2
were pooled and adjusted to pH 7.5 with a solution of 1M
Tris—HCI, pH 8.5, and stored frozen until used.

Production and affinity purification of anti-AScHK2 immune
serum

Purified (6 x His)ASCHK?2 was dialyzed for 16 h against
50 mM Tris—HCI, pH 8.5, and 5mM DTT. The 3-mL solu-
tion of dialyzed protein was clarified by centrifugation at
13,000g for 25 min. The protein was digested with 200 U
of recombinant TEV protease (Invitrogen Canada) for 3h
at 30 °C. The digested protein was separated from the tag
and the protease by chromatography on Ni-NTA resin
according to the manufacturer’s indications. Approxi-
mately 200 pg de-tagged recombinant AScHK?2 was pro-
duced using this procedure and subjected to further
purification using preparative SDS-PAGE and electroelu-
tion as described [36]. Antibodies were raised using a 2-kg
New Zealand White rabbit. After collection of the pre-
immune serum, de-tagged recombinant ASCHK?2 (120 ng,
emulsified in complete Freund’s adjuvant) was injected
subcutaneously into the back of the rabbit. Booster injec-
tions were given at days 14 and 21 with 40 pg of recombi-
nant AScHK2 emulsified in incomplete Freund’s
adjuvant. Final bleed was performed on day 42 by cardiac
puncture. The serum was collected after centrifugation at
1500g, frozen in aliquots in liquid N,, and kept at —80 °C.
Crude anti-serum was purified by affinity against 15pg
recombinant AScCHK?2 using a method modified from [37].
Briefly, the membrane strip corresponding to
(6 x His)AScHK?2 was identified by staining with Ponceau
S and cut out from the blot. This strip was incubated for
lh in 1.5mL blocking buffer containing Tris-buffered
saline Tween 20 (TBST) buffer (0.5M Tris—-HCI, pH 7.6,
1.5M NacCl, 0.5% (v/v) Tween 20, and 0.2% (w/v) NaN;)
supplemented with 3% (w/v) powdered milk. The blot was
then washed 3 times for 1 min with 1.5mL TBST buffer
and incubated for 1 h with 1.2 mL crude anti-serum. After
removal of anti-serum, the strip was washed 4 times for
1 min with 1.5mL TBST buffer, then incubated for 2 min
with 1.5mL of elution buffer (20 mM glycine-HCI, pH 3.0,
0.5M NacCl, 0.25% [v/v] Tween 20, and 0.04% [w/v] NaNy).
Eluted IgGs were collected, neutralized with a solution of
I M Tris—HCI, pH 8.5, and adjusted to 0.5% (w/v) BSA.
Purified IgGs were frozen in liquid N, and stored at
—80 °C until used.
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SDS-PAGE and immunoblot analysis of ScHK2

SDS-PAGE analyses on 12% acrylamide gels and elec-
trotransfer to polyvinylidene difluoride (PVDF) mem-
branes were performed as described previously [38,39]. For
immunodetection, blots were incubated with affinity-puri-
fied anti-AScHK?2 IgGs (1/15 dilution). Polypeptides were
detected using an anti-rabbit alkaline phosphatase-tagged
secondary antibody (1/10,000 dilution) (Promega, Nepean,
ON, Canada). The phosphatase reaction was visualized
with 5-bromo-4-chloro-3-indoyl phosphate (BCIP) and
nitroblue tetrazolium (NBT), and allowed to develop for 4
to 30min at 30°C. Immunoblots incubated with the
pre-immune serum gave negative results (data not shown).

Hexokinase activity assay

HK activity assays were conducted according to a proto-
col modified from [5]. The HK reaction was coupled to the
glucose-6-phosphate dehydrogenase (EC 1.1.1.49) reaction,
and assayed at 30°C by monitoring NAD™ reduction at
340 nm using a VersaMax (Molecular Devices, Sunnyvale,
CA, USA) microplate reader. The 200-pL reaction mixture
contained 50mM Tris—HCI, pH 8.0, S0mM KCIl, 5SmM
MgCl,, 5mM DTT, 0.3mM NAD*, 1mM ATP, 1.4 U/mL
glucose-6-phosphate dehydrogenase from Leuconostoc
mesenteroides and (1) SmM glucose for glucokinase (EC
2.7.1.2) activity, (i1)) 6.7U/mL phosphoglucose isomerase
(EC 53.19) and 5mM fructose for fructokinase (EC
2.7.1.4) activity, or (iii) 3.5 U/mL phosphoglucose isomer-
ase, 3.5 U/mL phosphomannose isomerase (EC 5.3.1.8), and
5mM mannose for mannokinase (EC 2.7.1.7) activity.
Reaction rates were linear with time and proportional to
the amount of enzyme added to the assay within a range
spanning one order of magnitude (data not shown). To
determine HK activity towards 3-O-methylglucose and to
study HK inhibition by glucose-6-phosphate, a coupled-
enzyme assay with pyruvate kinase (EC 2.7.1.40) and lac-
tate dehydrogenase (EC 1.1.1.28) was used. The conditions
to measure initial rates of ADP production in this assay
were adapted from [5]. The assay mixture (200 L) con-
tained 50 mM Tris-HCI, pH 8.0, 50mM KCI, 5SmM MgCl,,
5mM DTT, 0.15mM NADH, 1mM ATP, 0.5mM phos-
phoenolpyruvate, 1 mM glucose (or 100mM 3-O-methyl-
glucose), 3.1 U/mL pyruvate kinase, and 15.4 U/mL lactate
dehydrogenase. Assays were initiated by addition of
enzyme preparation and corrected for background activity
by omitting substrate from the reaction mixture. One unit
(U) of HK activity is defined as the amount of enzyme that
catalyzes the production of 1pmol of G6P or ADP per
minute at 30 °C.

Characterization of ScHK?2 kinetic properties
For all analyses, presented data are means & SE of deter-

minations carried out on three independent enzyme prepa-
rations with quadruplicate assays unless otherwise

mentioned. The effect of pH on ScHK?2 activity was studied
using a three-component buffer to maintain a constant
ionic strength throughout the pH range [40]. The Tris—HCI
buffer used in the standard reaction mixture described
above was therefore replaced with 0.05M acetic acid,
0.05M 2-(N-morpholino)-ethanesulfonic acid (MES) and
0.1 M Tris—HCI adjusted at different pH values with 1 M
NaOH or HCI. The assay pH was measured directly in the
reaction mixture using a microelectrode immediately after
completion of the spectrophotometric assay. Apparent K,
(Kimapp) values were calculated from the Michaelis-Menten
equation using a non-linear least-squares regression pro-
gram (SigmaPlot 8.0, SPSS, Chicago, IL, USA). k_,, values
were calculated from the V.. of Michaelis—Menten plots

max
and using a subunit molecular mass of 56,776 Da.

Results and discussion

Characteristics of the protein sequence encoded by ScHK?2
and implications for the production of a recombinant ScHK2
carrying a (6 x His) epitope tag at the N-terminus

A full-length cDNA encoding ScCHK?2 was isolated from
S. chacoense (GenBank Accession No. DQ177440). The
cDNA was 1793 nt long and contained a 496 amino acid
ORF. Deduced amino acid sequence from the ORF pre-
dicted a 53,751 Da polypeptide with an isoelectric point of
6.07. Analysis of the polypeptide sequence (Fig. 1) showed a
high degree of amino acid sequence similarity (>97%) with
Nicotiana sylvestris HK3, Solanum tuberosum HK2, and
Solanum esculentum HK2, which are all members of the
Solanaceae family.

The existence of stromal and membrane-bound HKs in
plants [20,21] as well as the fact that there was a stretch of
hydrophobic amino acids at the N-terminus of the protein
(Fig. 1) prompted us to investigate the predicted subcellular
localization of ScHK2 (Table 1). The sequence was ana-
lyzed with TargetP 1.1 [41] available at http:/
www.cbs.dtu.dk/services/TargetP/, Protein Prowler 1.1 [42]
available at http://pprowler.imb.uq.edu.au and PSORT [43]
available at http://psort.ims.u-tokyo.acjp/ (Table 1). Tar-
geting of SCHK?2 to the secretory pathway and endoplasmic
reticulum membrane obtained the highest scores in these
analyses. Targeting to other cell compartments including
the mitochondrion or the chloroplast, appeared much less
plausible (Table 1). The SignalP 3.0 program [44,45] avail-
able at http://www.cbs.dtu.dk/services/SignalP/ predicted a
signal peptide at the N-terminus, and a possible cleavage
site between amino acid residues 20 and 21. Signal peptides
are known to control the entry of eukaryotic and prokary-
otic proteins in the secretory pathway. Typical secretory
pathway signal peptides contain 1 or more basic residues at
the N-terminus, followed by a hydrophobic region of 7 or
more amino acids and a neutral polar region that may be
recognized by leader peptidases [45,46]. These features are
consistent with the 2 basic Lys residues at positions 2 and 3,
the hydrophobic region between positions 6 and 17 and the
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Fig. 1. Multiple amino acid sequence alignment of eight plant HKs. The derived amino acid sequence of the S. chacoense HK2 cDNA was compared to
those of other plant HKs using CLUSTAL W (1.74). Identical and similar amino acid residues are darkened and shaded, respectively. The distribution of
basic (+) and hydrophobic (h) amino acid residues in the N-terminal region of SCHK2 is indicated. Accession numbers of sequences used here are as fol-
lows: S. chacoense SCHK2 (GenBank DQ177440), N. sylvestris NsHK3 (UniProt Q6BDB7), S. tuberosum StHK2 (UniProt Q9SQ76), S. esculentum
SeHK?2 (UniProt Q9FR27), N. tabacum NtHK3 (UniProt Q6Q8A4), S. tuberosum StHK1 (UniProt 064390), A. thaliana AtHK2 (UniProt P93834), and
A. thaliana AtHK1 (UniProt Q42525).
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Table 1
Prediction of the subcellular targeting for the SCHK?2 protein sequence in
plants

Program Subcellular targeting Score
or localization

TargetP 1.1 cTP 0.15
mTP 0.13
Sp 0.68
Other 0.02

Protein Prowler 1.1 cTP 0.00
mTP 0.04
SP 0.91
Other 0.04

PSORT ERM 0.82
ERL 0.10
PM 0.19
EC 0.10

The deduced primary sequence was analyzed using TargetP 1.1, PSORT,
and Protein Prowler 1.1. The scores indicate the likelihood of targeting to
a particular compartment by the different programs. The predicted subcel-
lular localization for each program appears in boldface. ¢cTP, chloroplastic
targeting; mTP, mitochondrial targeting; SP, secretory pathway; ERM,
endoplasmic reticulum membrane; ERL, endoplasmic reticulum lumen;
PM, plasma membrane; EC, extracellular.

putative signal peptidase site AVA between residues 18 and
20 in the ScHK?2 sequence (Fig. 1). However, this topology
predicts that SCHK?2 is secreted in the plant apoplastic fluid.
The secretion of SCHK?2 outside of the cell seems improba-
ble since (i) secretion of HK has never been described and
(i1) there is no known source of ATP in the plant apoplast.
It thus seems more likely that the signal peptide continues
on to residue 23. In this case, the hydrophobic region would
be followed by a more basic region (MRHRMGK) than
that found at the N-terminus (Fig. 1). The remainder of the
protein is predominantly hydrophilic (Fig. 2A) and does

Hydrophobicity index »

T
300
Amino acid position

B N Ext
++
e PM
C Cyt

Fig. 2. Hydrophobicity plot and predicted topology of ScHK2. (A)
Hydrophobicity index was calculated with Mac vector 7.0 and plotted as a
function of amino acid position. (B) Proposed topology of SCHK?2 in the
plasma membrane. The scheme represents SCHK?2 anchored in the plasma
membrane (PM). SCHK2 N- and C-termini are respectively localized in
the extracellular (Ext) and cytoplasmic (Cyt) compartments. The pro-
posed localization of N-terminal domain basic residues (+) on each side of
the membrane is also depicted.

not present any evidence of another transmembrane
domain. According to the ‘positive-inside rule’ [47], these
particular sequence characteristics are consistent with the
prediction that in plant cells, SCHK?2 would be anchored by
its N-terminal domain in the plasma membrane, with the
bulk of the protein facing the cytoplasm (Fig. 2B).

The construction of the full-length recombinant protein
added the sequence NH,-MSYYHHHHHHDYDIPTTE
TLYFQG- to the N-terminus of SCHK?2. The stretch of His
residues places a predominantly positively charged region
upstream of the signal peptide and might be expected to
have a topology exactly opposite to that of the native pro-
tein [47]. Efficient translocation of heterologous proteins is
possible in E. coli [46] and we would predict that
(6 x His)ScHK2 could behave as a secretory protein.

Expression and purification of recombinant ScHK?2

Our first attempts to express (6x His)ScCHK?2 in E. coli
cells were met with limited success (Fig. 3A), in agreement
with our prediction that (6x His)ScCHK?2 secretion could
interfere with accumulation of the protein. We thus con-
structed a truncated form of the protein lacking the first 47
amino acids of ScCHK2 (AScHK?2). This deletion removed
the entire predicted signal peptide. The ASCHK?2 construct
could be expressed in bacteria to levels detectable by SDS—
PAGE analysis (Fig. 3B), however, the protein was insolu-
ble and inactive. We nevertheless took advantage of this
high level of expression to raise an anti-serum against
AScHK?2. This immune serum was used to optimize the
conditions for production of the full-length (6x His)
ScHK2.

Using the anti-AScHK2 immune serum, the steady-state
levels of (6 x His)ScHK?2 were monitored in E. coli cells and
in the culture medium over an induction period of 15—
240 min at 23 and 37 °C (Figs. 4A and B). The band present
in non-induced bacteria (—IPTG lane), may reflect leaki-
ness in the control of the ¢rc promoter over SCHK?2 expres-
sion. Nonetheless, induction of (6 x His)ScHK?2 expression
was efficient as evidenced by more intense bands in +IPTG

A B
kDa 1 2 1 2 kDa
974 = L 974
== - —
ge2 | N S L 662
SRR WL (ByHis)ScHK2 ;4 -
SN | GHighScHK? =
450 . b
— L 450

Fig. 3. SDS-PAGE analysis of (6x His)ScCHK?2 (A) and (6x His)AScHK?2
(B) expression in E. coli. Lane 1: non-induced, total crude extract; lane 2:
total crude extract after 4 h induction at 37 °C with IPTG. The running
positions of molecular mass standards are indicated on the left, those of
ScHK?2 and AScHK?2 are indicated by arrows. Fifty microliters of culture
was loaded on each lane.
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Fig. 4. Immunoblot analysis (A and B), and HK activity assay (C) on E.
coli cell cultures expressing (6x His)ScHK2. (A) Immunoblot analysis of
ScHK2 expressed in E. coli cell pellets after induction of the cultures with
or without IPTG for 15-270 min at 23°C (blot 1) or at 37 °C (blot 2).
Control (non-induced) cells are analyzed on the (—IPTG) lane. (B) Immu-
noblot analysis of SCHK?2 in culture medium of E. coli cell cultures used in
(A). The running position of ScHK?2 is indicated by an arrow on the vari-
ous blots. The lanes contain equivalents of 50 pL of culture in (A) and of
18 uL of culture in (B). (C) HK activity was assayed in bacterial cell
extracts and in the culture medium concentrated over a Centricon YM3
membrane. Data are representative of at least two separate experiments
for cultures incubated with or without IPTG for 240 min. Black bars,
induction at 23 °C. Grey bars, induction at 37°C. 1, —IPTG cells; 2,
+IPTG cells; 3, medium of —IPTG cells; 4, medium of +IPTG cells.

lanes than in the —IPTG lane (Fig.4A). ScCHK?2 steady-
state levels in cells induced for 15-60 min were higher at 37
than at 23°C (Fig.4A). However, those levels declined
beyond 60 min of induction, with a more dramatic effect at
37°C. This decline coincided with rising SCHK?2 levels in
the culture medium, especially at 37 °C (Fig. 4B). We there-
fore investigated HK activity in bacteria and in their cul-
ture medium after 240 min of induction (Fig. 4C). Levels of

HK activity were extremely low in bacteria and in the
medium when induction of ScHK2 expression was per-
formed at 37°C. Contrastingly, HK activity was much
higher (5.6 mU/mL of culture) in bacteria induced at 23 °C.
HK activity was slightly higher in the culture medium than
in cells at 37°C, in accordance with the immunoblot data.
However, HK activity levels in the culture medium
remained much lower than the levels found in cells at 23 °C.
Taken together, these data suggest that ScHK2 was
secreted from E. coli cells during induction, and that this
effect was more pronounced at 37 than at 23 °C. For rea-
sons that we did not investigate further, cell cultures
induced at 37°C displayed less HK activity than those
induced at 23 °C. Lastly, secretion of SCHK?2 into the cul-
ture medium seemed to result in a loss of activity. Based on
these results, we decided to purify the SCHK?2 protein from
E. coli cell cultures induced for 60min at 23°C. Indeed,
these conditions produced active recombinant SCHK?2 and
produced the strongest immunoblot signal during the
induction time course.

Results of a typical purification procedure are presented
in Table 2. The (6x His)ScHK?2 protein was purified over
260 fold to a specific activity of 5.3 U/mg protein. To our
knowledge, this corresponds to the highest specific activity
ever reported for a plant hexokinase [4,11,13,14,16,21,48—
50]. (6x His)ScHK?2 was purified to electrophoretic homo-
geneity as shown by silver staining of SDS gel (Fig. 5, lane
1). An immunoblot analysis carried out on the purified

preparation (Fig.5, lane 2) showed that purified
1 2
kDa
97.4 o
66.2 =
— e += (BxHis)ScHK2
450 =

Fig. 5. Analysis of purified (6x His)ScCHK2 by SDS-PAGE (1) and
immunoblot (2). The gel was silver-stained as described in Materials and
methods. Immunoblot was carried using affinity-purified 1gGs. The run-
ning positions of molecular mass standards are indicated on the left.

Table 2

Purification of recombinant SCHK?2 from E. coli cells

Step Total Total Specific activity Yield (%) Purification
activity (U)* protein (mg) (U/mg protein) (fold)

Desalted extract 23 107.2 0.02 100 1

Ni-NTA 0.5 0.7 0.71 22 355

DEAE Fractogel 0.10 0.02 5.29 4 265

% Activity unit expressed in pmol/min with glucose as substrate.
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(6x His)ScHK?2 was free of degradation products. This
purified protein was used to conduct kinetic studies.

Effects of pH on ScHK?2 activity

ScHK?2 displayed an optimum pH at the fairly high pH
value of 8.7 (Fig. 6). Moreover, SCHK?2 activity decreased
sharply (3-fold) within a narrow range from pH 8.7 down
to pH 7.7. Such a sharp pH curve resembled that of HK1 in
potato tuber [4,13] but contrasted with the broad pH
response observed for most plant HKs [48—-50]. Therefore,
ScHK?2 activity may be quite responsive to slight changes in
physiological pH.

Kinetic behavior of ScHK2

We determined the kinetic constants of pure
(6x His)ScHK?2 for various substrates (Table 3). Recom-
binant ScCHK?2 protein exhibited comparable affinity for
glucose (K5, =23 pM) and mannose (K, =30 uM).
The enzyme could phosphorylate both aldoses with a rela-
tively high catalytic efficiency (ky/Kiyapp > 120 s/mM). In
contrast, SCHK2 had lower affinity for fructose (K5, =
5.2mM) and a catalytic efficiency that was more than 100
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Fig. 6. Effects of pH variation on ScCHK2 activity. Values are representa-
tive of data from two separate purifications (100% =s3.1mU using
glucose as substrate).

Table 3

Kinetic constants of pure SCHK?2 #

Substrate K app (mM) ke 57H kcal/Kmapp(mM‘ls‘l)
D-Glucose 0.023 £ 0.003 501+£0.75 218
p-Fructose 52+04 378+ 1.13 0.7
p-Mannose 0.030 £ 0.004 3.69+047 123
ATP 0.061 £0.01 3.50+0.37 57
TTP 0.231 1.42 6.1
GTP 0.231 0.85 3.7
UTP 22 3.02 1.4
CTP 2.0 1.61 0.8

? For hexoses and ATP, kinetic parameters are given as means + SE of
values from three independent enzyme preparations. Values for TTP,
GTP, UTP, and CTP, are representative of two independent enzyme prep-
arations.

fold lower than with glucose and mannose. Therefore,
(6x His)ScHK?2 displayed typical kinetic characteristics
of a plant HK [4,21,49]. In heterotrophic organs such as
potato tuber, cytosolic glucose concentrations can reach
30 mM while concentrations of mannose and fructose are
respectively more than three orders of magnitude lower
and not detected [51]. Consequently, phosphorylation of
glucose in tubers by ScCHK?2 is most likely not limited by
in vivo glucose concentrations. Among nucleoside tri-
phosphates, ATP was the preferred substrate
(Kmapp =61 1M) with a catalytic efficiency that was at
least 10 times higher than with other nucleoside triphos-
phates (Table 3). Similar results were obtained with HKs
purified from potato tuber [4] and from developing maize
kernels [50]. Farré et al. [51] reported ATP cytosolic con-
centrations in excess of 200 pM ATP in potato tuber cells,
and developing wheat seeds contain 250 nmol/g FW [52].
ATP is therefore probably not limiting for SCHK2 in
plant cells under normal conditions. The K,,,, (UTP) was
in the millimolar range. Despite the fact that UTP is gen-
erally fairly abundant [51,52], the estimate of its cytosolic
concentration is still much lower than the K, It is
therefore doubtful that UTP plays a significant role in
hexose phosphorylation by ScCHK?2.

We next tested the effect of various compounds on
(6 x His)ScHK?2 activity. The choice of effectors was made
either because of their physiological relevance, or because
of their use in studies on the role of HK in sugar sensing
(Table 4). Amongst them, fructose, sucrose, fructose-1-
phosphate (F1P), fructose-6-phosphate (F6P), fructose-
1,6-bisphosphate (F1,6BP), and glucose-1-phosphate
(G1P) were without any important effect on
(6x His)ScHK?2 activity. On the contrary, the recombi-
nant protein was strongly inhibited by mannose, most
plausibly due to the high affinities of (6x His)ScHK?2 for
both glucose and mannose (Table 3). 3-O-Methylglucose
was not an inhibitor. However, it could serve as substrate
for (6x His)ScHK?2 (data not shown), thus corroborating
previous observations by [53]. Trehalose-6-phosphate
(T6P) has been proposed to regulate plant glycolysis
through inhibition of HK activity [54,55], by analogy to
the yeast model [56]. However, we did not observe any
inhibition by T6P (Table 4), similarly to previous observa-
tions with other plant HKs [21,57,58]. Glucosamine, a spe-
cific inhibitor of HK [59], has been used in studies
investigating the implication of HK in sugar sensing
[16,27,60]. (6x His)ScCHK?2 was more sensitive to glucosa-
mine than other plant HKs characterized so far [14,21,60],
with 50% inhibition at 5 mM. Interestingly, [16] noted
that a membrane-bound HK was more sensitive to gluco-
samine than a soluble isoform in maize roots. In contrast
to mammalian HKs, yeast and most plant enzymes are
not subject to feedback regulation by G6P [55]. Neverthe-
less, some pH-dependent inhibition by G6P has been
observed for potato tuber HK1 [4] as well as for tomato
fruit GK [5]. In our study, we used up to 10 mM G6P since
cytosolic levels of 0.4-12mM have been measured or
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Table 4
Effect of various metabolites on (6x His)ScHK2 activity®
Effector added Effector % Activity
concentration (mM) mean + SE
None — 100+3
Fructose 1 92+14
10 94+12
Mannose 1 46+ 14
10 12+1.5
Sucrose 1 91+04
10 91+£22
Fructose-1-phosphate 0.1 90+0.2
0.25 86+t 1.5
0.5 93+49
1 101+£02
Fructose-6-phosphate 1 9% +1.2
5 98+19
10 100 £0.5
Fructose-1,6-bisphosphate 1 88 £4.7
10 101 £3.1
Glucose-1-phosphate 1 95+ 14
10 104+ 1.5
Glucose-6-phosphate 0 101 £ 0.6
0.05 924+0.1
0.1 93+3.1
0.5 97 £3.8
1 97+ 1.7
5 116 £4.5
10 128 +5.5
Trehalose-6-phosphate 0.2 93+0.6
0.5 92+£0.6
1 94+ 1
3-O-Methylglucose 1 91+0.7
10 89+13
100 92+1.6
Glucosamine 0.5 90+24
1 82+6.0
5 54+38
20 33+24
50 20+£2.0
100 13+25
ADP 0.05 57+13
0.1 414+09
0.5 17+09
1 13+0.8
2.5 11+05

* Listed metabolites were analyzed in the standard assay medium with a
saturating concentration of glucose. The effect is reported as a percentage
of the control (100% = 30 mU). Activities are given as means + SE of val-
ues from three independent enzyme preparations. For analyzing the effect
of glucose-6-phosphate, a different coupled enzyme assay using PK and
LDH was utilized. The 0 mM control for this assay is included in the table.

assumed for different plant tissues [4,51,61]. G6P did not
inhibit SCHK?2 at pH 8.0 (Table 4), in agreement with data
on some other plant HKs [4,11,49,50]. There was even a
slight activity increase at high G6P concentrations. Simi-
lar results were obtained at pH 7.0 (data not shown).
Lastly, we observed a strong inhibitory effect of ADP
since 0.05-2.5mM ADP inhibited SCHK?2 activity by 40—
90% (Table 4). Strong inhibition by ADP has been
reported elsewhere [11,14,16,18]. This finding may suggest
a major role for the ATP/ADP ratio in regulating SCHK?2
activity in plants [16].

Conclusions

Despite its cardinal importance in plant carbohydrate
metabolism and sugar sensing, a hexokinase of plant origin
had never been previously purified to homogeneity. We cir-
cumvented the initial difficulties in the production of
(6x His)ScCHK?2 by expression of a truncated form of the
protein in E. coli. Removal of the first 47 amino acids in the
construct resulted in high levels of expression for (6x His) A
ScHK2 that permitted the generation of an anti-HK immune
serum. By using affinity-purified anti-HK IgGs and HK
activity assays we were able to address the reasons causing
low levels of (6x His)ScHK?2 expression. We found that
(6x His)ScHK?2 was produced and secreted into the culture
medium at 37°C, although the protein was inactive at that
temperature. When expressed at 23 °C, (6 x His)ScHK?2 was
active and accumulated in modest but detectable levels in
cells during the first hour of induction. These conditions were
chosen to produce an electrophoretically homogeneous
recombinant plant HK preparation for characterization.

Analysis of the SCHK?2 sequence predicted that the pro-
tein be membrane-anchored by its N-terminal hydrophobic
region. In the absence of any additional targeting cues, the
most likely destination of SCHK?2 is the plasma membrane.
Wiese et al. [21] described the first membrane-localized
plant HK. This isoform was inserted into the chloroplast
outer envelope, facing the cytosolic side in spinach leaf
cells. The authors suggested that the protein could be
involved in the energization of glucose exported from plas-
tids into the cytosol. By analogy, we propose that SCHK?2
constitutes a major control step in hexose import into sink
cells, a role that would reflect its predicted subcellular local-
ization and topology. It is worth noting that the features
discovered in the N-terminal region of ScHK2 are also
present on other plant HKs (see Fig. 1). By phosphorylat-
ing fructose and particularly glucose produced from
sucrose degradation, SCHK?2 may help maintain a concen-
tration gradient of these hexoses across the plasma mem-
brane, thereby facilitating their import into the cytosol [62].
Such import would rely on adequate energy charge as
ScHK?2 may be highly sensitive to rising cytosolic ADP lev-
els (Table 4). This would ensure that feeding of cytosolic
glycolysis with hexoses is coupled to ATP generation by
mitochondrial oxidative phosphorylation. We further
hypothesize that hypoxic conditions, may be detrimental to
the function of ScCHK?2. Indeed, under oxygen deprivation,
cytosolic ADP levels increase 2—3-fold to 200 uM [63], while
cytosolic pH drops from pH 7.5 to 6.5 [64]. In anoxic maize
root tips, Bouny and Saglio [65] have identified hexose
phosphorylation as a major controlling step in hexose
catabolism. If SCHK?2 is present in hypoxic plant tissues, its
inhibition by ADP and acidic pH conditions may very well
participate to a decrease in hexose phosphorylation. The
expression pattern of ScHK2 in plant tissues is still
unknown but the estimation of HK protein steady-state
levels will be facilitated by the immune serum generated in
this study.
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