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Recent findings suggest a pivotal role formitochondria-associated hexokinase in the regulation of apoptosis in animal cells. In

this study, virus-induced gene silencing (VIGS) of a hexokinase-encoding Hxk1 caused necrotic lesions on leaves, abnormal

leaf morphology, and retarded plant growth in Nicotiana benthamiana. Hxk1 was associated with the mitochondria, and this

association required the N-terminal membrane anchor. VIGS of Hxk1 reduced the cellular glucose-phosphorylating activity

to;31%of control levels without changing the fructose-phosphorylating activity and did not alter hexose phosphate content

severely. The affected cells showed programmed cell death (PCD) morphological markers, including nuclear condensation

and DNA fragmentation. Similar to animal cell apoptosis, cytochrome c was released into the cytosol and caspase-9– and

caspase-3–like proteolytic activities were strongly induced. Furthermore, based on flow cytometry, Arabidopsis thaliana

plants overexpressingArabidopsisHXK1 andHXK2, both of which are predominantly associatedwithmitochondria, exhibited

enhanced resistance to H2O2- and a-picolinic acid–induced PCD. Finally, the addition of recombinant Hxk1 to mitochondria-

enriched fractionspreventedH2O2/clotrimazole-inducedcytochromec releaseand lossofmitochondrialmembranepotential.

Together, these results show that hexokinase critically regulates the execution of PCD inplant cells, suggesting a linkbetween

glucose metabolism and apoptosis.

INTRODUCTION

Sugars serve fundamental roles as metabolic nutrients and

structural components formost organisms. In plants, sugars reg-

ulate many vital developmental and metabolic processes, in-

cluding germination, plant growth, photosynthesis, carbon and

nitrogen metabolism, flowering, stress responses, and senes-

cence (Rolland and Sheen, 2005). However, the mechanisms of

signal transduction through sugars and the integration of sugar

signals tomodulate plant growth anddevelopment are still largely

unknown.

In bacteria, yeast, animals, and plants, hexokinases not only

catalyze sugar phosphorylation as the first step of hexose meta-

bolism but also sense glucose levels and transmit the sugar

signal to the nucleus (Stulke and Hillen, 1999; Rolland et al.,

2001; Rolland and Sheen, 2005). Consistent with a role of plant

hexokinases in sugar signaling, transgenic Arabidopsis thaliana

plants overexpressing sense or antisense hexokinase genes

exhibited altered sugar responses in seedling development and

gene expression (Jang et al., 1997). Analyses of an Arabidopsis

HXK1 mutant (gin2) demonstrated that glucose signaling could

be uncoupled from glucosemetabolism, becauseHXK1mutants

lacking catalytic activity still supported various signaling func-

tions in gene expression, plant growth, and leaf expansion and

senescence (Moore et al., 2003). Furthermore, characterization

of glucose-insensitive and glucose-oversensitive mutants re-

vealed extensive connections between glucose and plant hor-

mone signaling pathways, including the ethylene, abscisic acid,

and auxin/cytokinin pathways (Leon and Sheen, 2003; Moore

et al., 2003).

Multiple isoforms of hexokinases are found inmost organisms.

Mammalian genomes encode a low-affinity glucokinase and

three high-affinity hexokinases (I, II, and III) (Wilson, 2003).

Arabidopsis has six hexokinase genes. The isoforms of hexoki-

nases interact not only with each other to form dimers but also

with other proteins andwith various cellularmembranes (Frommer

et al., 2003). Hexokinase isoforms have been found in the cytosol

as well as associated with the endoplasmic reticulum and

plasma membrane (Travis et al., 1999). Hexokinases have also

been localized to mitochondria, the chloroplast outer envelope,

chloroplast stroma, and the nucleus (Galina et al., 1995; Wiese

et al., 1999; Yanagisawa et al., 2003; Giese et al., 2005). This

diversity of subcellular localizations of hexokinases may reflect

their roles in a variety of cellular processes.

Recent evidence indicates that the mitochondria-associated

hexokinase plays an important role in the control of apoptosis in

mammals (Downward, 2003; Birnbaum, 2004; Majewski et al.,
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2004). The mitochondrial pathway of apoptosis is initiated

through the release of mitochondrial cytochrome c into the

cytosol through the permeability transition (PT) pore in response

to cellular stresses. Cytochrome c release is a major checkpoint

in the initiation of apoptosis and induces the assembly of the

caspase-9–activating complex, the apoptosome, in the cytosol.

Within the apoptosome, caspase-9 is activated and propagates

a cascade of additional caspase activation events. Hexokinase is

an integral component of the PT pore through its interaction with

porin or the voltage-dependent anion channel (VDAC) (Wilson,

2003), and hexokinase binding to the VDAC interferes with the

opening of the PT pore, thereby inhibiting cytochrome c release

and apoptosis (Pastorino et al., 2002; Azoulay-Zohar et al., 2004).

Thus, detachment of hexokinase from the mitochondria poten-

tiated, and its overexpression inhibited, mitochondrial dysfunc-

tion and cell death induced by various stimuli (Gottlob et al.,

2001; Bryson et al., 2002; Majewski et al., 2004). Recent studies

have shown that cyclophilin D, another component of the PT

pore, is a key factor in the regulation of PT pore function and that

cyclophilin D–dependent mitochondrial PTs are required to

mediate some forms of necrotic cell death but not apoptotic

cell death (Baines et al., 2005; Nakagawa et al., 2005). However,

these observations do not exclude the possibility that certain

forms of apoptosis are mediated by the mitochondrial PT,

because some forms of apoptosis are significantly inhibited by

cyclosporin A, a specific inhibitor of cyclophilin activity (Green

and Kroemer, 2004). Additionally, cyclophilin D–overexpressing

mice exhibited an increase in apoptotic heart muscle cells

(Baines et al., 2005). Furthermore, in cancer cells, cyclophilin D

overexpression suppresses apoptosis via the stabilization of

hexokinase II binding to the mitochondria (Machida et al., 2006).

In this study, we used tobacco rattle virus (TRV)–based virus-

induced gene silencing (VIGS) to assess the functions of various

signaling genes in Nicotiana benthamiana. This functional ge-

nomic screen revealed that VIGS of a hexokinase gene, Hxk1,

induced the spontaneous formation of necrotic lesions in leaves.

Hxk1 was associated with the mitochondria, and its expression

was stimulated by various cell death–inducing stresses. VIGS of

Hxk1 resulted in apoptotic cell death in leaves, indicating that

depletion of mitochondrial hexokinases activated programmed

cell death (PCD). Conversely, overexpression of the mitochon-

dria-associated Arabidopsis hexokinases, HXK1 and HXK2,

conferred enhanced resistance to oxidative stress–induced cell

death. Finally, the exogenous addition of recombinant Hxk1, but

not Hxk1DN, which lacks the membrane anchor, inhibited clo-

trimazole (CTZ)/H2O2–induced cytochrome c release from mito-

chondria. These results suggest a direct link between plant

hexokinases and the PCD process.

RESULTS

Isolation of Hxk1 and Comparison with Plant Hexokinases

For functional genomics using VIGS, ;15,000 ESTs were se-

quenced from three cDNA libraries constructed from various

tissues of N. benthamiana, and selected cDNAs, mostly encod-

ing a signaling gene, were subjected to VIGS. The partial Hxk1

cDNAused in the initial VIGS screeningwas;0.9 kb in length. To

obtain the full-length cDNA of Hxk1, 59-rapid amplification of

cDNA ends PCR was performed using RNA isolated from

N. benthamiana seedlings. The full-length Hxk1 cDNA encodes

a polypeptide of 497 amino acids with a predicted molecular

mass of 53,889.94 D (see Supplemental Figure 1 online). The

predicted Hxk1 protein has an N-terminal membrane-anchoring

sequence, a hexokinase signature, a phosphate binding motif, a

sugar recognition motif, and an ATP binding motif (see Supple-

mental Figure 1 online). Based on the amino acid sequence,

Hxk1 falls into the group of plant hexokinases with an N-terminal

hydrophobic membrane anchor, including HXK1 and HXK2 from

Arabidopsis, Hxk2 from Solanum lycopersicum, HK1 and HK2

from Solanum tuberosum, and HxK1 from Spinacia oleracea (see

Supplemental Figure 1 online). Among the six hexokinase genes

in Arabidopsis,Hxk1 is closely related to HXK1 and HXK2 but not

to the other hexokinase genes (data not shown).

The Hxk1 Membrane Anchor Is Required for

Mitochondrial Localization

We examined the subcellular localization of Hxk1 by expressing

Hxk1:GFP, in which the full-length Hxk1 (Met-1 to Ser-497) was

fused to the green fluorescent protein (GFP). The DNA construct

encoding Hxk1:GFP under the control of the cauliflower mosaic

virus 35S promoterwas introduced into protoplasts isolated from

Arabidopsis seedlings (Figure 1). To track mitochondria, a con-

struct encoding an F1ATPase-g:RFP fusion protein of the mito-

chondrial F1ATPase g-subunit and red fluorescent protein (RFP)

was cotransformed into the protoplasts. After incubation at 258C

for 24 h, gene expression was examined by confocal laser

scanning microscopy to capture GFP, RFP, and chlorophyll

autofluorescence images. Most of the Hxk1:GFP signal over-

lapped with the F1ATPase-g:RFP signal, demonstrating that the

fusion protein is targeted primarily to themitochondria (Figure 1).

To examine whether the N-terminal sequence encoding the

membrane anchor plays a role in the mitochondrial targeting

of Hxk1, we examined the localization of Hxk1DN (Met-28 to

Ser-497), the N-terminal deletion form of Hxk1 (Figure 1). Fol-

lowing the membrane anchor sequence, the N terminus of Hxk1

contains another in-frame translation initiation codon (Met-28)

(indicated by the arrow in Supplemental Figure 1 online), which is

conserved in most plant hexokinases that have the anchor

sequence. The GFP signal of Hxk1DN:GFP no longer overlapped

with the RFP signal, indicating that the protein was no longer

associated with the mitochondria. Instead, its GFP signal was

distributed throughout the cytosol, as it was in the GFP control

(Figure 1). These results demonstrate that the N-terminal mem-

brane anchor sequence is required for the mitochondrial asso-

ciation of Hxk1.

Expression of Hxk1

The expression pattern of the Hxk1 gene was investigated using

semiquantitative RT-PCR and RNA gel blot analysis (see Sup-

plemental Figure 2 online). Using semiquantitative RT-PCR, the

Hxk1 mRNA was detected in all tissues of N. benthamiana

examined (see Supplemental Figure 2A online). The mRNA was

relatively abundant in open flowers, flower buds, and young
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leaves but was detected at lower levels in mature leaves, stems,

and roots ofN. benthamiana (seeSupplemental Figure 2Aonline).

The Hxk1 mRNA levels in the leaves increased 6 h after H2O2 or

heat (558C) treatment (see Supplemental Figure 2B online), both

of which activate PCD in plant cells (Desikan et al., 1998; Balk

et al., 1999; Houot et al., 2001). Furthermore, the Hxk1 mRNA

level in leaves increased in response to thapsigargin, particularly

when the leaves were pretreated with cycloheximide (see Sup-

plemental Figure 2C online). Thapsigargin irreversibly inhibits the

Ca2þ-ATPase of the endoplasmic reticulum and increases cyto-

solic Ca2þ levels to induce apoptosis in animals and causes

endoplasmic reticulum stress in plants (Lilliehook et al., 2002;

Ordenes et al., 2002). Thus,Hxk1 expression seems to be stimu-

lated by increased cytosolic Ca2þ levels, particularly when pro-

tein synthesis is blocked. Together, these results indicate that

Hxk1 expression is stimulated by diverse cellular stresses that

induce PCD.

VIGS Phenotypes and Suppression of the Hxk1

Transcripts in the VIGS Lines

To induce gene silencing ofHxk1, we cloned three different cDNA

fragments of Hxk1 into the TRV-based VIGS vector pTV00

(Ratcliff et al., 2001) and infiltrated N. benthamiana plants with

Agrobacterium tumefaciens containing each plasmid (Figure 2A).

TRV:D1 and TRV:D2 contain 0.72-kb N-terminal and 0.76-kb

C-terminal regions of the Hxk1 cDNA, respectively, whereas

TRV:F contains the full-length cDNA. VIGS with each of these

constructs resulted in the formation of necrotic lesions on leaves,

abnormal leaf development, and reduced plant height (Figure

2B). The lesions containing brownish cells began as a small spot

or stripe of collapsed tissue, usually appearing in the middle to

lower part of the young leaves at ;10 d after infiltration. Inter-

estingly, the lesions were found only in leaves. In Evans blue–

stained leaves, single cells or cell groups corresponding to sites

of the lesions were intensely stained (Figure 2B, brown arrows),

suggesting localized cell death. The cell death sometimes pro-

gressed to the complete collapse and disappearance of the leaf

tissues. Abnormal leaf morphology was also observed in the

TRV:Hxk1 lines. Newly emerged leaves were small, narrow, and

wrinkled andoccasionally showed abnormal vascular patterning.

The effects of gene silencing on the endogenous level of Hxk1

mRNA were examined using semiquantitative RT-PCR (Figure

2C) because the level of transcript in the leaveswas very low. RT-

PCR using the HXK-A primers (indicated in Figure 2A) produced

significantly less PCR product in the TRV:D1 VIGS lines com-

paredwith the TRVcontrol, indicating that the expression ofHxk1

was significantly reduced in the VIGS lines. The same primers

detected high levels of viral genomic transcripts containing

the C-terminal region of Hxk1 in the TRV:F and TRV:D2 lines.

RT-PCR with the HXK-B primers (Figure 2A) indicated reduced

amounts of PCR product in the TRV:D2 line compared with the

TRV control, suggesting silencing of the endogenousHxk1 gene,

whereas the sameprimers detected high levels of viral transcripts

containing theN-terminal region ofHxk1 in the TRV:F andTRV:D1

lines. No PCR product was detected by RT-PCR with the HXK-C

primers (Figure 2A) in the TRV:D1 line, whereas viral genomic

transcripts containing the C-terminal region of Hxk1 were de-

tected in the TRV:F and TRV:D2 lines. The transcript levels of

actin remained constant. Together, these results demonstrate

that the expression of Hxk1 was suppressed in these VIGS lines.

Hexokinase Activity and Hexose Phosphate Content

in the VIGS Lines

To analyze whether the silencing of Hxk1 resulted in reduced

hexokinase activity, we measured glucose and fructose phos-

phorylation activity using protein extracts isolated from TRV and

Figure 1. Association of Hxk1 with Mitochondria.

The subcellular localization of the GFP fusion proteins of the full-length Hxk1 (Met-1 to Ser-497) and the N-terminal deletion mutant Hxk1DN (Met-28 to

Ser-497), which lacks the N-terminal membrane anchor sequence, was analyzed. Arabidopsis protoplasts were cotransformed with Hxk1:GFP or

Hxk1DN:GFP and the F1ATPase-g:RFP construct, and the localization of fluorescent signals was examined at 24 h after transformation by confocal

laser scanningmicroscopy. Chloroplasts andmitochondria were visualized by chlorophyll autofluorescence and red fluorescence of the F1ATPase-g:RFP,

respectively. GFP, RFP, chlorophyll autofluorescence, and bright-field images are shown.
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TRV:Hxk1 VIGS lines. Leaves of the TRV:Hxk1 plants displayed

;31%of the glucose phosphorylation activity of the TRV control

leaves, whereas the fructose phosphorylation activity was similar

to that of the control (Figure 3A).Because hexokinaseshave apref-

erential affinity for glucose, these results suggest that VIGS of

Hxk1 reduced the hexokinase protein level in the affected cells.

The cellular glucose-6-phosphate and fructose-6-phosphate

contents were also measured using leaf extracts isolated from

the TRV and TRV:Hxk1 VIGS lines. In TRV:Hxk1 plants, glucose-

6-phosphate content was ;76% of that of the TRV control,

whereas the fructose-6-phosphate content was almost identical

to that of the control, indicating that the overall hexose phos-

phate content was not severely altered (Figure 3B). Thus, it is

unlikely that the cell death in TRV:Hxk1 plants was caused by a

general deficiency of hexose phosphates.

Phenotypes of PCD

We examined the nuclear morphology of cells in the abaxial

epidermal layer from leaves of the VIGS lines by 49,6-diamidino-

2-phenylindole staining (Figure 4A). In epidermal cells of the

Figure 2. VIGS Constructs, Phenotypes, and Suppression of the Hxk1

Transcripts.

(A) Scheme of the structure of Hxk1, and three VIGS constructs

containing different regions of the Hxk1 cDNA (marked by bars).

N. benthamiana plants were infected with Agrobacterium containing

the TRV control and three different forms of TRV:Hxk1 constructs. The

positions of the primer sets, HXK-A, HXK-B, and HXK-C, used for RT-

PCR analyses are indicated.

(B) Necrotic lesion phenotypes of the Hxk1 VIGS line. Photographs of

leaves and whole plants were taken at 20 d after inoculation. The leaf

tissues undergoing cell death are marked with arrows in the Evans blue–

stained leaves (bottom right).

(C) Semiquantitative RT-PCR analysis to examine the transcript levels of

Hxk1. RNA was extracted from the fourth leaf above the infiltrated leaves

fromN. benthamiana plants infectedwith TRV, TRV:Hxk1(F), TRV:Hxk1(D1),

or TRV:Hxk1(D2). The HXK-A, HXK-B, and HXK-C primers were used for

PCR. As a control for RNA amount, the actin mRNA level was examined.

Figure 3. Hexokinase Activity and Hexose Phosphate Content.

Total cell extracts were prepared from the fourth leaf above the infiltrated

leaves from the TRV and TRV:Hxk1 VIGS lines. Error bars represent SD.

Glucose and fructose phosphorylation activity, and the amounts of

glucose-6-phosphate (G-6-P) and fructose-6-phosphate (F-6-P) in the

cell extracts, are shown. FW, fresh weight.
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TRV:Hxk1 leaves, compaction and shrinkage of the nucleus

compared with control lines was evident. The epidermal layer of

the TRV:Hxk1 leaves contained elongated cells with a simplified

structure (arrow), particularly in the area surrounding the necrotic

lesion, whereas the control leaf epidermis contained normal

pavement cells (Figure 4A). Furthermore, DNA laddering was

observed in genomic DNA isolated from the TRV:Hxk1 line

(Figure 4B). DNA ladders are formed during PCD as a result of

the activation of cell death–specific endonucleases that cleave

the nuclear DNA into oligonucleosomal units. Oligonucleosomal

DNA fragmentation was observed with the total genomic DNA

probe only in the Hxk1 VIGS line (Figure 4B). Because nuclear

condensation and DNA laddering are the hallmark features of

PCD, these results demonstrate that reduced expression ofHxk1

activates a PCD pathway in plants.

Localization of Cell Death in Leaf Cell Layers

Transverse leaf sections demonstrated that TRV control leaves

had the typical leaf structure of dicotyledonous plants with

Figure 4. Phenotypes of PCD.

(A) Nuclear condensation. Light and fluorescence micrographs of abaxial leaf epidermal cells from TRV and TRV:Hxk1 VIGS lines after nuclear staining

with 49,6-diamidino-2-phenylindole (DAPI; 100 mg/mL). Elongated epidermal pavement cells in the HXK1 VIGS line are indicated by the arrow.

(B)Oligonucleosomal DNA fragmentation. Genomic DNA gel blot analysis was performed with DNA extracted from the leaves of the VIGS lines using the

total genomic DNA of N. benthamiana as a probe.

(C) Light micrographs of leaf transverse sections. Leaf areas containing degenerating palisade and mesophyll cells are marked with red bars in

TRV:Hxk1 VIGS cells. Enlarged views of the disintegrating regions are shown at bottom. Bars ¼ 100 mm.
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distinct adaxial and abaxial epidermal layers (Figure 4C). In

TRV:Hxk1 plants, the lamina was thicker as a result of a mod-

erate increase in cell size (Figure 4C). The typical dorsoventral

organization of the palisade and mesophyll cells was maintained

in the TRV:Hxk1 leaves for the most part, but in some areas,

particularly around the necrotic lesions, spherical cells were

observed and the palisade layer was not distinguishable. In

TRV:Hxk1 leaves, cells in the palisade and mesophyll layers

started to degenerate first, followed by complete disintegration

of the leaf.

Involvement of Reactive Oxygen Species

To investigate whether reactive oxygen species (ROS) are gen-

erated in cells undergoing PCD in the VIGS lines, we prepared

protoplasts from leaves of the TRV and TRV:Hxk1 lines and

incubated the protoplasts with 29,79-dichlorodihydrofluorescein

diacetate (H2DCFDA), which produces a green fluorescent signal

when chemically modified by H2O2 (Figure 5A). H2DCFDA is a

cell-permeant indicator for ROS that is nonfluorescent until the

acetate groups are removed by intracellular esterases and

oxidation occurs within the cell (Bethke and Jones, 2001). The

accumulation of fluorescent H2DCFDA in protoplasts from the

TRV:Hxk1 VIGS lineswas significantly higher than that of the TRV

control. The mean fluorescence for protoplasts from the

TRV:Hxk1 lines was ;7.5-fold higher than that of the TRV

control (Figure 5A). These results demonstrate that ROS are

involved in this cell death program. TRV:Hxk1 leaves exhibited

2.5-fold higher levels of relative ion leakage than leaves from the

TRV control (Figure 5B). In necrotic lesions caused by the hyper-

sensitive response (HR), lignin deposition plays an important role

in increasing the mechanical strength of cell walls and inhibiting

pathogen invasion (Nimchuk et al., 2003). Leaves from the VIGS

lines were stained with phloroglucinol-HCl, and an increase in

lignin staining was observed in leaf cells of the TRV:Hxk1 line

(Figure 5C).

Expression of the Defense Genes

We examined whether Hxk1-mediated PCD induces the expres-

sion of defense-related genes using semiquantitative RT-PCR

(Figure 5D). The PR1a, PR1b, PR1c, PR2, PR4, PR5, S25-PR6,

SAR8.2a, HSR203J, HIN1, and 630 genes are all strongly in-

duced during HR cell death (Heath, 2000). NTCP-23 (a Cys

protease) and p69d (a Ser protease) are involved in pathogen-

induced cell death, whereas the chloroplastic ClpP protease

plays a role in chloroplast development but not in senescence or

HR cell death (Beers et al., 2000). Among these genes, PR1a,

PR1c, PR2, PR5, HSR203J, SAR8.2, HIN1, NTCP-23, p69d, and

ClpP genes were transcriptionally induced in the TRV:Hxk1 line.

Expression of SGT1, RAR1, and SKP1, signaling genes in plant

defense (Austin et al., 2002; Azevedo et al., 2002), aswell as actin

expression remained constant. Thus, hexokinase-mediated

PCD promotes the expression of many of the PR genes induced

during HR cell death, indicating that some features of HR cell

death are conserved in the hexokinase-mediated PCD process.

Figure 5. Involvement of ROS and the Accumulation of Defense Markers during Cell Death.

(A) ROS production. Protoplasts isolated from leaves of TRV or TRV:Hxk1 VIGS lines were incubated in 2 mM H2DCFDA for 90 s. H2DCFDA is a ROS

indicator that becomes fluorescent when oxidized by ROS within the cell. The fluorescence of protoplasts from the TRV and TRV:Hxk1 VIGS lines was

quantified by pixel intensity. Data points represent means 6 SD of 13 to 16 individual protoplasts. PIV, pixel intensity value.

(B) Lignin deposition. Leaf samples were incubated in a phloroglucinol-HCl solution for 2 min. Lignin staining appears pink.

(C) Relative ion leakage. Data points are indicated as relative values (TRV ¼ 100%). Means 6 SD of three experiments per line are indicated.

(D) Semiquantitative RT-PCR analysis to examine transcript levels of cell death– and defense–related genes. Total RNA was extracted from the fourth

leaf above the infiltrated leaves from the TRV and TRV:Hxk1 lines. As a control for RNA amounts, actin mRNA levels were examined.
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Disrupted Mitochondrial Membrane Potential and Release

of Cytochrome c

During apoptosis in animal cells, modification of mitochondrial

membrane permeability initiates the cell death pathway. The

mitochondrial membrane potential of the protoplasts isolated

from leaves of TRV controls and TRV:Hxk1 VIGS lines was moni-

tored by TMRM fluorescence (Figure 6A). TMRM is a lipophilic

cationic dye that accumulates in mitochondria in proportion to

the mitochondrial membrane potential (Zhang et al., 2001). A

decrease in the membrane potential leads to a decrease in

fluorescence as a result of the diminished capacity of mitochon-

dria to retain the probe. The average fluorescence of protoplasts

from TRV:Hxk1 leaves was only 12.5% of that of the TRV control,

indicating the disruption of mitochondrial membrane potential.

During apoptosis in animal cells, the release of cytochrome c

occurs before visible morphological changes. We investigated

cytochrome c release during PCD. Leaves of the VIGS lines were

homogenized andmitochondria were separated from the cytosol

by differential centrifugation. Proteins in each fraction were

examined by protein gel blot analysis to detect cytochrome c

and the mitochondrial VDAC (or porin) as a control for fraction-

ation (Figure 6B). Cytochrome c was detected primarily in the

mitochondria in the TRV control, whereas it was detected in the

cytosolic fraction in the TRV:Hxk1 lines. VDAC, which forms a

channel in the outer membrane of mitochondria (Tsujimoto and

Shimizu, 2002), was detected only in the mitochondrial fraction.

This result shows that cytochrome c is released from the mito-

chondria into the cytosol, similar to the early events of apoptosis

in animal cells, during PCD in the Hxk1 VIGS lines.

Activation of Caspase-Like Activity

During apoptosis in animal cells, cytosolic cytochrome c induces

the assembly of the caspase-9–activating complex, which in turn

propagates a cascade of further caspase activation, including

caspase-3. Although plants lack direct homologs of caspase

genes, caspase-like protease activities have been detected in

HR cell death and in PCD associated with other nonpathogenic

responses, such as heat, menadione, and isopentenyladenosine

treatment (del Pozo and Lam, 1998; Balk et al., 1999; Sun et al.,

1999; Mlejnek and Prochazka, 2002). Furthermore, caspase

inhibitors markedly suppress plant cell death and the associated

symptoms of apoptosis in several cases (Danon et al., 2004;

Thomas and Franklin-Tong, 2004). Using synthetic fluorogenic

substrates for animal caspase-9 (LEHD-AFC) and caspase-3

(DEVD-AFC), we found that the leaf protein extract from two

different TRV:Hxk1 lines exhibited both caspase-9–like and

caspase-3–like proteolytic activities (Figure 6C). Activation of

caspase-like protease activity could not be detected in TRV

control leaves.

Enhanced Resistance of HXK1- and HXK2-Overexpressing

Arabidopsis Plants to H2O2- and a-Picolinic Acid–Induced

Cell Death

Exogenous H2O2 induces a typical PCD in Arabidopsis and N.

benthamiana cell cultures (Desikan et al., 1998; Houot et al.,

2001).We testedwhether hexokinase overexpression suppresses

H2O2- and a-picolinic acid–induced cell death using transgenic

Arabidopsis plants overexpressing the Arabidopsis hexokinase

genes HXK1 and HXK2 (Figure 7). Arabidopsis HXK1 and HXK2

haveN-terminalmembrane anchors and are localized primarily in

mitochondria (B. Moore and J. Sheen, unpublished data, cited in

Rolland and Sheen, 2005). Overexpression of these hexokinase

genes resulted in altered sugar responses in seedling develop-

ment and gene expression in Arabidopsis (Jang et al., 1997; Xiao

et al., 2000). To examine the effect of H2O2, protoplasts isolated

from 3-week-old wild-type and transgenic plants were treated

with 10 mM H2O2 for 3, 6, 12, and 24 h to induce cell death,

stained with propidium iodide, and analyzed by flow cytometry.

Cells with damaged membranes allowed propidium iodide to

enter the cell and fluoresce red. After H2O2 treatment, the

hexokinase-overexpressing lines displayed a reduction in the

numbers of dead protoplasts, compared with the wild-type lines

(Figure 7A; data not shown). By 6 h after H2O2 treatment,

percentages of live protoplasts were 23.35, 33.85, and 42.55%

for the wild-type, HXK1-overexpressing, and HXK2-overex-

pressingArabidopsis lines, respectively (Figure 7A). Interestingly,

HXK2 expression repeatedly conferred a higher survival rate on

protoplasts than HXK1 expression in response to H2O2.

Similarly, protoplasts isolated from the wild-type, HXK1-

overexpressing, and HXK2-overexpressing Arabidopsis plants

were treatedwith 0.5mg/mLa-picolinic acid for 3 h and analyzed

by flow cytometry after propidium iodide staining. a-Picolinic

acid triggers HR-like cell death in rice (Oryza sativa) leaves and

suspension cell cultures (Zhang et al., 2004). After a-picolinic

acid treatment, percentages of live protoplasts for the wild-type,

HXK1-overexpressing, and HXK2-overexpressing Arabidopsis

lines were 74.56, 95.29, and 97.56%, respectively, indicating

that hexokinase overexpression was correlated with higher sur-

vival rates (Figure 7B). Together, these results suggest that the

increased hexokinase activity partially protects cells from H2O2-

and a-picolinic acid–induced PCD.

Exogenously Added Hxk1 Inhibits CTZ/

H2O2-Induced Cytochrome c Release from the

Mitochondria-Enriched Fraction

It has been shown in mammals that hexokinase is an integral

component of the PT pore through its interaction with VDAC, and

hexokinase binding to VDAC suppresses cytochrome c release

and inhibits apoptosis (Pastorino et al., 2002; Wilson, 2003). To

determine whether mitochondrial hexokinases play a direct role

in the regulation of plant PCD, we examined whether the exog-

enous addition of Hxk1 can inhibit stimulus-induced cytochrome

c release from mitochondria. We first prepared the recombinant

full-length Hxk1 (Met-1 to Ser-497) and Hxk1DN (Met-28 to Ser-

497), which lacks the N-terminal membrane anchor. The Hxk1

cDNA fragments encoding the full-length Hxk1 and Hxk1DN

were cloned into the pET21a expression vector and expressed in

Escherichia coli. The recombinant proteins were affinity-purified

using the C-terminal His tag, yielding polypeptides of ;55 and

;52 kD (see Supplemental Figures 3A and 3B online), which

are consistent with the predicted sizes of Hxk1 and Hxk1DN,

respectively.
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A mitochondria-enriched fraction was prepared from N.

benthamiana leaves. The mitochondria-enriched fraction was

left untreated or was treated with 20 mM CTZ, 10 mM H2O2,

or 20 mMCTZ and 10 mM H2O2 for 1 h (Figure 8A). CTZ, an anti-

fungal azole derivative, dissociates hexokinases from mito-

chondria in a dose-dependent manner, in addition to its role as

acalmodulinantagonist (PensoandBeitner,1998;Pastorinoetal.,

2002; Majewski et al., 2004). The fraction was pelleted to remove

mitochondria, and the resulting supernatant was subject to SDS-

PAGE. Cytochrome c released from the mitochondria into the

supernatant was detected by protein gel blot analysis using an

anti–cytochrome c antibody. TheCTZ treatment alone resulted in

almost no release of cytochrome c from the mitochondria com-

pared with the untreated control sample, whereas H2O2 treat-

ment for 1 h caused a slight increase in cytochrome c release.

However, when the two agents were combined, there was a

marked increase in cytochrome c release from the mitochondria

into the supernatant, indicating that CTZ potentiated H2O2-

induced cytochrome c release (Figure 8A). Next, recombinant

Hxk1 and Hxk1DN at concentrations ranging from 1 to 50 mg/mL

were incubated for 30 min with the mitochondria-enriched frac-

tion before CTZ and H2O2 treatment, and the effects of the

exogenously applied Hxk1 and Hxk1DN on CTZ/H2O2-induced

cytochrome c releasewere examined (Figure 8B). AlthoughHxk1

at the lower concentrations (up to 2.5 mg/mL) was unable to

prevent cytochrome c release, Hxk1 at the higher concentrations

blocked cytochrome c release in a dose-dependent manner.

With 50mg/mLHxk1, the level of cytochrome c in the supernatant

was similar to that of the untreated samples, suggesting almost

complete reduction in the cytotoxic effect of CTZ/H2O2. By

contrast, Hxk1DN at various concentrations was unable to

prevent CTZ/H2O2-induced cytochrome c release. These results

indicate that theHxk1 association withmitochondria is critical for

the inhibition of cytochrome c release (Figure 8B).

To examine the effects of glucose availability on PCD, the

mitochondria-enriched fraction was incubated with glucose (0 to

10 mM) for 30 min before CTZ/H2O2 treatment (Figure 8C).

Exposing the mitochondria to increasing amounts of glucose

suppressed the cytochrome c release dose-dependently,

Figure 6. Disrupted Mitochondrial Membrane Integrity, Cytochrome c

Release, and Caspase Activity.

(A) Mitochondrial membrane integrity. Protoplasts isolated from leaves

of TRV or TRV:Hxk1 VIGS lines were stained with 200 nM TMRM for 2min

to visualize mitochondria. The average fluorescence was quantified as

described in Methods. Data points represent means 6 SD of 14 to 15

individual protoplasts. PIV, pixel intensity value.

(B) Immunodetection of cytochrome c in mitochondrial and cytosolic

fractions of leaves from TRV, TRV:Hxk1(D1), and TRV:Hxk1(D2) VIGS

lines. Protein gel blotting with a cytochrome c monoclonal antibody

shows cytochrome c release into the cytosol in the TRV:Hxk1 lines.

Protein gel blotting with an anti-VDAC monoclonal antibody was used as

a control for cell fractionation. VDAC is localized to the outer mitochon-

drial membrane (Tsujimoto and Shimizu, 2002).

(C) Activation of caspase-9– and caspase-3–like activity. Extracts from

leaves of TRV or TRV:Hxk1(D1) and TRV:Hxk1(D2) VIGS lines were incu-

bated with fluorogenic peptide substrates of caspase-9 (LEHD-AFC) and

caspase-3 (DEVD-AFC) in caspase assay buffer, and the relative fluores-

cence was measured. Enzymatic activity was normalized for protein con-

centration and expressed as a percentage of activity present in control

extracts. Data points represent means6 SD of three experiments per line.
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Figure 7. Flow Cytometry Analysis of H2O2- and a-Picolinic Acid–Induced Cell Death.

Protoplasts isolated from wild-type, HXK1-overexpressing, and HXK2-overexpressing Arabidopsis plants were treated with 10 mM H2O2 for 6 h (A) or

with 0.5 mg/mL a-picolinic acid (PA) for 3 h (B) before staining with propidium iodide (PI). Flow cytometry analysis was conducted using 10,000

protoplasts per sample. Data are presented in histograms of propidium iodide fluorescence (FL2) versus cell number. Percentages of live protoplasts

are indicated. Data are representative of three independent experiments.



suggesting the presence of intrinsic glucose-dependent anti-

apoptoticmechanisms that presumably involve endogenous hexo-

kinase activity. To exclude the possibility that cytochrome c

released in response to CTZ/H2O2 treatment nonspecifically

binds to mitochondria-bound Hxk1 and is thereby retained in the

mitochondrial pellet, increasing amounts of cytochrome c (1 to

10 mg/mL) were added to mitochondrial fractions that were

preincubated with or without Hxk1 (50mg/mL) (Figure 8D). After a

1 h incubation, the supernatant was analyzed for the amount of

free cytochrome c. Regardless of the amount of cytochrome c

added, the free cytochrome c level remained unaffected by Hxk1

addition, indicating that Hxk1 does not bind to cytochrome c.

Finally, we visualized the protective effects of Hxk1 by TMRM

staining, an indicator of mitochondrial membrane potential (Fig-

ure 8E). The mitochondrial fraction was untreated, treated with

CTZ/H2O2, or treated with CTZ/H2O2 after preincubation with

Hxk1 (50 mg/mL). The mitochondrial fractions were then briefly

stained with TMRM and observed by confocal laser scanning

microscopy. The CTZ/H2O2 treatment significantly reduced the

TMRM fluorescence of the mitochondria, indicating a disruption

in the mitochondrial membrane potential. However, the Hxk1

preincubation fully prevented the loss of TMRM fluorescence,

indicating a cytoprotective function of Hxk1.

DISCUSSION

In this study, we present direct evidence that hexokinase is

involved in the regulation of PCD in plants. First, interruption

of hexokinase function activated PCD in plant cells. When the

expression of Hxk1 encoding a mitochondria-associated hexo-

kinase was suppressed by VIGS, the affected cells showed

characteristic features of apoptotic cell death, including nuclear

condensation and DNA fragmentation. This hexokinase-mediated

cell death pathway involves ROS, cytochrome c release from

mitochondria, activation of caspase-like activities, and transcrip-

tional induction of cell death–related genes. Second, increased

hexokinase activity partially prevented acute oxidant-induced

cell death. Overexpression of Arabidopsis HXK1 andHXK2, both

of which encode predominantly mitochondria-associated hexo-

kinases, conferred enhanced resistance against H2O2 and

a-picolinic acid. Finally, the recombinant Hxk1 protein prevented

CTZ/H2O2-induced cytochrome c release from the mitochondria

and the disruption of mitochondrial membrane potential.
Figure 8. Effects of Hxk1 on Cytochrome c Release from Isolated

Mitochondria.

(A) Themitochondria-enriched fraction was prepared fromN. benthamiana

leaves. The mitochondria-enriched fraction was left untreated or treated

with 20 mM CTZ, 10 mM H2O2, or 20 mM CTZ and 10 mM H2O2 for 1 h at

308C. The fraction was then centrifuged, and the resulting supernatant

was subject to 12% SDS-PAGE. Cytochrome c was detected by protein

gel blot analysis using an anti–cytochrome c antibody.

(B) The mitochondria-enriched fraction (50 mL) was incubated with the

recombinant Hxk1 and Hxk1DN proteins at various concentrations (0, 1,

2.5, 5, 10, 25, and 50 mg/mL) for 30 min at 308C. Then, the fraction was

treated with 20 mM CTZ and 10 mM H2O2 for 1 h at 308C. After centri-

fugation to pellet mitochondria, the resulting supernatant (20 mL) was

separated by 12% SDS-PAGE. Cytochrome c in the supernatant was

detected by protein gel blot analysis using an anti–cytochrome c anti-

body.

(C) The mitochondria-enriched fraction was incubated with glucose (0 to

10 mM) for 30 min before CTZ/H2O2 treatment to examine the effect of

glucose availability. The amount of cytochrome c in the supernatant was

analyzed by protein gel blotting.

(D) To exclude the possibility of nonspecific binding between cyto-

chrome c and Hxk1, cytochrome c (1 to 10 mg/mL) was exogenously

added to the mitochondrial fraction that was preincubated with or

without Hxk1 (50 mg/mL). After a 1-h incubation, the amount of free

cytochrome c in the supernatant was analyzed by protein gel blotting.

(E) The protective effect of Hxk1 was examined by TMRM staining of

mitochondria. TMRM accumulates in mitochondria in proportion to the

mitochondrial membrane potential. Before TMRM staining, the mito-

chondria-enriched fraction was untreated, treated with CTZ/H2O2, or

treated with CTZ/H2O2 after preincubation with Hxk1 (50 mg/mL).
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Recent findings have suggested thatmitochondria-associated

hexokinases play a role in the regulation of survival signaling and

apoptosis in mammals. Mammalian hexokinase I and II display

high-affinity binding to outer mitochondrial membrane contact

sites, where they interact with VDAC, and are found in protein

complexes containing PT pore constituents (Wilson, 2003).

VDAC is a critical component of the mitochondrial PT pore,

and the interaction of VDAC with Bcl-2 family proteins, such as

proapoptotic BAD and BAX or antiapoptotic BCL-2, controls the

release of mitochondrial intermembrane space proteins, which

initiate the execution phase of apoptosis (Martinou and Green,

2001). Hexokinase binding to VDAC suppresses the release

of the intermembrane space proteins and inhibits apoptosis

(Pastorino et al., 2002). Furthermore, the Ser/Thr kinase Akt,

which is known to transmit survival signals and to inhibit apo-

ptosis, is required to maintain hexokinase association with

mitochondria (Gottlob et al., 2001; Majewski et al., 2004). Thus,

targeted disruption of the mitochondria–hexokinase interaction

and exposure to proapoptotic stimuli that promote the rapid

dissociation of hexokinase from mitochondria strongly induce

cytochrome c release and apoptosis (Majewski et al., 2004).

Conversely, increased hexokinase activity protects animal cells

against BAX- or oxidant-induced apoptosis (Bryson et al., 2002;

Pastorino et al., 2002). A recent study demonstrated that gluco-

kinase (hexokinase IV) resides in a large functional holoenzyme

complex in mitochondria, together with BAD, protein kinase A,

protein phosphatase I catalytic subunit, andWAVE-1 as a protein

kinase A–anchoring protein (Danial et al., 2003). Glucose pro-

motes the phosphorylation of BAD, and the glucokinase asso-

ciated with phosphorylated BAD has higher activity than that

associated with unphosphorylated BAD. Thus, BAD not only

influences glucose metabolism but also responds to abnormal-

ities in glucose metabolism by triggering apoptosis (Danial et al.,

2003; Downward, 2003). These results indicate a role for hexo-

kinase and BAD in integrating pathways of glucose metabolism

and apoptosis.

Plant hexokinases are found as multiple isoforms and are

localized in various subcellular compartments, including the

cytosol, mitochondria, chloroplasts, and nucleus. Very little is

known about the intracellular localization and biochemical

characteristics of each individual hexokinase isoform. In maize

(Zea mays) roots, 43% of the total hexokinase activity was

recovered in the mitochondrial fraction and 35% in the cytosol

after tissue homogenization (Galina et al., 1995), indicating that

a major part of cellular hexokinase activity comes from the

mitochondria-associated hexokinase in maize roots. Further-

more, the mitochondrial and cytosolic hexokinases possess

different biochemical characteristics, notably different sensitivity

to inhibition by ADP (Galina et al., 1995). Recently, Giegé et al.

(2003) used a proteomic analysis to show that the functional

glycolytic pathway, including two isoforms of hexokinase (HXK2

and a putative hexokinase), is associated with the outside of the

mitochondrion in Arabidopsis. The authors proposed that all of

the enzymes of the glycolytic pathway interact directly with one

another through protein–protein binding to form a glycolytic

metabolon on the cytoplasmic face of the outer mitochondrial

membrane, allowing pyruvate to be provided directly to the

mitochondria as a substrate for respiration to integrate glycolysis

and mitochondrial energy metabolism (Giegé et al., 2003;

Rolland and Sheen, 2005). HXK1, HXK2, and other hexokinase-

like proteins of Arabidopsis all appeared to be associated pri-

marily with mitochondria (B. Moore and J. Sheen, unpublished

data, cited in Rolland and Sheen, 2005), possibly using the

N-terminal membrane anchor domain like Hxk1.

The nature of the hexokinase binding site in plant mitochondria

is currently unknown, but it is tempting to speculate that plant

hexokinases are also anchored to the mitochondrial membrane

through interactions with VDAC. Plant VDAC isoforms yielded

voltage-dependent anion channels with electrophysiological pa-

rameters comparable to known animal VDACs when reconsti-

tuted into planar phospholipid bilayers (Elkeles et al., 1997).

Furthermore, VDAC is a conserved element of the PCDpathways

in both plant and animal systems (Godbole et al., 2003). Thus, by

controlling VDAC and the PT pore in mitochondria, plant hexo-

kinase may regulate cytochrome c release into the cytosol and

the subsequent execution of cell death. Indeed, this study

showed that the exogenous addition of Hxk1 into the mitochon-

drial fraction, but not the addition of the deletion mutant Hxk1DN

lacking mitochondrial binding activity, could suppress the early

apoptotic effects of CTZ/H2O2 (Figures 8B and 8E). The effects of

CTZ action in plant cells are not known, but in this study, CTZ,

combined with H2O2, produced high cytotoxicity, modifying

outer mitochondrial membrane permeability, leading to cyto-

chrome c release. These results suggest that Hxk1 association

with mitochondria is critical to maintaining outer mitochondrial

membrane integrity against the reactivity of H2O2 and CTZ. Hxk1

association may directly influence the structure and conduc-

tance of VDAC to inhibit the opening of the PT pore, similar to

hexokinase action in animal systems (Vyssokikh and Brdiczha,

2003). In this scenario, an increase in mitochondria-associated

hexokinase activity would have protective benefits for cell sur-

vival against apoptotic stimuli. Conversely, the dissociation of

mitochondrial hexokinases may reduce the ability of a cell to

maintain mitochondrial integrity under stress conditions, which

may lead to the activation of PCD. Although the precise mech-

anism underlying the antiapoptotic effect of hexokinases re-

mains to be determined, this study indicates a critical role of

mitochondria-bound hexokinases in the regulation of plant PCD.

In this study, we observed that exogenous glucose partially

preventedtheCTZ/H2O2-inducedapoptotic response (Figure8C).

Protective effects of glucose against oxidant-induced cell death

have been observed in animal systems. The addition of glucose

to rat brain mitochondria increased the rate of oxygen consump-

tion and reduced the rate of H2O2 generation (da-Silva et al.,

2004). In addition, the salutary effect of ectopic hexokinase

expression during oxidative stress was glucose-dependent in

renal epithelial cells (Bryson et al., 2002). The mechanism of the

protective effect of exogenous glucose observed in this study is

not known, but a glucose-induced conformational change in

mitochondrial hexokinase may affect the PT pore configuration

and thereby suppress cytochrome c release.

We found that the cellular glucose kinase activity in the Hxk1

VIGS plants was;31% of that of the TRV controls, whereas the

fructose kinase activity was similar to control levels (Figure 3).

TheArabidopsis HXK1 null mutant gin2, which retained;50%of

its glucose phosphorylation activity, did not show the cell death
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phenotype, although themutation caused cell expansion defects

and delayed senescence (Moore et al., 2003). This may indicate

that the hexokinase level must be reduced below a certain

threshold level to activate PCD. Although Hxk1 was targeted for

VIGS, the expression ofHxk1 homologs appeared to be affected

as well, because the ;0.4-kb VIGS construct containing the

C-terminal end and the 39 untranslated region sequence of Hxk1

did not result in the PCD phenotype (data not shown). Previously,

a 23-nucleotide DNA fragment bearing 100% identity to a target

gene was shown to be the minimum required for gene silencing

(Thomas et al., 2001). However, a 23-nucleotide sequence is

often not sufficient to initiate silencing, and longer identical

sequences must sometimes be used (Thomas et al., 2001). In

Arabidopsis, HXK1 and HXK2 are substantially different in

nucleotide sequences from the other four genes encoding

hexokinase-like proteins, and a 25-nucleotide perfect sequence

match was not found between the two groups of genes (data not

shown). Therefore, the cell-death phenotype observed in this

study is likely to be caused by gene silencing of only a subset of

hexokinases that are homologous with Hxk1, possibly all of them

being mitochondria-associated. The enhanced resistance to

H2O2- and a-picolinic acid–induced cell death by the over-

expression of Arabidopsis HXK1 and HXK2 (Figure 7) also sup-

ports the hypothesis that mitochondria-associated hexokinases

play a crucial role in mitochondria-dependent PCD in plant cells.

Because cellular homeostasis is critically dependent on en-

ergy status, PCD, as a process for maintaining cellular homeo-

stasis, might be dependent on glucosemetabolism. In this study,

reduced hexokinase activity induced PCD, indicating that PCD

and glucose metabolism might be linked via mitochondria-

bound hexokinases in plant cells. It will be interesting to inves-

tigate whether other glycolytic enzymes are also involved in PCD

in plants. For example, in animal studies, glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) was shown to have a

proapoptotic role in cultured neurons (Ishitani andChuang, 1996;

Saunders et al., 1999; Tajima et al., 1999) in addition to its role as

a cell cycle–dependent transcriptional regulator (Zheng et al.,

2003). GAPDH isoforms were translocated to the nucleus during

neuronal apoptosis (Saunders et al., 1999), and downregulation

of GAPDH using antisense oligonucleotides inhibited apoptosis,

whereas overexpression promoted apoptosis (Ishitani and

Chuang, 1996; Tajima et al., 1999). Hexokinases and a few

glycolytic enzymes (lactate dehydrogenase and enolase) are

also localized in the nucleus as components of transcriptional

coactivators or repressors in yeast andmammals (KimandDang,

2005). Interestingly, plant hexokinases are also found in the

nuclear fraction, suggesting that hexokinase may control gene

expression directly as a universal glucose signaling mechanism

in eukaryotic cells (Yanagisawa et al., 2003). Together, these

results suggest the intriguing possibility that glycolytic enzymes

may have multifaceted roles in both animal and plant cells.

METHODS

VIGS

Nicotiana benthamiana plants were grown in a growth room at 248Cunder

a regime of 16 h of light and 8 h of dark. The 0.72-kb N-terminal and

0.76-kb C-terminal fragments and the full length Hxk1 cDNA were

amplified by PCR and cloned into the pTV00 vector containing part of

the TRV genome (Ratcliff et al., 2001) using the BamHI and ApaI sites.

VIGS was performed as described (Ratcliff et al., 2001; Kim et al., 2003;

Cho et al., 2004). For RT-PCR and various cytological experiments, the

fourth or fifth leaf above the infiltrated leaf was used.

Subcellular Localization of Hxk1

TheHxk1 cDNA fragments corresponding to the full-lengthHxk1 (Met-1 to

Ser-497) and the N-terminal deletion mutant Hxk1DN (Met-28 to Ser-497)

were cloned into the 326-GFP plasmid using BamHI sites to generate the

Hxk1:GFP and Hxk1DN:GFP fusion proteins. The two different GFP

fusion constructs and the mitochondrial F1ATPase-g:RFP fusion con-

struct were introduced into Arabidopsis thaliana protoplasts prepared

from whole seedlings by polyethylene glycol–mediated transformation

(Cho et al., 2004). Expression of the fusion constructs wasmonitored 24 h

after transformation by confocal laser scanningmicroscopy, as described

(Cho et al., 2004).

RT-PCR and RNA Gel Blot Analysis

N. benthamiana seeds were surface-sterilized and plated on Murashige

and Skoog salts medium (Gibco BRL) solidified with 0.4% Phytagel

(Sigma-Aldrich). Seedlings were grown under sterile conditions for

2 weeks. A 10mMH2O2 solution was poured directly onto the plates con-

taining2-week-oldseedlings, followedby incubation for the indicated times.

For heat treatment, the plates containing 2-week-old seedlings were

incubated at 558C for the indicated times. For thapsigargin treatment,

detached young leaves from N. benthamiana plants grown for 7 weeks

were incubated with water or 100 mM cycloheximide for 2 h, then trans-

ferred to300mMthapsigarginand incubated for the indicated times.Plantma-

terialswere frozen in liquidnitrogenandstoredat�708CforRNAextraction.

Total RNA was prepared with TRIzol reagent (Invitrogen) according to

the manufacturer’s instructions. RT-PCR was performed with 10 mg of

total RNAas described (Kimet al., 2003). To detect the endogenous hexo-

kinase transcripts, the primer sets HXK-A (59-GGTACAGGGACCAAT-39

and 59-CTTCAAGGTACATTG-39), HXK-B (59-GAAGAAAGCGACGGTG-39

and 59-ACCAAGATCCAACGC-39), and HXK-C (59-GACAAGCTGAAG-

GAT-39 and 59-CTTCAAGGTACATTG-39) were used. To detect the cell

death–related transcripts, the previously described primers were used for

RT-PCR (Kim et al., 2003). For RNA gel blot analysis,;30mg of total RNA

was separated by electrophoresis on an agarose gel containing 5.1%

(v/v) formaldehyde and blotted onto a Zeta-probe GT genomic-tested

blotting membrane (Bio-Rad). Prehybridization and hybridization were

performed according to the manufacturer’s instructions. The ;0.2-kb

DNA fragment containing the 39 untranslated region of the Hxk1 cDNA

was used as a probe.

Measurement of Hexokinase Activity and Hexose

Phosphate Content

Leaf hexose phosphorylation activities using glucose and fructose as

substrates were measured by an enzyme-linked assay, as described

previously (Moore et al., 2003). Glucose-6-phosphate and fructose-

6-phosphate contents in the leaves of TRV and TRV:Hxk1 lines were also

measured by an enzyme-linked assay, as described previously (Moore

et al., 2003).

DNA Fragmentation Analysis

Genomic DNAwas isolated from the fourth leaf above the infiltrated leaf in

the VIGS lines using a Genome Isolation Kit (Qiagen) according to the
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manufacturer’s instructions. Genomic DNA (5 mg) was separated on a

1.2% agarose gel and transferred to Hybond Nþ membranes (Amersham).

As a probe, 100 ng of the total genomic DNA of N. benthamiana was

labeled with a random labeling kit (Bio-Rad). After hybridization, the

membrane was washed with 0.23 SSC (13 SSC is 0.15 M NaCl and

0.015 M sodium citrate) and 0.1% SDS at 608C for 1 h.

Histochemical Analyses

Preparation of leaf sections and microscopic observations were per-

formed as described previously (Kim et al., 1998; Ahn et al., 2004).

Measurement of in Vivo H2O2 and Mitochondrial

Membrane Potential

For in vivo H2O2 measurements, protoplasts isolated from leaves of the

VIGS lines were incubated in 2 mM H2DCFDA (Molecular Probes) for 30,

60, 90, 120, and 150 s. Protoplasts were transferred to wells on micro-

scope slides and observed with a confocal microscope (Carl Zeiss LSM

510) with optical filters (488 nm excitation and 505 nm emission) to

visualize green fluorescence of the H2O2-oxidized probe. Quantitative

images were captured and data were analyzed using the LSM510 image-

analysis software (version 2.8). For the measurement of mitochondrial

membrane potential, 200 nM TMRM (Molecular Probes) was added to

protoplasts isolated from leaves of the VIGS lines or to the isolated mito-

chondria. After incubation for 1 to 2 min at 258C, the protoplasts or the

mitochondria were transferred to microscope slide wells and observed

with a confocal microscope (Carl Zeiss LSM 510) with optical filters

(543 nm excitation and 585 nm emission) to visualize the red fluorescent

probe. Quantitative images were captured and data were analyzed using

the LSM 510 software (version 2.8).

Measurement of Ion Leakage and Evans Blue Staining

Measurement of ion leakage and Evans blue staining were performed as

described previously (Kim et al., 2003).

Localization of Lignin

Leaf samples were incubated in a phloroglucinol-HCl solution for 2 min at

room temperature and pressed gently between a slide and a cover slip for

observation.

Cellular Fractionation and Detection of Cytochrome c Release

Leaves (2 g) from the VIGS lines were ground in grinding buffer (0.4 M

mannitol, 1 mM EGTA, 20 mM 2-mercaptoethanol, 50 mM Tricine, and

0.1% BSA, pH 7.8) for 1 min at 48C. Extracts were filtered through

Miracloth, and the filtrates were centrifuged at 15,000g for 5 min at 48C.

The supernatant was centrifuged at 16,000g for 15 min at 48C. After

centrifugation, the cytosolic fraction (supernatant) was collected and the

mitochondrial fraction (pellet) was resuspended in grinding buffer. Protein

samples (50 mg) were separated by electrophoresis using 12% SDS-

PAGE, transferred onto polyvinylidene difluoride membranes, and pro-

bed with a monoclonal antibody against cytochrome c (1:1000 dilution;

Pharmingen) and a monoclonal antibody (31HL) against human VDAC

(1:1000 dilution; Calbiochem). Antibody binding was detected using

horseradish peroxidase–conjugated secondary antibodies and en-

hanced chemiluminescence (Amersham Pharmacia Biotech).

Measurement of Caspase-Like Activity

Caspase-like activity was measured as described previously (Kim et al.,

2003).

Flow Cytometry Analysis of Cell Death

Seeds ofHXK1- andHXK2-overexpressing transgenicArabidopsisplants

were obtained from Jyan-Chyun Jang (Ohio State University). Arabidop-

sis protoplasts were treated with 10mMH2O2 for 3, 6, 12, and 24 h or with

0.5 mg/mL a-picolinic acid for 3 h, and then the number of dead cells was

determined using the fluorescent probe propidium iodide. Protoplasts

were incubatedwith 25mg/mLpropidium iodide in culturemedium for 5 to

10 min, and propidium iodide staining was quantified in the FL-2 channel

of a FACSCalibur instrument (Becton Dickinson) with theWinMDI version

2.8 program (Scripps Research Institute). Each sample for flow cytometry

analysis contained 10,000 protoplasts.

Purification of the Recombinant Hxk1 and Hxk1DN

For Hxk1 (Met-1 to Ser-497), the full-length Hxk1 coding region was

amplified by PCR using the primers 59-GGAATTCATGAAGAAAGC-

GACG-39 and 59-CCCAAGCTTGGACTTATCTTCAAG-39 containing the

EcoRI and HindIII sites, respectively, and cloned into the pET21a vector

(Novagen). For Hxk1DN (Met-28 to Ser-497), the corresponding cDNA

fragment was amplified by PCR using the primers 59-GGAATTCATGCG-

CAAATCTAGTAAATG-39 and 59-CCCAAGCTTGGACTTATCTTCAAG-39

and cloned into the pET21a vector. After DNA sequencing for verification,

the plasmids containing the Hxk1:His36 and Hxk1DN:His36 genes were

transformed into the Escherichia coli BL21 (DE3) strain. The E. coli cells

were treated with 1 mM isopropyl b-D-thiogalactopyranoside for induc-

tion, grown for 3 h, and harvested by centrifugation at 6000g for 10 min at

48C. Purification of the Hxk1:His36 and Hxk1DN:His36 proteins was

performed according to the manufacturer’s instructions. One liter of cell

lysate was loaded onto an IDA-MiniExcellose affinity column (Bioprogen),

and the columnwaswashed three timeswith 10mL of equilibration buffer

(50 mM phosphate and 0.5 N NaCl, pH 8.0). The recombinant protein

was eluted with 5 mL of 0.5 M imidazole in the equilibration buffer and

dialyzed in dialysis buffer (50 mM Tris-HCl, pH 8.0) for 48 h at 48C. Hxk1

was concentrated using ultrafiltration (molecular weight cutoff, 10,000;

Amicon) to a final concentration of 0.5 mg/mL.

Effect of Hxk1 on Cytochrome c Release fromMitochondria

The mitochondria-enriched fraction was isolated from N. benthamiana

leaves and suspended in the mitochondrial buffer (0.4 M mannitol, 1 mM

EGTA, 20 mM 2-mercaptoethanol, 50 mM Tricine, and 0.1% BSA, pH

7.8). The mitochondria-enriched fraction (50 mL) was left untreated or

treated with 20 mM CTZ, 10 mM H2O2, or 20 mM CTZ and 10 mM H2O2

for 1 h at 308C. To observe the effect of added hexokinases, the

mitochondria-enriched fraction was incubated with the recombinant

Hxk1 and Hxk1DN proteins at concentrations ranging from 1 to 50 mg/mL

for 30 min at 308C and then treated with 20 mM CTZ and 10 mM H2O2

for 1 h at 308C in the mitochondrial buffer. For the determination of

cytochrome c release, themitochondria-enriched fraction was pelleted at

16,000g for 15 min at 48C, and the resulting supernatant (20 mL) was

subjected to 12% SDS-PAGE. The released cytochrome c in the super-

natants was detected by protein gel blot analysis using the monoclonal

antibody against cytochrome c (1:1000 dilution; Pharmingen). To observe

the effects of exogenously added glucose, the mitochondria-enriched

fraction was preincubated with glucose at concentrations ranging from

2.5 to 10 mM for 30 min at 308C before treatment with 20 mM CTZ and

10 mM H2O2 for 1 h at 308C. To determine whether Hxk1 binds to

cytochrome c, varying amounts of cytochrome c (1 to 10 mg/mL) were

added to the mitochondria-enriched fraction that was preincubated with

or without Hxk1 (50 mg/mL) for 30 min at 308C. After a 1-h incubation at

308C, the cytochrome c amount in the supernatant was analyzed as

described above.
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Accession Numbers

The GenBank accession number for Hxk1 of Nicotiana benthamiana is

AY286011.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Alignment of Hxk1 and Related Sequences.

Supplemental Figure 2. Expression Analysis of Hxk1.

Supplemental Figure 3. Purification of the Recombinant Hxk1 and

Hxk1DN.
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