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Production of the host selective toxin victorin

is

causal to pathogenesis of

Cochliobolus victoriae on oats. The dominant Vb gene confers oat sensitivity to
victorin, and is genetically inseparable from Pc2, which confers resistance to Puccinia

coronata f. sp. avena.

Victorin induces apoptotic-like cell death, and cell death is a

component of resistance to P. coronata. Thus, the purpose of my research was to
characterize victorin-induced cell death to provide insight into both disease
susceptibility and resistance.

In animals, the mitochondrial permeability transition (MPT), which results in a

collapse of mitochondrial transmembrane potential

(zm),

is a central regulator of

apoptosis. Victorin binds in a genotype-specific manner in vivo to the mitochondrial
matrix-localized P-protein.

Because isolated mitochondria are impermeable to

victorin and victorin induces apoptotic-like death, we hypothesized that a IVIPT
accounts for in vivo binding to the P-protein and is involved in victorin-induced death.

Isolated oat mitochondria were demonstrated to undergo Ca2+-mediated high-

amplitude swelling, which exhibits size-exclusion, and can result in the release of
cytochrome c. These characteristics are consistent with a MPT. The oat MPT did
result in victorin binding to the P-protein. In vivo, victorin induced a collapse of AWm.

The collapse of AWm was preceded by a loss of mitochondrial motility that was likely

due to an increase in cytosolic Ca2t Collapse of AIm preceded cell shrinkage, which

occurred without the loss of tonoplast or plasma membrane integrity. Cell shrinkage
occurred concomitantly with other markers of cell death. After cell shrinkage, victorin

entered the cell and accumulated in mitochondria. In cells induced to shrink by 5 mM
AOA, victorin entered the cytosol but not the mitochondria.

L

Considering that 1) the oat MPT in vitro allows victorin access to the matrix;
2) victorin in vivo induces a collapse in AWm indicative of MPT, and binding to the P-

protein; and 3) cell shrinkage alone does not allow victorin access to the matrix, we

conclude that victorin induces a MPT

in

vivo.

The timing of the victorin-induced

MPT is poised to be a key regulator of PCD, and the retention of membrane integrity
after cell shrinkage likely influences the local host-pathogen environment.
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Evidence for the Involvement of a Mitochondrial Permeability Transition in VictorinInduced Cell Death

Introduction
VIctorin 's relationship with death

Victorin is a host selective toxin that is produced by Cochliobolus victoriae (Macko et

al., 1985; Wolpert Ct al., 1985, 1986), the casual agent of Victoria blight of oats
(Meehan and Murphy, 1946). The dominant Vb gene determines toxin sensitivity, and

oat genotypes homozygous recessive at the Vb locus are both toxin-insensitive and

resistant to the fttngus (Scheffer, 1976). C. victoriae isolates that do not produce
victorin are nonpathogenic on oats regardless of the presence of the dominant Vb gene

(Scheffer et al., 1967; Meehan and Murphy, 1946). Because both toxin production by

the pathogen and toxin sensitivity by the host are required for disease development,
victorin appears to be causal to disease and thus, understanding its mode-of-action will
provide insights into the physiology of plant disease susceptibility.

Meehan and Murphy first recognized Victoria blight of oats as a disease
problem in 1946. It was soon recognized that disease susceptibility to C. victoriae

was correlated with the introduction of a rust resistance gene, Pc2, into breeding
programs for crown rust resistance (Litzenberger, 1949). Pc2 determines resistance to

specific races of Puccinia coronata f sp. avena, the causal agent of crown rust
resistance. Removal of the Pc2 gene from the oat breeding population solved the

disease problem caused by Victoria blight of oats. A number of attempts were made
to separate Pc2-mediated crown rust resistance from Vb-mediated Victoria blight of

oats including conventional genetics (Mayama et al., 1995; Welsh et al., 1953) and
mutational genetics (Luke et al., 1966). In all cases, Pc2 and Vb appeared to be either
tightly linked, or the same gene.

Oat resistance to Puccinia coronata f. sp. avena depends on fungal race and
plant cultivar specificity (Chong et al., 2000). Genetically, race-cultivar specificity is

well defined, and was originally described in the 1940s by the work of Flor. Flor
studied the genetic determinants of the disease interaction between flax and the ftingal

obligate biotroph, Melarnpsora lini. He found that for every flax resistance (R) gene
there was a corresponding M lini avirulence (Avr) gene that together conditioned

resistance. This genetic relationship that determines race-cultivar specific resistance is
referred to as the gene-for-gene interaction (Flor, 1955). From an evolutionary
perspective, it is thought that a fungal species that establishes a race-cultivar

relationship with a plant host has achieved 'basic compatibility' on that host (IHeath,
1997a); and gene-for-gene interactions are the determinants of host resistance to races

of that fungal species. The direct or indirect interaction between a product of an Avr
gene and a R gene, such as Pc2 (Mayama, 1981), is thought to elicit the host defense
response that is causal to resistance to the pathogen (Takken and Joosten, 2000).

A conmion event that occurs during resistance conditioned by an Avr-R pair is
cell death. Localized, rapid cell death associated with resistance was first described by

Stakman (1915).

He observed that oat and wheat lines resistant to rust fungi

responded to the fungus after initial ingress with cell death of host cells localized
around the pathogen. He referred to this localized cell death as the hypersensitive
response (HR) (Stakman, 1915).

The HR can have distinct features such as lesion

size, pattern, and color that are specific to an Avr-R gene pair within a host species
(Heath, 1976; Littlefield, 1973). In addition, in the case of rust fungi and their growth
inpianta,

the timing of host cell disorganization indicative of cell death with respect to

fungal growth varies depending on the race-cultivar pair (Heath, 1981; Heath, 1976).

These results suggest that the HR is not a single phenomenon and that there are
different modes of cellular disassembly leading to death during the HR (Heath, 2000).

In general, Avr determinants, in the presence of the corresponding R-gene,

elicit a multifaceted defense response that includes cell wall modifications,
transcriptional reprogramming (which drives the synthesis of antimicrobial
compounds), generation of reactive oxygen species (ROS), electrolyte leakage, and the

HR (Ebel and Scheel, 1997; Hammond-Kosack and Jones, 1996). These events are
coordinated by a signaling network that involves ion fluxes at the plasma membrane,

changes in cytosolic

Ca2

([Ca2]0),

protein phosphorylation, ROS, ethylene,

jasmonate and salicylic acid. Which signals and at what point the cell commits to the
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HR is not known, and it is not known to what extent the HR contributes to resistance.

The physiological response to a pathogen is clearly complicated and it is difficult to
ascertain the role of any individual host response in resistance.

The role cell death

plays during susceptibility is also not known.

The outcome of susceptibility to C. victoriae is an expanding necrotic lesion.
Victorin does elicit cell death in the absence of the pathogen. Because C. victoriae Is

a necrotroph. a simple explanation of why victonn is the determinant of host
susceptibility is that victorin kills host cells from which C. victoriae then acquires
nutrients. However, Yoder and Scheffer (1969) observed establishment of extensive
hyphae of pathogenic C. victoriae (victorin producer) in oat mesophyll layers prior to

any signs of host cell death. In contrast, the nonpathogenic C. victoriae (no victorin)

only rarely grew far enough to reach into the mesophyll cell layer. Thus, how the
process of cell death elicited by victorin contributes to disease susceptibility in oats is
not clear.

Victorin induces a physiological response that has similarities with responses

associated with avr-R mediated resistance including callose deposition (Walton and

Earle, 1985), a respiratory burst (Romanko, 1959), lipid peroxidation (Navarre and

Wolpert, 1999), ethylene evolution (Sham

and Wheeler, 1975), extra cellular

alkalimzation (Ulirich and Novacky, 1991), phytoalexin synthesis (Mayama et al.,
1986) and K efflux (Wheeler and Black, 1962). Victorin also induces cell death. As

discussed above, the dominant Vb allele, which confers sensitivity to victorin, is
genetically inseparable from the Pc2 gene that confers resistance to P. corronata f. sp.

avena. Pc2-mediated resistance to specific races of P. corronata f. sp. avena and Vb
conditioned victorin-dependent susceptibility to C. victoriae both involve cell death.

Thus, the defense-like response induced by victorin and the genetic relationship

between Vb and Pc2, a race-cultivar specific R gene, indicate that determining
victorin's mode of action

will

provide insights into the contribution of the cell death

process to both disease susceptibility and disease resistance.
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Could a mitochondrial permeability transition account for in vivo genoiype-specf Ic
binding of victorin to the P-protein?
Structure-function studies on victonn in the 1980s by Wolpert and Macko identified

an amino group that was useful for synthesizing victorin conjugates such as the
radiolabeled, Bolton-Hunter victorin conjugate (Macko et al., 1985; Wolpert et al.,
1988).

This permitted victorm-binding studies to be conducted and led to the

identification of an in vivo genotpye-specific victonn binding protein (Wolpert and
Macko, 1989). This protein was identified as the P-protein, a component of the multi-

enzyme glycine decarboxylase complex (GDC) (Wolpert et aL, 1994).

GDC is

localized in the mitochondrial matrix and plays a key role in the photorespiratory
pathway. Biochemically, GDC converts two molecules of glycine into serine with the

release of CO2, NH3, and generation of NADII. Victorin has been shown to inhibit
GDC activity in vivo and to inhibit glycine bicarbonate exchange in vitro (Navarre and

Wolpert, 1995).

Also, victorin-induced symptom development is decreased under

conditions that minimize photorespiratory activity (Navarre and Wolpert, 1999a).

These results suggested that victorin's interaction with GDC contributes to the
physiological response induced by victorin. However, genotype-specific binding of

victorin to the P-protein does not occur in vitro as P-protein purified from both
insensitive and sensitive oats binds victorin equally well. Thus, a connection between
the dominant Vb allele conferring victorin-sensitivity and the in vivo genotype-specific

binding of victonn to the P-protein was not evident.

While investigating the connection of victorin's inhibition of the GDC to
affects on the photorespiratory pathway, Navarre and Wolpert (1999b) found that the
Rubisco large subunit, another key enzyme in the photorespiratory pathway, is cleaved

in response to victorin. Cleavage of Rubisco was dependent on protease activation, an

influx of Ca2, and ethylene. The proteolytic cleavage of Rubisco also occurs during
senescence, a process that involves a protracted disassembly of the cell and is a form

of programmed cell death (PCD).

In addition, victorin induced internucleosomal

DNA cleavage (DNA laddering), which is a biochemical marker of apoptosis, a wellcharacterized form of PCD in animals.

S

Apoptotic death involves a distinct family of proteases called caspases
(Budihardjo et al., 1999, Thornbeny and Lazebnik, 1998). A subset of caspases
(initiator caspases) is activated as apoptosis is initiated. Initiator caspases then
activate another subset of caspases (effector caspases) that cleave, and alter the
activity, of a number of cellular substrates. Activation of caspase cascades give rise to

the morphology of apoptosis which includes cell shrinkage, condensation of the
chromatin, nuclear breakdown, membrane blebbing, and fragmentation of the cell into

apoptotic bodies (Thornberry and Lazebnik, 1998; Wyllie et al., 1980; Kerr et al.,
1972).

Also, an almost universal early event during apoptosis is a change in

mitochondrial function that leads to caspase activation (Kroemer et al., 1998).
The activation of both a protease that cleaves Rubisco and a pathway that leads

to DNA laddering, suggested that victorin induces a programmed cell death pathway

in oats (Navarre and Wolpert, 1999). The process of cell death is clearly a dramatic

change in cell state and a component of the physiological response of oats to C.
victoriae. Thus, to understand victorin's mode of action, it is essential to identify the
mechanism by which cell death proceeds. Victorin as previously mentioned, binds to
the P-protein and inhibits GDC, a key photorespiratory enzyme complex localized in
the mitochondrial matrix. This suggested that victonn may act by inhibiting GDC and

causing mitochondrial dysfunction, an early event associated with apoptosis.
However, it was not known how victonn entered mitochondria because isolated
mitochondria are impenneable to victorin (Navarre and Wolpert, 1995) and it was not
known bow in vivo victorin entered mitochondria specifically in victorin-sensitive but

not insensitive oats. Interestingly, the climax of mitochondrial dysfunction during

animal apoptosis is associated with a sudden permeability increase in the inner
membrane referred to as the mitochondrial permeability transition (MPT) (Kroemer et

al., 1997,1998; Marchetti et al., 1996). Whether or not a MPT could occur in plants
was not known, but a change in mitochondrial permeability induced by victonn could
account for genotype-specific binding of victorin to the matrix localized P-protein.

In animals, a diverse range of both endogenous and exogenous factors elicit
PCD pathways that involve mitochondria. Changes in a number of mitochondrial
functions can contribute to the process of cell death. One major change in function is

the collapse of the mitochondrial transmembrane potential

(AWm),

which by some

authors is considered to be an early, rate limiting, committal step to cell death
(Kroemer et al., 1998). The collapse in

AkIJm

is often associated with a MPT. The

probability of the occurrence of a MPT is influenced by 'death signals', such as
activated caspases and pro-apoptotic Bcl-2 family members (Pastorino et al., 1999; Li
et al, 1998; Marzo et al., 1998; Pastorino etal., 1998), and by cell injury (for example,

decreases in adenine nucleotides, oxidative stress, and overloading of mitochondrial
matrix Ca2) (Crompton, 1999; Zoratti and Szabo, 1995; Hunter and Haworth, 1979).

A MPT has been associated with the release of apoptogenic proteins, as well as
uncoupling the respiratory chain leading to cessation of ATP synthesis, superoxide
generation and release of Ca2 into the cytosol (Kroemer et al., 1998, Lemasters et al.,
1998). Depletion of ATP, cytosolic Ca2 overload and ROS can promote necrotic cell

death (Curtin et al., 2002; Dussmann et al., 2002; Yu et al., 2001; Crompton, 1999;
Leist et al., 1999).

Necrosis gives rise to a distinct morphology relative to cells that are
disassembled by the organized process of PCD. In contrast to the features of PCD

including cell shrinkage and minor changes to organelles, necrotic cells undergo
swelling and lysis, and organdies become swollen and disorganized. Cell swelling

arises from the loss of volume regulation as a consequence of ion dysregulation

(Okada et al., 2001).

ATP is necessary for both PCD and maintenance of ion

homeostasis, so depletion of ATP promotes necrotic cell death. Thus, the relative
rates of the necrotic promoting events versus activation of downstream PCD events by

the apoptogenic proteins are thought to determine whether cell death will be necrotic
or PCD (Kroemer et al., 1998).

The MPT is a consequence of irreversible opening of the permeability
transition pore (PTP), a molecular entity proposed to be the same as the multi-state
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channel, the 'mitochondrial megachannel' (MMC), that has been characterized from
rat liver mitoplast membranes (Szabo and Zoratti, 1992). Modulation of the PTP by
specific ligands such as bongkrekic acid (BA), and inhibition by cyclosporin A (CSA),

implicate the adenine nucleotide translocator (AdNT) and cyclophilin.D, respectively,

as regulatory components of the megachannel. Electrophysiological analyses indicate

that conductance of the outer membrane-localized, voltage-dependent anion channel

(VDAC) coincides with the conductance of the MMC, and the co-localization of
VDAC and AdNT to contact sites of the outer membrane (OM) and inner membrane
(1M) suggest that these proteins associate to form the PTP (Zoratti and Szabo, 1995).
Thus, at a minimum, the PTP is formed by cyclophilin-D, the AdNT and the VDAC.

PTP opening has been implicated in the release of mitochondnal AIF
(apoptosis-inducing factor) (Susin et al., 1996) and cytocbrome c (Bossy-Wetzel and

Green, 1999). AIF can induce features of nuclear apoptosis independent of caspase
activity. Cytochrome c is a cofactor for the activation of a caspase cascade.

The pro-apoptotic Bcl-2 family member, Bax, and the anti-apoptotic member,
BcI-2, regulate cytochrome c release in vitro and

in vivo

(Eskes et al., 1998; Kiuck et

al., 1997; Pastorino et al., 1998; Yang et al., 1997). BcI-2 has been shown to inhibit

PTP opening. In contrast, Bax has been shown to promote PTP opening. Bax can
induce cytochrome c release in the presence of the MPT inhibitor, CSA (Eskes Ct al.,

1998), and in the absence of mitochondrial swelling (Jurgensmeier et al., 1998).
Although cytochrome c can be released independent of a MPT, the PTP still appears to

be involved. Bax co-purifies with PTP components and directly associates with the

VDAC (Shimizu et al., 2000; Marzo et al., 1998). Furthermore, Bax can induce
transient opening of the PTP that is sufficient for cytochrome c release, but is not

accompanied by mitochondrial swelling (Pastorino et al., 19999).

Release of

cytochrome c, prior to a MPT and collapse of the inner membrane AWm, is one
mechanism by which mitochondria can activate downstream PCD events prior to the
depletion of ATP and/or cytosolic

Ca2

overload.
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In plants, PCD has been shown to occur during development (Greenberg,
1996; Groover et al., 1997; Yen and Yang, 1998; Young and Gallie, 1999), as part of
the hypersensitive response (Greenberg, 1997, Ryerson and Heath, 1996), and can be

induced by host-selective toxins (Navarre and Wolpert, 1999b; Wang et al., 1996).
Consistent with animal PCD, nuclear and cytoplasmic condensation, cell shrinkage,
and DNA fragmentation are characteristics of some forms of plant PCD (Lam et al.,

1999; Pennell and Lamb, 1997).

Signaling requirements of PCD also share

similarities with animal PCD. Changes in cytosolic

Ca2

are apparently necessary for

the HR in several host-pathogen pairs, and tracheary differentiation into a 'cell
corpse'. Caspase-like activity has been implicated during the HR of tobacco to TMV
and of cowpea to rust infection (D'Silva et al., 1998; del Pozo and Lam, 1998). Also,

caspase inhibitors block the tobacco HR response to
phaseolicola (del Pozo and Lam, 1998).

Pseudomonas syringae pv.

Mitoehondrial function has also been

implicated during plant PCI), Animal members of the BcI-2 family, expressed in

tobacco, have been shown to influence PCD in plants (Dickman et al., 2001;
Lacomme and Santa Cruz, 1999; Mitsuhara et al,, 1999). No plant homologues of
Bcl-2 family members have been found in plants, although a homologue of a Bax
inhibitor has recently been characterized in Arabidopsis (Sanchez et al., 2000). Thus,
there is evidence that PCD pathways in plants and in animals have conserved features.
However, whether or not a MPT could occur in plants was not known.

Considering that (i) mitochondria play a central role in animal apoptosis; (ii)
PCI) in plants appears to share features with animal apoptosis; (iii) victorin induces

events characteristic of apoptosis; and (iv) a change in mitochondrial permeability
induced by victorin

in vivo

could account for genotype-specific binding of victorin to

the matrix localized P-protein, we suspected that something like the animal MPT
occurs during victonn-induced cell death.

In chapter 2, the objective of the research was to determine whether or not a

MPT could occur in isolated oat mitochondria; whether a MPT was sufficient to
permit victorin access to the mitochondrial matrix; and whether victorin induces a

MPT in vivo. This approach also was aimed at clarifying the relationship between the
dominant Vb allele and in

vivo

genotype-specific victonn binding to the P-protein.

Time, space and death

In animals, the timing of events at the mitochondna contribute significantly to the

form of cell death, whether PCD or necrosis.

The collapse in

IX9Jm, which

is

considered to be an early, rate limiting, committal step to cell death, has been
associated with the release of apoptogenic proteins and depletion of ATP, cytosolic
Ca2

overload and ROS (Kroemer et al., 1998, Lemasters et al., 1998). The latter

events promote necrosis. It is thought that the relative rates of the necrotic promoting

events versus activation of downstream PCD events by the apoptogenic proteins
determine whether cell death will be necrotic or PCD. Interestingly, morphological

features of necrosis, such as swollen and disorganized organelles (Groover et al.,
1997), occur in plants during autolysis, a distinct form of PCD.

Unique to plants is the possible role of the vacuole during PCD (Kuriyama and
Fukuda, 2002). Differentiation of tracheaiy elements (TEs) into empty cell corpses

(mature TB) is such an example (Kuriyama and Fukuda, 2002).
mesophyll cells derived from leaves of Zinnia

three definable stages.

elegans

Suspension-

transdifferentiate into TEs via

PCD is initiated during stage III.

Initiation of PCD is

associated with the presence of brassinosteroid, TB-distinct secondary wall synthesis,
Ca2

influx and a cysteine protease (s) (Fukuda, 2000). A significant event during TB

death is the rupture of the tonoplast and collapse of the vacuole. Rupture of the
tonoplast results in the release of hydrolytic enzymes that are thought to degrade the
cytosolic constituents, a process referred to as autolysis (Obara et al,, 2001, Kuriyama

and Fukuda, 2002, Groover et al., 1997).

During autolysis, organelles become

disorganized and swollen (Groover et al., 1997), a typical feature of necrotic cell death

in animals. A PCD pathway, however, appears to regulate tonoplast rupture upstream
of autolysis (Kuriyama and Fukuda, 2002).
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Considering the dramatic change in cell compartmentation that occurs with
tonoplast rupture, the timing of changes in the integrity of the tonoplast during an HR

would likely influence the host-pathogen environment.

Very few studies have

addressed temporal changes in the integrity of the tonoplast during an HR. Heath et

al. (199Th) observed cell collapse during the HR of cowpea epidermal cells to the
cowpea rust fungus. Collapse of the epidermal cell involved 'jerks' that the authors
suggest occurs without tonoplast rupture. In contrast, the HR in potato epidermal cells

involves instantaneous cell collapse that Freytag et al. (1994) suggest involves a
breakdown of the 'entire membrane system'. The mode of disassembly during the HR
has been suggested to be different for host-pathogen pairs (Heath, 2000).

Alterations in mitochondrial function, similar to animal PCD, are also apparent

during plant PCD. The generation of ROS has been proposed as one mitochondrial
contribution to plant PCD (Lam et al., 2001; Jones, A., 2000). Several studies also
suggest that a change in mitochondnal permeability, similar to the MPT in animals,

occurs during plant PCD (Tiwari et aL, 2002; Lacomme and Santa Cruz, 1999).
Recently, we demonstrated that isolated oat mitochondria can undergo a MPT, and

that the MPT is sufficient to permit victorin access to the mitochondrial matrix. In
addition, victorin induces an

in vivo

(Curtis and Wolpert,

In vivo,

2002).

collapse in LWm that is indicative of a MPT

genotype specific binding of victonn to the

mitochondrial matrix, localized P-protein (Wolpert et al., 1994, Wolpert and Macko,
1989) supports the notion that a change in mitochondrial permeability is induced by
victorin. As discussed above, the timing of changes in mitochondrial permeability in
animals can influence the form of cell death.

As previously described, the physiological response to a pathogen is clearly
complicated and it is difficult to ascertain the role of any individual event, including
cell death, to resistance or susceptibility. Intuitively, cell death alone should suffice to

provide resistance to a biotroph, which require a living cell for efficient nutrient
acquisition. Likewise, by definition, necrotrophs are expected to live off dead cells.
However, cell death has rarely been shown to be the determining factor of resistance
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to a biotroph or susceptibility to a necotroph (Wolpert et al., 2002). The contribution

of cell death to a disease interaction has been obscured by the lack of knowledge of

the cell death process. What are the regulators of PCD; how do PCD regulators
contribute to morphological and biochemical features of PCD, and how do features of

PCD contribute to the local host-pathogen environment?

Like other defense

responses, knowing the time and spatial distribution of PCD events relative to
pathogen ingress is necessary for establishing the contribution of cell death to disease
resistance and susceptibility.

In chapter 3, the objective of the research was to develop a framework of
victorin-induced events associated with PCD in both time and space, including the loss

of mitochondrial motility, the collapse of AWm, cell shrinkage, DNA laddering,

Rubisco cleavage, and victorin binding to the P-protein.

Additionally, inhibitor

studies were performed to address the role of Ca2, an important regulator of the death
process, and ethylene, a plant hormone that also regulates cell death. Finally, attention
was given to whether the tonoplast ruptures during vIctorin-induced cell shrinkage.

Collectively, the research in chapter 2 and 3 was aimed at understanding the
how, when and where of the cell death process induced by victorin. In light of this
research, it is hoped that further investigations can establish the contribution cell death
makes to disease susceptibility and resistance.
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Summary

The mitochondnon has emerged as a key regulator of apoptosis, a form of
animal programmed cell death (PCD). The mitochondrial permeability transition

(MPT), facilitated by a pore-mediated, rapid permeability increase in the inner
membrane, has been implicated as an early and critical step of apoptosis. Victorin, the

host selective toxin produced by

Cochliobolus

victoriae the causal agent of victoria

blight of oats, has been demonstrated to bind to the mitochondnal P-protein and also
induces a form of PCD. Previous results suggest that a MPT may facilitate victorin's
access to the mitochondrial matrix and binding to the P-protein: 1) Victorin-induced

cell death displays features similar to apoptosis. 2)

In vivo,

victorin binds to the

mitochondnal P-protein only in toxin-sensitive genotypes whereas, victorin binds

equally well to P-protein isolated from toxin-sensitive and insensitive oats.

3)

Isolated, untreated mitochondria are impermeable to victorin. Thus, data implicate an
in vivo

change in mitochondrial permeability in response to victorin.

This study

focused on whether oat mitochondria can undergo a MPT. Isolated oat mitochondria

demonstrated high-amplitude swelling when treated with spermine or

Ca2

in the

presence of the Ca2-ionophore, A23 187 and when treated with mastoparan, an
inducer of the MPT in rat liver mitochondria. In all eases, swelling demonstrated size-

exclusion in the range of 0.9-1.7 kDa, similar to that found in animal mitochondria.

Further, MPT-inducing conditions permitted victorin access to the mitochondrial
matrix and binding to the P-protein.

In vivo,

victorin treatment induced the collapse of

mitochondrial transmembrane potential within 2 hours, indicative of a MPT. Also, the
victorin-induced collapse of membrane potential was clearly distinct from that induced

by uncoupling respiration as the latter event prevented the victorin-induced PCD
response and binding to P-protein. These results demonstrate that a MPT can occur in

oat mitochondria

in vitro

and are consistent with the hypothesis that a MPT, which

allows victorin access to the mitochondrial matrix and binding to the P-protein, occurs
in vivo during victorin-induced PCD.
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Introduction
Programmed cell death (PCD) in animals involves a multitude of intracellular events

and is elicited by a diverse range of both endogenous and exogenous factors.
However, a recurring theme in animal PCD is the central role of the mitochondrion.

Mitochondria can undergo a sudden permeability increase in the inner membrane
referred to as the mitochondrial permeability transition (MPT) (Marchetti et al., 1996,

Kroemer et al., 1997, Bossy-Wetzel and Green, 1999, Thress et al., 1999).

The

probability of the occurrence of a MPT is influenced by "death signals", such as
activated caspases and proapoptotic bcl-2 family members (Li et al., 1998, Marzo et

al., 1998, Pastorino et al., 1998, Pastorino et al. 1999), and by cell injury (e.g.
decreases in adenine nucleotides, oxidative stress, and overloading of mitocbondnal
matrix Ca2) (Hunter and Haworth, 1979, Zorratti and Szabo, 1995, Crompton 1999).

A MPT has been associated with the release of apoptogenic proteins as well as
uncoupling the respiratory chain leading to cessation of ATP synthesis, superoxide
generation and release of

Ca2

into the cytosol. Thus, regulation of the timing and

state of the MPT permits mitochondna to contribute significantly to cell death.

The MIPT is controlled by the permeability transition pore (PTP), a molecular

entity proposed to be the same as the multi-state channel, the 'mitochondrial
megachannel' (MMC), that has been characterized from rat liver mitoplast
membranes. (Szabo and Zoratti, 1992). Modulation of the PIP by specific ligands,
such as bongkrekic acid (BA), and inhibition by cyclosponn A (CSA) implicate the
adenine nucleotide translocator (AdNT) and cyc!ophilin-D, respectively, as regulatory

components of the 'megachannel'.

Electrophyisological analyses indicates that

conductance of the outer-membrane-localized, voltage-dependent, anion channel

(VDAC) coincides with the conductance of the MMC, and the colocalization of
VDAC and AdNT to contact sites of the outer membrane (OM) and inner membrane
(IM) suggest that these proteins associate to form the PIP (Zoratti and Szabo, 1995).

Thus, it is believed that the PIP, at a minimum, is constituted by cyclophilin-D, the
AdNT, and the VDAC. However, the exact composition of the PTP remains to be
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defined, and may differ depending on the organism. For example, a putative PTP has

been described in yeast mitochondria that mediates inducible swelling with a similar

size-exclusion as the mammalian PTP, yet is not Ca2tdependent, nor inhibited by
CSA or BA (Jung et aL, 1997).

PTP opening has been implicated in the release of mitochondrial AIF
(apoptosis inducing factor) (Susin et a!, 1996), which is sufficient for nuclear
apoptosis, as well as cytocbrome c, a cofactor for the activation of a caspase cascade
(Bossy-Wetzel and Green, 1999). Cytochrome c release from the mitochondnal JIM

space has been associated with the PTP, although dependence on a MPT (i.e.
nonspecific permeability of the JIM that causes collapse of the mitochondrial
membrane potential

[AWm]) is not universally accepted.

The proapoptotic bcl-2 family member, Bax, and the antiapoptotic member,

Bcl-2, regulate cytoebrome c release both in vitro and in vivo (Kiuck et al., 1997,
Yang et al., 1997, Eskes et al., 1998, Pastonno et al., 1998). Both proteins have been
shown to regulate the PIP (Marzo et al., 1998, Pastorino et al., 1999). However, Bax
can induce cytochrome c release in the presence of the MPT inhibitor, CSA (Eskes et

al., 1998), and in the absence of mitochondrial swelling (Jurgensmeier et al., 1998)

suggesting a MPT-independent mechansim of cytochrome c release.

Although

cytochrome c can be released in the absence of a MPT, the PIP still appears to be
involved.

Bax co-purifies with PIP components and directly associates with the

VDAC (Marzo et al., 1998, Shimizu et al., 2000).

Furthermore, Bax can induce

transient opening of the PTP that is sufficient for cytochrome c release, but is not
accompanied by mitochondrial swelling (Pastorino et al., 1999). In addition, the
localization of Bcl-2 to the contact sites, where the PIP is localized (Krajewski et al.,

1993, Zamzami et at., 1996), further suggests that the PIP is a critical regulatory site
for apoptotic pathways. Although, the mechanisms by which mitochondria contribute
to PCD remain to be frilly defined, it is clear that the PIP plays a central role in PCD.
PCD has been shown to occur in plants during development (Greenberg, 1996,
Groover et al., 1997, Yen and Yang, 1998, Young, et al., 1999), as part of the
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hypersensitive response (FIR) (Ryerson and Heath, 1996, Greenberg 1997), and can be

induced by host-selective toxins (Wang et al., 1996, Naverre and Wolpert, 1999).

Caspase-like activity has been implicated during the HR of tobacco to TMV and
cowpea to rust infection (D'Silva et aL, 1998, del Pozo and Lam, 1998). Also, caspase

inhibitors block the tobacco HR response to Pseudomonas syringae pv. phaseolicola

(del Pozo and Lam, 1998). More recently, animal members of the bcl-2 family,
expressed in tobacco, have been shown to influence PCD in plants, although no plant
homologues have been found (Lacomme and Santa Cruz, 1999, Mitsuhara et al., 1999,

Dickman Ct. al. 2001).

Consistent with animal PCD, nuclear and cytoplasmic

condensation, DNA fragmentation, and signaling requirements appear to be
characteristics of plant PCD, suggesting a conservation of PCD pathways (Pennell and

Lamb, 1997, Lam et aL, 1999). However, mitochondrial permeability transitions have
not been extensively described in plants.

Cochliobolus victoriae, the casual agent of victoria blight of oats (Meehan and

Murphy, 1946), produces the host-selective toxin victorin (Macko et al., 1985,
Wolpert et al., 1985, 1986), which is required for patbogenesis and induces rapid cell

death only in susceptible, toxin-sensitive, oat genotypes.

Toxin sensitivity is

determined by the dominant Vb gene, and oat genotypes homozygous recessive at the

Vb locus are both toxin-insensitive and resistant to the fungus. Because both toxin
production by the pathogen and toxin sensitivity by the host are required for disease

development, victorin appears to be causal to disease and thus, understanding it's

mode-of-action should provide insights into the physiology of plant disease
susceptibility. Furthermore, because sensitivity to victorin has been genetically linked

to crown rust resistance (Rines and Luke, 1985, Mayama et al., 1995), understanding

victorin's mode-of-action may also provide insights into disease resistance. Essential
to understanding victorin's mode of action is identifying the mechanism by which cell
death proceeds.

Previous work identified in vivo genotype-specific binding of victorin to the Pprotein, a component of the multi-enzyme glycine decarboxylase complex (GDC)
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(Wolpert ci al., 1994). GDC, a mitochondrial matrix enzyme complex, plays a key
role in the photorespiratory pathway. Victorin has been shown to inhibit GDC activity
in

vivo

and to inhibit glycine bicarbonate exchange in vitro (Navarre and

Wolpert,1995).

Also, victorin-induced symptom development is decreased under

conditions that minimize photorespiratory activity (Navarre and Wolpert, 1999).

Inhibition of the apparently essential GDC pathway by victorin may intuitively

suggest that cell death arises from necrosis. However, we recently demonstrated that

victorin induces responses normally associated with PCD (Navarre and Wolpert,
1999). These responses include specific proteolytic cleavage of the large subunit of

ribulose bisphosphate carboxylase/oxygenase (Rubisco), a response evocative of
senescence, a form of PCD. and internulceosomal DNA cleavage (DNA laddering), a

hallmark of apoptosis, also a form of PCD. In addition, the binding of victorin to
GDC is not straightforward. Binding to the GDC does occur
specificity, but

in vitro

in vivo

with genotype

binding to the P-protein occurs equally well in extracts from

both susceptible and resistant oats (Wolpert and Macko, 1989).

In vivo

genotype

specific binding to the P-protein, therefore, may involve an induced change in the
permeability of mitochondria to victorin. However, it is not known how victorin gains

access to the mitochondrial matrix, as isolated mitochondria are impermeable to
victorin (Navarre and Wolpert, 1995).
Considering that: 1) mitochondria play a central role in animal apoptosis; 2)

PCD in plants appears to share features with animal apoptosis; 3) victorin induces
events characteristic of apoptosis; and 4)

in vivo,

genotype-specific binding of victorin

to the P-protein may involve differential accessibility to the mitochondrial matrix; we
suspect that something like the animal MPT occurs during victorin-induced cell death

In this study, we present data demonstrating that a MPT can occur in isolated

oat mitochondria and results that are consistent with the hypothesis that a MPT
facilitates victorin's access to the mitochondrial matrix and occurs in vivo during
victorin-induced cell death.

2

Results

Mitochondrial Swelling

The results obtained from all in vitro analyses were independent of whether
mitochondria were isolated from toxin-sensitive or insensitive oats. Mitochondria
were isolated from 5-6 day old oat leaves and judged to be pure and stable by several
observations.

maintained

At 5 mM glycine, and in the absence of treatments, mitochondria
Am

as monitored with Safranine 0. Membrane potential was collapsed

with the respiratory uncoupler, FCC? (1 uM), to values equivalent to those prior to the

addition of glycine. In addition, untreated mitochondria did not undergo a significant
decrease in absorbance (<0.05 O.D.540) during the time periods tested. Mitochondrial

pellets, prior to final resuspension, were beige. In addition, preparations showed a
marked enrichment for the components of the GDC, an enzyme complex exclusively
localized to the mitochondria, Therefore, mitochondrial preparations appeared intact,
clean, and stable.

A spectrophotometric assay was used for inferring MPT in isolated oat
mitochondria. This assay monitors mitochondrial swelling detected by a decrease in

absorbance at 540 nm in sucrose-based osmotica. In animal mitochondria, swelling

can occur as a result of a MPT controlled by the PT? which as a size-specific,

proteanaceous pore, allows sucrose to equilibrate across the innermembrane.
Consequently, matrix osmotic potential, resulting from confined macromolecules (too

large to exit through the PTP), draws water into the matrix and causes swelling
(Zorratti and Szabo, 1995).

The MPT in animal mitochondria is favored to occur, and can be directly
induced in the presence of
mM

Ca2

P1,

by elevating matrix

[Ca21.

However, the addition of 1

to oat mitochondria induces only gradual swelling after a lag of 30-12

minutes and this swelling did not always occur. High affinity

Ca2

uptake by plant

mitochondria is controversial, although it has been demonstrated in pea and artichoke
mitochondria (Zottini and Zannom, 1993). To circumvent a question of active uptake,
mitochondria were treated with the Ca2tionophore, A23 187.
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Figure 1.

High-amplitude swelling in isolated oat mitochondria.

Mitochondria (0.1-0.2 mg protein/mi) incubated in sucrose-based reaction buffer were subjected to the
following treatments:
A) Mitochondria (a-f) were treated with 25 tM A23 187 for two minutes followed by treatment with
no Ca2 (a); 50 M Ca2 (b); 100 iM Ca2 (C); 250 iiM Ca2 (d); 500 1iM Ca2 (e); 750 jiM Ca2 (1);
and 750 jtM Ca2 but with no A23 187 (g).

13) Mitochondria were treated with 25 jiM A23 187 for two minutes followed by treatment with no
spermine (a); I jiM spermine (b); 10 jiM spermine (c); 15 jiM spermine (d); 25 jiM spermine (e); and
50 jiM spermine (0.
C) Mitochondria were treated with no mastoparan (a); 1 jiM mastoparan (b); 2 jiM mastoparan (c);
3jiM mastoparan (d); and 5 jiM mastoparan (e).
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Mitochondria treated with 25 p.M A23 187 alone did not swell. However,

Figure lA shows that the addition of p.M

Ca2F

to A23 I 87-pretreated mitochondria

induces rapid swelling, reaching saturation at 500 p.M Ca2t Actual free [Ca21] was
expected to be slightly lower than the given values, as the reaction buffer included 10
p.M EGTA and 1 mM P1. In addition, an increase in matrix

relatively high concentration of A23 187 and

Ca2

[Ca21

may require a

as the proton gradient favors the

formation of H-A23 187 over Ca2-A23 187.

Spermine, a polyamine, has been shown to influence the MPT in rat liver
mitochondria, as well as

Ca2

accumulation in the mitochondrial matrix (Lenzen et.

al., 1992, Lapidus and Sokolove, 1994). In the absence of added Ca2, p.M spermine
also induced rapid swelling of A23 1 87-pretreated mitochondria (Figure 1B), reaching

saturation at

50 p.M spermine.

In some mitochondrial preparations,

50-500 p.M

spermine in the absence of A23 187 induced gradual swelling after a 7-10 minute lag
period.

However, as with 1mM

Ca2

in the absence of A23 187, this swelling was

inconsistent and did not occur in some mitochondrial preparations.

Mastoparan, an inducer of the MPT in rat liver mitochondria (Pfeiffer et. al.,
1995),

was also tested for the induction of swelling in oat mitochondria (Figure 1C).

Varying concentrations of mastoparan induced rapid swelling that reached saturation
at

5

p.M mastoparan. Interestingly, mastoparan-induced swelling was inhibited by

spermine, with 50% inhibition occurring at from

25-150 p.M

spermine depending on

the concentration of mastoparan used to induce swelling. Under all three putative
MPT-inducing conditions, including Ca2/A23 187, spermine/A23 187 and mastoparan,
swelling was rapid and saturable.
Mitochondria were also treated with alamethicin, an octadeca peptide known to

form pores independent of a PTP-derived MPT (Pfeiffer et al.,

1995). As

a pore-

forming agent, alamethicin equilibrates sucrose across the innermembrane and thus,

facilitates swelling. At 15 p.M, alamethicin induced swelling that was rapid and
comparable to swelling induced by saturating concentrations of all three putative
MPT-inducing conditions (Figure 3D). Thus, alamethicin served as a control
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Figure 2. Inhibition

ofspermine/A23187-induced swelling by Mg2 and Mn2

.

A) Mitochondria (0.1-0.2mg protein/mI) were incubated in sucrose-based reaction buffer with 25 tM
A23 187, 50 .tM Ca2 and 10 jiM Mn2(a,b); 5 jiM
(c); 1 jiM Mn2 (d); or with no Mn2 (e). All
treatments also included 25j.tM spertuine except for (a).
B) Mitochondria (0.1-0.2 mg/mi) were incubated in standard. reaction buffer with 25 jiM A23 187, 50 jiM
Ca2 and 10 jiM Mg2(a,b); 5 jiM Mg2 (c);I jiM Mg2 (d); or with no Mg2 (e). All treatments also
included 251.tM spermine except for (a).
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indicative of pore-mediated (but not PTP-denved) mitochondrial swelling. In contrast

to mastoparan, alamethicin-induced swelling was only slightly inhibited at 1 mM
spermine.
Mn2 and Mg2 also bind A23 187 with the relative affinities of Mn2> Ca2
Mg2 (Pfteffer et al., 1974). To test the participation of Ca2 on spermine/A23 187-

induced swelling, mitochondria were preincubated with varying concentrations of
Mn2 or Mg2. Subsequently, A23 187 (25 tM) was added 2 minutes prior to the

addition of 25 j.tM spermine.

As shown in figure 2, both cations inhibited

spermine/A23 187-induced swelling at >5 p.M.

Inhibition could be reversed by the

addition of Ca2and to different degrees depending on whether swelling was inhibited
with MII2 or Mg2t At 50 p.M, Ca2 was able to reverse inhibition by 10 p.M Mg2,

but not inhibition by 10 p.M MII2. This is consistent with the relative affinities of the

cations for A23 187, indicating that spermine-induced swelling is dependent upon a
Ca 2+
-A23 187 complex.

To further investigate the dependence of spermine/A23 187-induced swelling
on Ca2, mitochondria were preincubated in the presence of EGTA. As shown in table

1, swelling induced by 12.5 p.M spermine (in the presence of A23187) was inhibited

up to 46% with 5 mM EGTA. Matrix

Ca2

is maintained by the presence of the

1IU,

and is inaccessible to EGTA, therefore, mitochondria were also preincubated with
FCCP to release matrix Ca2t FCCP in the absence of EGTA did not inhibit swelling.

However, FCCP in the presence of 5 mM EGTA inhibited swelling by 82%.
Equivalent results were also obtained with saturating (50 p.M) concentrations of

spermine (in the presence of A23 187).

In this case, EGTA alone inhibited

spermine/A23 187-induced swelling, by 33%, and demonstrated enhanced inhibition in

the presence of FCCP, inhibiting swelling by 53%. Thus, spermine/A23 187 induced
swelling is dependent on matrix Ca2.

Victorin was also tested for the ability to induce swelling in isolated oat
mitochondria. Mitochondrial swelling in response to victorin treatment was not
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Table 1: Inhibition of spermine-induced swelling, in the presence of
25 uMA23187, by 5 mMEGTA +/- 1 UMFCCP. Values in
parenthesis are the total change in absorbance 5 minutes after
addition of spermine. All values are the average of 3 experiments.

Treatments
(all 25 uM A23 187)
50 uM Spermine
+EGTA
+EGTA]FCCP
12.5 uM Spermine
+EGTA
+EGTA!FCCP

%
(.356)
32.8
52.6

(.266)
45.7
82
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Figure 3. Size-exci

0

us/on properties of the MPT.

Mitochondria (0.1-0.2 mg protein/mi) were incubated in sucrose-based reaction buffer (a), or buffer
amended with polyethylene glycol with an average molecular weight of 0.6 kDa (b); 1.0 kDa (c);
1.5 kDa (d); 2.0 kDa (e); or 3.4 lcDa (f). Mitochondria were preincubated with 25 M A23 187 for 2

minutes, when present (A and B).

All treatments were added at time 0 and included 50iM

spermine (A); 500 j.iM Ca2 (B); 5 tM mastoparan (C); and 15 iM alamethicin (D).

detected under any conditions tested irrespective of whether mitochondria were
isolated from toxin-sensitive or insensitive oat leaf tissue (data not shown)

Induced Swelling Exhibits Size-Exclusion

To further investigate the nature of the swelling induced in oat mitochondna, the
osmoticum was adjusted with varying M.W. PEGs, ranging from 0.6 kD to 3.4 kD.

The osmolality of the reaction buffer was adjusted to 300 mOsmoles (+1-20), with
40% of the osmoticum being the respective PEG, and 60% sucrose. Figure 3 shows

that under these conditions, increasing PEG MW. inhibits swelling induced by the
three MPT inducing conditions, Ca2/A23 187, sperminelA23 187, and mastoporan and

the control, alamethicin.

The derived molecular weight for 50% inhibition was

defined for each treatment relative to the extent of swelling (15 minutes after
treatment) in the presence of the 3.4 kDa PEG, which was considered as 100%
inhibition. Spermine/A23 187-induced swelling demonstrated 50% inhibition at 1.7

kDa, and Ca2/A23 187-induced swelling demonstrated 50% inhibition at 1.4 kDa.
Mastoparan and alamethicin -induced swelling demonstrated 50% inhibition at 0.90.95 kDa (Figure 3).

Among the treatments, mastoparan and alamethicin induced an apparently
smaller 'pore' and there was an initial drop in absorbance in the presence of the 3.4

kDa PEG. In contrast, spermine and Ca2 (in the presence of A23 187) induced an
initial increase in absorbance in the presence of the 3.4 kDa PEG. What causes the
initial drop or increase in absorbance with different treatments in the presence of 3.4

kDa PEG is unclear but may reflect differences in matrix osmotic potential due to

differences in pore size leading to the diffusion or retention of matrix solutes of a
discrete size range. However, regardless of the treatment, there was an immediate

change in permeability to solutes of a specific size range. Both mastoparan and

alamethicin induced a rapid permeability to solutes up to at least 0.6 kDa, as
evidenced by equivalent initial rates of swelling relative to sucrose. The permeability
change induced by spermine/A23 187 also demonstrated rapid swelling, equivalent to
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sucrose, in the presence of PEG up to 1.5 kDa. Ca2IA23 187 also induced rapid
swelling in the presence of PEG up to 1.0 kDa, although swelling was slightly less
rapid then with sucrose alone.

Accessibility of Victorin to the Mitochondrial Matrix

Untreated mitochondria were previously found to be impermeable to victorin when
incubated with iodinated-victorin to detect binding to the matrix-localized P-protein
(Navarre and Wolpert, 1995). In the present work, a fluorescent derivative of victorin

(VicAlexa) was prepared with Alexa 488 (Molecular Probes, Eugene, OR) to detect
binding to the P-protein. VicAlexa (3Ong/ml) was added to mitochondria incubated in

the sucrose-based reaction buffer (SRB) immediately following treatment, or 5
minutes after, and in both cases incubated for an additional 5 minutes prior to protein
extraction. Similar to iodinated-victorin, VicAlexa did not bind to the P-protein of
untreated, intact mitochondria, confirming that the mitochondrial matrix was

inaccessible to victorin (Navarre and Wolpert, 1995).

When mitochondna were incubated in SRB and induced to undergo a MPT, all

treatments, including alamethicin, resulted in VicAlexa binding to the P-protein (data

not shown).

However, mitochondria induced to undergo a MPT in sucrose also

released high M.W. matrix proteins (i.e. proteins did not pellet when centrifuged at
10,000 x g) into the supernatant upon centrifugation (see below). This suggested that

VicAlexa binding may not be solely dependent on pore formation but could result
from damage or distortions incurred by swelling. Alternatively, when mitochondria

were induced to undergo a MPT in the presence of 3.4 kDa PEG (PSRB), which

prevents swelling, mitochondria did not release high M.W. proteins into the
supernatant above background following centrifugation. Therefore, VicAlexa binding

was assayed in PSRB to differentiate between victonn binding as a consequence of
MPT induction rather then swelling.
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VicAlexa was added to mitochondria, incubated in PSRB, 5 minutes after MPT

induction and allowed to bind for 10 minutes prior to protein extraction. As shown in

figure 4, binding to P-protein occurred following treatment with spermine/A23 187,
Ca24/A23 187, or mastoparan. VicAlexa did not bind to P-protein following treatment

with the control (non-FTP mediated) alamethicin-treated mitochondria in PSRB. In
the absence of A23 187, spermine treatment lead to some binding to P-protein above
background levels, but considerably less then in the presence of A23 187.

Ca24

in the

absence of A23 187 also induced binding although binding was typically greater in the

presence of A23 187.

VicAlexa binding in the presence of cations (no A23 187)

indicated that victorin may be able to cross the inner membrane by associating with

cations in the absence of a MPT. Both Mg2 and Mn24 at 0.5 1 mM, which do not

induce swelling regardless of the supporting osmoticum, also promoted some
VicAlexa binding to the P-protein supporting this possibility (data not shown).

Cytochrome C Release

Cytochrome c release from mitochondria was assayed by pelleting mitochondria at
10,000 x g for 1 minute after a 10 minute incubation with the respective treatment.

Longer spins did not reduce the amount of protein found in the supernatant of
untreated mitochondria.

Supematants were phenol extracted, while pellets were

resuspended directly into SDS loading buffer. Volumes for pellets and supernatants,
loaded onto SDS gels, each represented approximately 1/3 of the mitochondria from
the reaction.

Spermine/A23 187 induced cytoebrome c release in both PSRB and SRB as

shown in figure 5 (C,D). hi SRB, high M.W. proteins were also released following
centrifugation of spermine/A23 187 treated mitochondria (Figure SB, lane 4).

In

contrast, in PSRB, which prevents swelling, high M.W. proteins were not released
above background (Figure 5A). Thus, cytochrome c release occurs independent of

swelling, and is specific in PSRB a condition in which high M.W. proteins were not
released. In the absence of A23 187, spermine did not induce cytochrome c release.
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Figure 5. Release of cytochrome cfrom mitochondria treated with
spermine/A23187.
Mitochondria (0.1-0.2 mg protein/mi) were incubated in either the 40% 3.4 kDa PEG reaction buffer
(PSRB) (A,C) or the sucrose-based reaction buffer (SRB) (B,D). Two minutes following the
addition of 25 iiM A23 187, the mitochondria were treated with 50 .tM spermine (3,4) or without
spermine (1,2). Ten minutes following treatment, mitochondria were pelleted at 10,000 x g for I
minute. The pellets were resuspended in SDS loading buffer and the supernatants extracted for
protein that was solubolized in SDS loading buffer. Protein representative of approximately 1/3 of
the original incubation volume was Loaded from both the pellets (1,3) and supernatants (2,4).
Commassie-blue stained protein gels (A and B) and protein blots stained with anti-cytochrome c
antibodies (C and D).
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No other treatment induced cytochrome c release, even when mitochondria were

treated in SRB, conditions that cause leakage of P-protein upon centnfugation.
Likewise, cytochrome c from mitochondria incubated in hypotomc buffer, even if
freeze thawed, remained associated with the pellet.

Loss of Mitochondrial Membrane Potential in vivo following J/Ictorin treatment of
Leaf Tissue
To investigate whether a MPT could be occurring in vivo during victorin-induced cell

death in oats, mitochondria were labeled in vivo with potentiometric dyes and
visualized by confocal microscopy. Potentiometric dyes
mitochondria that are maintaining a

AqJm.

will

only accumulate in

Consequently, loss of labeling indicates that

mitochondria have lost their A41m and suggests that mitochondria have undergone a
MPT.

Mitochondnal membrane potential was followed by the potential-dependent
uptake of either Tetramethyirhodamine, Methyl ester (TMRM) or MitoTracker Orange

(MTO) and visualized by confocal microscopy. As shown in figure 6, 50 nM TMRM

accumulated in punctate bodies that were dynamic, demonstrating movement in and

out of the focal plane. These fluorescent bodies were often elongate, or spherical.
These same bodies also accumulated MTO when incubated with as low as 100 nM

MTO for 10 minutes (data not shown) indicating that both dyes label the same
organelle. The addition of 1 gM FCCP resulted in the loss of fluorescence in these
punctate bodies further indicating that they were mitochondna and demonstrating that

uncouplers also lead to a collapse of

'm (Figure 6F). To confirm that these stained

bodies were mitochondria, double labeling experiments were conducted. MTO is a
fixable potentiometric dye, therefore, tissue was fixed after incubating with 500 nM

MTO, permeabilized, and incubated with anti P-protein antibody.

Secondary

antibodies conjugated to Alexa-350 were then used to specifically visualize
mitochondria based on the presence of anti-P-protein labeling. Figure 7 shows that
fixed MTO localizes to the same bodies as anti P-protein antibodies (Figure 7A,D),
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Figure 6.

Confocalfluorescence microscopy of mirochondria in live tissue stained

with the potentiomerric dye, TA4RM
Peeled oat leaf slices were floated with the exposed mesophyll side down on a solution with
victorin, without victorin (control) or with FCCP for the times indicated. For the final 10 minutes
of incubation, 50 nM TMRM was added to the solution to stain mitochondria that had maintained
their trausmembrane potential. Leaf tissue was then viewed by confocal microscopy with
excitation at 568 nm and a TRITC BP filter. Also included in the image to orient the viewer is an
overlay of chioroplast autofluroescence from excitation at 488 urn collected with a LP 590 filter.
(A) An image of control leaf tissue incubated for 240 minutes.
(B) An image of victorin-sensitive leaf tissue 40 minutes after treatment with 20 ng/ml victorin.
(C) An image of victoria-sensitive leaf tissue 120 minutes after treatment with 20 nglml victoria.
(D) An image of victoria-sensitive leaf tissue 240 minutes after treatment with 20 ng/ml victorin.
(F) An image of victoria-insensitive leaf tissue 240 minutes after treatment with 6 .tg/ml victorin.
(F) An image of leaf tissue 10 minutes after treatment with 1 1.tM FCCP.
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confimiing that both TMRM and MTO accumulate in mitochondria of live mesophyll cells.

Untreated tissue demonstrated labeling of mitochondria with TMRM up to at
least 4

hours post-peeling (Figure 6A) (latest time point checked).

The tissue

appeared healthy because chioroplasts and mitochondria were located in the periphery

of the cell indicating an intact central vacuole. Untreated tissue at 4 hours also double

stained with MTO and anti-P-protein (Figure 7A,D), again demonstrating that
mitochondria maintained their matrix potential and further, that the 30 mm, 500 nM
MTO exposure was not deleterious to the mitochondria.

In contrast, leaf slices from toxin-sensitive plants treated with 20 nglml
victonn lost the ability to accumulate TMRM or MTO in mitochondria by 120
minutes (Figure 6C and 7C). TMRM staining at 20 to 30 minutes showed dynamic

bodies, however, by 40 to 60 minutes TMRM-stained mitochondria displayed only
brownian motion and were consistently round, as opposed to elongate. At 100 to 120

minutes, mitochondria no longer stained with TMRM indicating a complete loss of

AI'm. By 180 minutes, the majority of mesophyll cells showed signs of cellular
reorganization, with the chloroplasts of many cells clustered in the center of the cell

(data not shown).

At the later time points, mildly fluorescent bodies that were

morphologically distinct from mitochondria, were visualized by the same filter used
for TMRM (Figure 6D).

Control tissue incubated for 210 mm and then stained with 500 nM MTO for
30 mm showed co-localized staining with MTO and anti-P-protein antibody following

fixation (Figure 7A,D).

Co-localized staining was also evident in toxin-sensitive

tissue incubated in 20 ng/mI victorin for 90 mill followed by a 30 mm staining with
MTO (Figure 7 B,E). However, consistent with TMRM staining data, toxin-sensitive
tissue incubated in victorin for 120 mm followed by MTO staining no longer showed

double staining and were only stained with anti P-protein antibody (Figure 7C,F).
These results support the TMRM staining data indicating that mitochondria had lost
AkVm by 2 hours. Furthermore, the staining of MTO-labeled bodies with anti-P-protein
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Confocaifluorescence microscopy of mitochondria in fixed tissue stained
with the fixable potentiometric dye, MTO, and anti-P-protein antibody.
Figure 7.

Peeled oat leaf slices were floated with the exposed mesophyll side down on a solution with 20 nglml
victoria or without victoria (control) for the times indicated. For the last 30 minutes of the incubation
period, leaf slices were treated with 500 nM MTO to stain mitochondria that had maintained their
transmembrane potential. Following incubation the tissue was fixed, permeabilized, and probed with
anti-P-protein antibody and a secondary antibody. Tissue was then viewed by confocal microscopy.
A-C) MTO signal imaged with a TRITC BP filter. D-F) Secondary antibody (Alexa-350) to Anti-Pprotein signal imaged with a 440 nm BP filter.
A,D) Control tissue incubated for 240 minutes. B,E) Tissue incubated in victoria for 120 minutes.
C,F) Tissue incubated in victorin for 150 minutes.
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Figure 8. FCCP inhibition ofvictorin-inducedPCD and binding to the P-protein.
Peeled oat leaf slices were incubated in a solution with 0.59 .tg/ml fluoresceinvictorin (VicFluor) or without VicFluor and the presence or absence of 1 iM FCCP
for 4 hours prior to extraction of DNA and protein. DNA was analyzed on a 1.5%
agarose gel (A), and equal amounts of protein per lane were analyzed on a 12% SDSPAGE gel (B) or an 8% SDS-PAGE gel (C). Cleavage of the Rubisco large subunit
was detected by coomassie staining (B), and P-protein labeled with VicFluor was
detected by scanning fluorimetry (C). Lane 1: No treatment. Lane 2: VicFluor alone.
Lane 3 VicFluor and FCCP. Lane 4: FCCP alone.
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Table 2: Summary oJMPT-like characteristics induced in oat mitochondria by
various treatments.

Treatment

High-Amplitude
Swelling

Size-Exclusion
(kDa)

VicA Binding to
P-protein

Spermine
Inhibition

Cytochrome C
Release

None

No

NA.

No

NA.

No

Spermine
(50 .tM)

Yes

1.7

Yes

No

Yes

Yes

1.4

Yes*

No

No

Yes

0.9

Yes

Yes

No

Yes

0.95

No

No

No

+A23187
Ca2

(500 riM)

+A23187
Mastoparan
(5 riM)

Alamethicin

(l5pM)

N.A. Not Applicable
*Comparable binding with 500 1.tM Ca2 in the absence of A23 187
A23 187, when present, was at 25 jiM

45

at 90-120 minutes suggests that the rounded up, fluorescent bodies labeled with
TMRM in live (unfixed) victorin-treated tissue were mitochondria. In contrast, lack of

MTO staining of anti-P-protein labeled mitochondria, in victorin treated tissue at 240

minutes (Figure 7E,F), indicates that the fluorescence present in the dying tissue at
240 minutes (Figure 6D) is not due to mitochondria.
The effect of victorin on A4Jm was also genotype specific, occurring only in the

toxin-sensitive genotype of oats (Figure 6). Insensitive leaf tissue treated with up to 6

jtg/ml of victorin (the highest concentration tested) and for up to 4 hours (the longest

period tested) showed no loss of AWm and appeared identical to untreated controls
(Figure 6E).

While the induction of a MPT is expected to lead to a loss of Wm due to a
collapse of the proton gradient following pore opening, the loss of AWm can also be
caused by uncouplers and inhibitors of electron transfer, a mitochondrial state distinct

from the MPT. To determine if the loss of A'Pm associated with victorin treatment
was distinct from that induced by respiratory uncouplers, toxin-sensitive leaf tissue
was treated with FCCP. Treatment of tissue with 1 jiM FCCP induced immediate loss

of LklIm as evidenced by a loss of staining with TIMRM (Figure 6E). Additionally,
incubation of leaf tissue for 3 hours with uncoupler induced a physiological response
distinct from victorin treatment. While both victorin and FCCP collapse AVm, FCCP

does not lead to DNA laddering or Rubisco cleavage (Figure 8 A and B).
Furthermore, the induction of DNA laddering and Rubisco cleavage by victorin was

inhibited by coincubation with I jiM FCCP. Binding of victorin to the P-protein in

vvo was visualized with a fluorescein derivative of victorin. As shown in figure 8

coincubation of fluorescein-labeled victorin with FCCP also prevented victorin
binding to the P-protein (Figure 8C). Victorin-induced Rubisco cleavage (Navarre
and Wolpert, 1999) and DNA laddering, as well as binding to the P-protein, were also

inhibited by coincubation with the mitochondrial respiratory inhibitors, azide and
cyanide (data not shown).
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Discussion

Mitochondrial swelling assays indicate a MPT does occur in isolated oat
mitochondria.
The mitochondrial swelling assays demonstrate that mitochondria from oats undergo a

permeability transition that is generally similar to the MPT in isolated animal
mitochondria. Table 2 summarizes the results of three conditions (alamethicin, a pore-

forming peptide, is presented as a control as discussed below) that induce rapid,
saturable, high-amplitude swelling indicative of a MPT.

The induced swelling

exhibits size-exclusion with 50% inhibition ranging from 0.9 to 1.7 kDa. This sizeexclusion is similar to the PTP-mediated MPT in animal mitochondria that has a cut-

off of 1.5 kDa, although pore size, for the latter, can vary depending on the inducing
conditions (Pfeiffer et al., 1995, reviewed in Zorratti and Szabo, 1995).
In addition to size-exclusion,, the animal MPT is considered an "all-or-nothing"
event because pore opening permits virtually immediate permeability to solutes up to a

specific size range. In contrast to an all or nothing event, a degeneration of the lipid
bilayer would cause a gradual increase in penneability to solutes of increasing M.W

and would not demonstrate specific size exclusion (Zorratti and Szabo, 1995).
Alamethicin was used as a control, because it is known to directly form a pore,
independent of the PTP, that allows solutes ranging from 0.342 kDa (sucrose) up to

0.6 kDa to enter the matrix at relatively equal rates (Figure 3D). Consequently,
alamethicin alters the permeability of mitochondria by a pore-mediated mechanism as

opposed to a breakdown in the permeability of the lipid bilayer and the swelling

response elicited by alamethicin should be similar to a PTP-mediated MPT.
Spermine/A23 187, Ca2/A23 187 and mastoparan all display a very similar swelling

response and induce a rapid permeability to a similar size range of solutes as
alamethicin clearly indicating that a pore has been formed (Figure 3).

Swelling mediated by the opening of a finite number of pores is also expected

to display saturability. All treatments did display saturability, a result consistent with

a pore-mediated mechanism. Collectively, the size-exclusion properties, the all-ornothing like response (consistent with the response elicited by alamethicin,, a known
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pore-forming

agent),

and

saturability

demonstrate

that

spermine/A23 187,

Ca21A23 187 and mastoparan induce a MPT mediated by a 'pore' in oat mitochonciria,

as opposed to nonspecific membrane damage. This pore allows the nonspecific, free
exchange of solutes, including sucrose, low molecular weight PEGS and victorin (as
discussed below) into the matrix.

The MPT permits victorii'z access to the mant

Previously, isolated oat mitochondria were found to be impermeable to victorin,

although victorin binds to the matrix-localized P-protein in vivo. Therefore, we
investigated whether a MPT in isolated oat mitochondria is sufficient to permit
victonn access to the matrix. Treatment of mitochondria with either spermine/A23 187

or mastoparan, both MPT inducing conditions, permitted victorin (VicAlexa) binding

to the P-protein. In both cases, binding to the P-protein is independent of swelling

(binding occurred in PSRB), indicating that victorin access to the matrix is a direct
consequence of pore formation. Spermine alone, which does not induce a MPT, did

lead to some victorin binding to the P-protein, however, binding is substantially
greater (approximately 3.5-fold) following the MPT induced by spermine/A23 187
(Figure 4). Some victorin binding to the P-protein also occurred following treatment
of mitochondria with divalent cations. In the case of Ca2, victorin binding to the P-

protein is similar in either the presence or absence of A23 187, although binding is
typically greater in the presence of A23 187 then in its absence. Therefore, in this case,

it cannot be concluded that the MPT induced by

Ca2

in the presence of A23 187 is

solely responsible for victorin's access to the matrix. Nonetheless, binding following

treatment with mastoparan, or with spermine/A23 187, indicate that induction of a
MPT in vitro is sufficient to permit victonn access to the matrix.

In contrast to the MPT induced by mastoparan and spermine/A23 187, the
chemical pore formed directly by alamethicin, in PSRB, did not permit any binding of
victonn to the P-protein. This result further supports the notion that mastoparan,,
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sperminelA23 187, and Ca2/A23 187, induce a pore intrinsic to the mitochondrial
membrane.

Induction of a MPT can lead to cytochroine c release.

In animals, the release of cytochrome c from the mitochondrial IM space in vivo has
been shown to be either central for PCD or as an amplification step of PCD pathways
(Kiuck et aL, 1997, Yang et al., 1997, Kuwana et al., 1998). However, the mechanism
of cytochrome c release remains undefined and evidence has indicated that release can

be either dependent or independent of a MPT. Work with Bax, a proapoptotic bcl-2

family member, has shown that cytochrome c release can occur in the presence of
CSA, an inhibitor of the MPT (Eskes et al., 1998), and in the absence of mitochondrial

swelling (Jurgensmeier et al. 1998). Pastormo et al. (1999) however, demonstrated
that Bax can induce cytochrome c release dependent upon transient PTP opening in
the absence of mitochondrial swelling. In contrast, OM damage mediated by the MPT

has also been proposed as a mechanism for release of cytochrome c as well as AJF

(Vander Heiden, et al., 1997, Hengartner, 2000). Permeability of the OM alone,

however, may not be sufficient to explain cytochrome c release.

Mitoplasts,

mitochondria devoid of an OM, maintain a tight association with cytoehrome c in the
absence of high salt (Jacobs et al., 1960). The mechanism of release of cytochrome

C

from animal mitochondria, therefore, remains undefined but is indicative of
mitochondrial alterations that are associated with the MPT.

Oat mitochondria treated with varying MPT-inducing conditions also
demonstrated complexity with respect to cytochrome c release. Spermine/A23 187 is
the only treatment that caused the release of cytochrome c. Release is independent of
swelling, as it occurs in PSRB (Figure 5). Mitochondria induced to swell in SRB with
Ca2t'A23 187, mastoparan, alamethicin, or in hypotonic buffer (with or without freeze-

thawing) did not release cytochrome c. Under these latter conditions, P-protein is
released (although not in hypotonic buffer) from the matrix upon centrifugation while
cytochrome c remains tightly associated to the membranes. Therefore,
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sperminelA23 187, independent of swelling, induces a pore that facilitates cytochrome
c release and apparently alters the

association of cytochrome c with the

innermembrane. Cytochrome c release is consistent with the induction of a MPT.
However, it should be noted that in plants, no evidence presently exists for a causal
role of cytochrome c release in PCD.

The pore induced by mostoparan is intrinsic to the mitochondria.

Mastoparan, an amphiphilic tetradecapeptide, can alter the permeability of
phospholipid vesicles (Pfeiffer et al., 1995), and a mastoparan derivative (Mas7) has

been demonstrated to form a pore that can conduct solutes up to 0.457 kDa while
excluding solutes greater then 0.831 kDa (Suh et al., 1996). However, several lines of

evidence suggest that treatment of oat mitochonciria with mastoparan induces a pore

intrinsic to the mitochondria instead of directly forming a pore like alamethicin or
Mas7. First, the mastoparan-induced

Ca2

permeability in phospholipid vesicles was

shown to be dependent on the presence of a membrane potential (Pfeiffer Ct al., 1995).

This mechanism of mastoparan-induced permeability does not appear to be effecting

oat mitochondrial permeability because, treatment of oat mitochondria with FCCP,
which depolarizes the membrane, did not inhibit mastoporan-induced high amplitude
swelling (data not shown). Secondly, mastoparan induces a PTP-mediated MPT in rat
liver mitochondria at the same concentrations (2-4 uM) as used with oat mitochondna

(Pfeiffer et al., 1995). Finally, spennine inhibits the MPT, induced by a variety of

agents, in rat heart mitochondria with a reported IC50 of 380 j.tM (Lapidus and
Sokolove,

1992).

Similarly, spermine inhibits mastoparan-induced swelling

(approximately 50% at 150 JAM) in oat mitochondria, but does not inhibit alametbicin-

induced swelling, which is not PTP-mediated. Furthermore, in PSRB, alamethicin
does not permit victorin access to the matrix while mastoparan does (as discussed
above). These results together suggest that mastoparan affects a pore that is intrinsic
to the mitochondrial membranes, as opposed to forming a pore directly.
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MPT indkction in oat

mitochondria is influenced by matrix calcium.

Although spemiine inhibits mastoparan-induced swelling, spermine induces a MPT in

oat mitochondria in the presence of A23 187.
saturable

(50

Swelling induced by spermine is

i.tM), and is dependent on a Ca2tA23 187 complex. Both Mg2 and

at low micromolar concentrations inhibit spennine/A23 187-induced swelling
(Figure 2). This inhibition was reversible by the addition of Ca2, and correlated with
the relative affinities of A23 187 for these metals (Pfeiffer et al., 1974) such that

Ca2

reversed inhibition by Mg2 more readily then Mn2t Furthermore, spermine/A23 187-

induced swelling was inhibited with mM EGTA and inhibition was enhanced in the
presence of the uncoupler, FCCP (Table 1). The added effect of FCCP suggests that a
release of matrix Ca2, promoted by the collapse of the

AJm

induced by FCCP, is what

promotes the inhibition of spermine/A23 187-induced swelling. Although spermine is

generally considered as an inhibitor of the animal MPT, spermine (100 uM) can
promote swelling of ADP-depleted mitochondria induced by tert-butyl hydroperoxide

indicating that spermine is not always inhibitory (Lapidus and Sokolove, 1994).

Spermine has also been shown to increase

Ca2

accumulation capacity by a

mechanism independent of modifying Ca2tinflux pathways of animal mitochondria

(Lenzen et al., 1992). Taken together, the inhibition of swelling by Mg2, Mn2,
EGTA, and enhanced inhibition by EGTA in the presence of FCCP, demonstrate that
spermine induced swelling is dependent on matrix Ca2 and suggests that spermine is

inducing a MPT based on its ability to enhance

Ca2

accumulation capacity in the

matrix.

A role for matrix

Ca2

in the regulation of a MPT in oat mitochondria is further

supported by the induction of swelling by Ca2 /A23 187, a response that is saturated at

500 iM Ca2'. A matrix site of action is suggested by the relatively high concentration
of A23 187 and

Ca2

necessary to induce swelling. Protons compete for binding to

A23 187, and promote the exchange of H for matrix divalent cations (Reed and Lardy,

1972), therefore, excess A23 187 and

Ca2

is necessary to drive the passive

accumulation of matrix Ca2t In the case of spermine, swelling is induced without
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additional Ca24, but nevertheless, appears dependent on
Spermine can displace

Ca2

as discussed above.

from membrane binding sites (Rustenbeck et aL, 1998),

Ca24

causing an increase in the free

Ca24

in the inner membrane space. Increased

Ca24

could then compete for A23 187 and drive the passive accumulation of matrix Ca24.
Both spermine/A23 187 and Ca247A23 187 induced swelling, therefore, likely involves
a Ca24-sensitive matrix site.

Opening of the PIP in mammalian mitochondria is often dependent upon Ca24

binding at a matrix site that subsequently sensitizes the PiP to MPT-promoting
conditions (Hunter and Haworth,, 1979, Bernardi et. al., 1993, Petronilli et a!, 1993,

Zorratti and Szabo, 1995).

In fact, it has been suggested that even though

mitochondria from different sources respond with a MPT to a variety of different
inducing agents, if there is a "universal inducer", it is likely to be Ca24 (Zorratti and

Szabo, 1995).

A high affinity Ca2tuniporter has been described from animal

mitochondria that has a Km < 10 p.m (Bemardi, 1999). Depending on the presence of
Mg24 and spermine, animal mitochondria can maintain extramitochondrial Ca24 at 0.2-

1.0 j.tM (Joseph et al., 1983, Lenzen et al., 1986). Plant mitochondria are generally

thought to have lower affinity

Ca24

uptake and maintain extramitochondrial

Ca24

around 2 itM (Martins et al., 1986). The apparent lower affinity of mitochondria for
Ca24

relative to other plant membrane systems has caused a lack of interest in studying

mitochondrial uptake of Ca2 in plants (Evans et al., 1991). However, high affinity

uptake has been described in pea and artichoke with the Ca

indicator fiira-2,

indicating a Km ranging from 0.15-0.2 j.tM (Zottini and Zannom, 1993). Given the

ambiguity of high-affmity

relevance of a

Ca2

Ca24

uptake in plant mitochondria, the physiological

promoted MPT in oat mitochondria is yet to be determined.

However, the implication of calcium regulation of the oat MPT is particularly
compelling because

Ca24

inhibitors have been shown to protect against victorin-

induced cell death (Navarre and Wolpert, 1999).
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The pore mediating the oat MPT exhibits differences from the animal FTP.

In animal mitochondria, cyclophillin-D and the AdNT are proposed to contribute
components to the PTP that mediates the MPT. Modulation of the MPT, both in vivo

and in vitro, by the respective inhibitors, CSA and BA, is considered diagnostic ofa
PIP-mediated MPT. In oat mitochondria, CSA and BA did not inhibit high amplitude

swelling induced by any of the MPT-inducing treatments (data not shown). This
suggests that cyclophillin-D and the AdNT in oat mitochondria either are not affected

by CSA and BA, respectively, or are not components of the putative oat 'pore' that
regulates the MPT we have observed. However, even with animal mitochondria, these

inhibitors may not affect the PIP as expected. For example, the MPT induced in rat

liver mitochondria by mastoparan at 2-4 pM is insensitive to CSA while
submicromolar concentrations of mastoparan induce a MPT that is sensitive to CSA.
Nevertheless, at both concentration ranges of mastoparan, the MPT exhibits a cut-off

of 0.95 kDa suggesting different regulatory states of the same pore (Pfeiffer et al.,
1995). In addition, in yeast a MPT has been described that is induced by mM ATP and

is Ca2tindependent. The transition is insensitive to CSA and ligands of the AdNT,
but does demonstrate size-exclusion of 1.0-1.1 kDa (Jung, et al., 1997). Also, during
the preparation of this manuscript, work was published indicating that reactive oxygen

species can influence a calcium-induced MPT in isolated potato tuber mitochondria

that is insensitive to cyclosporin A (Fortes et. al. 2001). Thus, there is evidence for

IvIPT phenomena that are regulated differently then the classically defined PTPmediated MPT in animal mitochondria,

Does a MPT occur in vivo during victorin-induced cell death?

The induction of a MPT results in the dissipation of AWm that can be visualized in

by the loss of

vivo

m-dependent accumulation of fluorescent dyes (Marchetti et al., 1996,

Kroemer et al., 1997). This approach has demonstrated that A'Iim collapse is an early

event indicative of a MPT in several mammalian PCD pathways. Significantly,
victorin induces a collapse of AWm in

vivo

by 2 hours (Figure 6 and 7), an indication
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that a MPT does occur during victorin-induced cell death. Mitochondria of untreated
leaf slices and victorin-treated leaf slices from victorin-insensitive oats retained AWm

throughout the course of the experiment and mesophyll cells remained healthy as
indicated by the localization of chioroplasts to the periphery, and mitochondria to the

upper focal plane, both indicative of an intact vacuole. Double staining with the
fixable MTO potentiometric dye and anti-P-protein antibody (Figure 7) verified that

mitochondria were being visualized and confirmed the presence of 1Wm in victorin
treated, sensitive tissue up to 2 hours, with a subsequent collapse of potential. The
lack of double staining, after 2 hours, demonstrated that mildly fluorescent bodies in
dying cells were not mitochondria.

Although somewhat controversial (Lemasters et al. 1999, Lisa and Petronilli,
1999), negative or positive staining of mitochondria with the fluorescent dye calcein

has been used to infer the occurrence of a MPT in vivo (Lemasters et. al., 1998,
Petromlli et. al., 1999). We attempted to visualize a MPT

in vivo

using the calcein

assay. However, we were unable to load the dye specifically into the cytosol as the
AM ester predominantly localized to the vacuole. Also, attempts to load the free acid

of the dye at low pH (acid loading) lead to labeling of the cell walls. In the absence of

this approach and lacking specific inhibitors of the MPT for oat mitochondria,, we
evaluated whether the victorin-induced loss of AWm

in vivo

was distinct from that

incurred by uncoupling respiration.

Treatment of oat leaf tissue with the uncoupler, FCCP, induced an immedIate
loss of LS4Jm. However, in contrast to victorin, FCCP did not induce PCD and when
incubated with victorin, inhibited victorin-induced PCD. Furthermore, FCCP inhibited

victorin binding to the P-protein, indicating that mitochondria were impenneable to
victorin. Inhibition of victorin-induced PCD and victonn binding to the P-protein also

occurred with azide and cyanide treatment, two mitochondrial respiratory inhibitors

(data not shown). These data demonstrate that the mitochondrial state reflected by
victorin-induced loss of Wm

in vivo

is distinct from iWm loss induced by FCCP or

respiratory inhibitors. In addition to LWm collapse, the fact that victorin gains access
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to the matrix during victorin-induced PCD, but not following treatment with FCCP or

respiratoly inhibitors, indicates that a MPT is occurring

in vivo

during victorin-

induced PCD.

Conclusions

In this paper we demonstrate that isolated oat mitochondria can undergo a MPT that

shows similarity to the PTP-mediated MPT in animal systems. This conclusion is
based on the induction of rapid, high-amplitude, saturable swelling that exhibits size-

exclusion. In the case of spermine/A23 187, the MPT also provides accessibility of
cytochrome c to the external media. We also demonstrate that while victorin does not

directly induce a MPT in isolated oat mitochondria, the induction of a MPT does
permit victorin access to the matrix and binding to the GDC even in the absence of
swelling. Thus, the swelling kinetics, the induction of non-specific permeability to

sucrose, low molecular weight PEGs, and victorin, and the release of cytochrome c,
support the interpretation that a IvIPT occurs in isolated mitochondria.

We also demonstrate that victorin treatment leads to the loss of tWm in

vivo,

early during victorin-induced cell death, and this response is specific to the toxinsensitive genotype. This loss of AklJ, appears distinct from the loss of AlJm induced by

the respiratoly uncoupler FCCP as the latter treatment does not induce PCD and
inhibits victorin-induced PCD.

Further, FCCP concomitantly prevents victorin

binding to the P-protein. Considering that: 1) oat mitochondria can undergo a MPT in

vitro and this allows victorin access to the matrix-localized P-protein; 2) in vivo,
victorin induces the loss of A'41m and gains access to the P-protein; 3) the victorininduced loss of AWm is distinct from that incurred by uncoupling respiration; and 4)

victonn induces a form of cell death sharing many of the hallmarks of apoptosis, a

response associated with the MPT; the results

support

the hypothesis that a MPT

occurs in vivo in toxin-sensitive oats during victorin-induced cell death and this may
be the mechanism by which victorin gains access to the matrix and binding to the Pprotein.
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These results are consistent with the speculation that mitochondrial

dysuuinction is a conserved feature of PCD in animals and plants (Jones, 2000) and
provide some empirical evidence. However, while our data support the contention that
a MPT occurs during victorin-induced PCD, they do not address the issue of whether a

MPT is causal to the death pathway. The causality of the MPT to PCD has not been
unequivocally established in any system, but deserves serious consideration in plant
PCD.

These results also suggest that the genotype-specific binding of victorin to the
mitochondrial GDC (i.e. only in toxin-sensitive leaf tissue) is preceded by events that

regulate the MPT. Thus, implying that victorin interacts with a site of action that is
"upstream" of binding to the GDC. It is likely that this initial site involves the product

of the Vb gene. Our present aims are to define the initiating phase of the PCD

response, the role of the MPT, and whether victorin binding to the P-protein
contributes to cell death.

Experimental Procedures

Plant Material and Growth Conditions

Oat (Avena sativa) seedlings were grown in a growth chamber with a 16-hour
photoperiod at 24°C for 5-6 days with daily watering.

The susceptible (toxin-

sensitive) line X469 and resistant (toxin-insensitive) line X424 were used.

Isolation of Mitochondria
Mitochondria were isolated by a modified method of Douce et al. (1987). Briefly, 5-6

day old oat leaf tissue was homogenized in a cold mortar and pestle with cold
homogenization buffer (0.3 M sucrose, 30 mM MOPS-KOH pH 7.5, 2 mM EGTA,
0.1% defatted bovine serum albumin [BSA}, fresh 1mM DTT), and filtered through 4

layers of cheesecloth. Two low-speed (1000 x g), 10 mm spins were used to remove
debris, and the fmal supernatant was pelleted at 12,000 x g for 25 mm. The pellet was
resuspended in homogenization buffer and layered onto continuous percoll gradients.
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Gradients were centrifuged at 41,000 x g for 30 minutes. Mitochondria were collected

from the bottom layer, and washed 2 times with wash buffer (0.3 M sucrose, 5 mM
MOPS-Iris pH 7.3, 100 gM EGTA) by centriftigation for 15 mm at 10,000 x g. The
final soft pellet was transferred to a microcentrifuge tube and pelleted by

cenfrifugation at 2,100 x g for 6 mm. Mitochondria were then resuspended in
resuspension buffer (0.3 M sucrose, 5 mM MOPS-Iris pH 7.3, 10 iM EGTA) to 10-

20 mg protein/mi.

Typically, 30-40g of leaf tissue provided yields of 2-3mg of

mitochondrial protein (Bradford, 1976).

Spectrophotometric Assay

Swelling of mitochondrial suspensions was monitored by following a decrease in
absorbance at 540 nm, with a DU Series 70 Spectrophotometer (Beckman Instruments

Inc., Fullerton, CA) equipped with TimeDnve Kinetics, 6 cuvette capacity, providing

abosrbance measurements at 20 second intervals.

The relationship between

absorbance and matrix volume has been described by Beavis et al. (1985). Swelling is

indicative of a MPT with respect to the supporting osmoticwn, sucrose (Bernardi et

al., 1992). The standard reaction was initiated by adding mitochondria (50-100 ug
protein) to 500 !il of the standard reaction buffer, SRB (.3 M sucrose, 5 mM MOPSTns, 10 jtM EGTA, 1mM P-KOH pH 7.2, 5 mM glycine). Treatments were initiated
2 mm. after mitochondrial addition with modifications as described in the figure

legends.

Size-exclusion was measured by the method of Pfeiffer et al. (1995) which
employs polyethylene glycol (PEG) of varying average molecular weights (M.W.)
including 600, 1000, 1500, 2000, and 3400 daltons. Briefly, the respective PEG was

dissolved in 5 mM MOPS-Iris, pH 7.2, so that the osmolality was 300 +1- 20
mOsmols (measured using a p.Osmette, Model 5004, Automatic Osmometer from
Precision Systems, Inc., Natick, MA). Four milliliters of the stock PEG solution was

then added to 6 ml of 0.3 M sucrose (also with 5 mM MOPS-Iris, pH 7.2), so that
40% of the osmoticum was due to the PEG with the final osmolality 300+/-20
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mOsmols. Glycine, EGTA, and P1 were then added to 5 mM, 0.01 mM, and 1mM
respectively, and pH adjusted with KOH to 7.2. Reaction buffer with PEG present is

denoted as PSRB.

Treatments and mitochondria were added and the extent of

swelling measured spectrophotometrically as described above.

P-protein Binding Assays with Fluorescent Victorin Derivatives

Victonn (0.5 mg) was incubated for four hours at 25°C in 500 jil 0.1 M MES-KOH,
pH 6.5, with Alexa 488 carboxylic acid, succinimidyl ester, dilithium salt (Molecular

Probes, Eugene, OR- single vial from Protein labeling Kit, A-10235).

The

fluorescent-labeled, Alexa-488 victorin conjugate (VicAlexa) was purified essentially

as described for biotinylated vietorin (Wolpert et al. 1988). During the course of the
in vivo

experiments, 5-carboxyfluorescein, succinimidyl ester (NHS-Fluorescein from

Pierce, Rockford, IL) was found to provide higher yields of fluorescent-labeled
victorin, and consequently, was used for in vivo binding to the P-protein.

The

fluorescein-victorin conjugate was prepared by incubating 2.75 mg of victorin with 1

mg NHS-Fluorescein for four hours at 25°C in 1 ml 0.1 M MES-KOH, pH 6.5, and
purified as described for biotinylated victorin (Wolpert et al. 1988).
Initial

in vitro

binding studies were done in SRB. VicAlexa (3Ong/ml) was

added to mitochondria either immediately following the treatment, or 5 minutes after,

and allowed to bind for 5 minutes before extraction. To optimize binding in PSRB,
VicAlexa, (30 nglml) was added to mitochondria 5 minutes after the induction of the

MPT under the conditions described and incubated for 10 minutes prior to protein
extraction.

Mitochondrial proteins were extracted by adding 150

mitochondrial suspension to 350

tl

.tl

of the

of 5 mM MOPS-Tris, pH 7.2 plus 50 111 extraction

buffer (100 mM Tris, pH 7.6, 50 mM EDTA., 160 mM DTT, 9.6% SDS) and 250 i1
water-saturated phenol. Following mixing and centnftigation for 2 mm at 10,000 x g,
the phenol phase was collected and protein precipitated overnight at 4°C with 1 ml 0.1

M ammomum acetate in methanol and 20

j.tl

f3-mercaptoethanol. Precipitated protein

was washed with methanol, dried and resuspended in 20

.tl

sample buffer (2.3 % w/v
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SDS, 62 mM Tris pH 6.8, 5% f-mercaptoethanol), and loaded on an 8% SDS-PAGE
gel.

In vivo binding of fluorescein-victorin to P-protein was assayed by incubating

1.5 cm leaf slices, with the abaxial epidermis removed (prepared from six-day old
plants), each in 250 j.d of 20 mM MOPS (pH 6.5; KOH in the presence or absence of

1 pM FCCP and/or 0.59 xg/ml fluorescein-victorin.

Fluorescein-victorin at 0.59

tg/ml has an activity approximately equal to 10 nglml unlabeled victorin with respect

to inducing Rubisco cleavage and DNA laddering. Protein and DNA was extracted 4
hours after treatment by removing the incubation solution, adding 100 J21 extraction
buffer (50 mM Tris-HCL, pH 7.6, 5 mM EDTA, and 2% SDS) and 100 til phenol, and

grinding the tissue. An additional 100

j4

extraction buffer and 100 il phenol was

mixed in following homogenization, and the two phases separated by centrifugation in

a microcentrifuge for 2 minutes at 10,000 x g. Protein was precipitated and washed as

described above, and DNA was precipitated overnight at 20°C with 550 j.d 100%
ethanol and 20

tl

3 M Sodium Acetate. Precipitated DNA was washed with 70%

ethanol, dried, and resuspended in 20 gi TB and 4

j.tl

loading dye (40% sucrose, 0.6%

bromophenol blue), and the entire sample was separated on a 1.5% agarose gel. For
Rubisco cleavage, 40 jig of protein (sample protein was quantified by the method of

Bradford (Bradford, 1976)) was loaded per lane on a 12% SDS-PAGE gel. For Pprotein binding, 160 jig of protein was loaded per lane on a 8% SDS-PAGE gel.

Fluorescence from VicAlexa or fluorescein-victorin labeled P-protein was
quantified using a Hitachi FMBIO U (Oakland, CA) with a 505 nm LP filter, and
Hitachi software for volume calculations. After measuring the fluorescence signal,
gels were stained with coomaisse brillant blue G, destained, and the P-protein band

scanned with a Molecular Dynamics Personal Densitometer SI (Sunnyvale, CA).
Fluorescence signals were normalized to the amount of P-protein present.
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Cytochrome c Release
Mitochondria (0.1

0.2 mg protein/mi) were incubated in either SRB or PSRB, and

treated for 10 minutes. Samples were centrifl.iged at 10,000 x g for 1 minute in a

microcentrifuge, and the supernatants were extracted as described above. Phenol
extraction of pellets that had been treated with spermine and resuspended in PSRB

displayed altered protein profiles on comassie-stained SDS gels indicating that
spermine in the presence of PEG prevented some protein from being solubilized from

intact mitochondria during extraction.

However, protein profiles of pellets

resuspended directly into SDS loading buffer (no phenol extraction) were not altered
by treatment with spermine and PEG. Therefore, pellets were resuspended directly in
67t1 sample buffer. All samples were boiled for 3 minutes and subjected to 14% SDS

gel electrophoresis and analyzed by protein blotting and detection with a mouse
monoclonal, anti-cytochrome c antibody from Pharmingen (San Diego, CA). Plantreactive bands co-migrated with bovine cytochrome c loaded as a marker.

In vitro Membrane Potential
Membrane potential was measured in vitro with Safranine 0 (Akerman et at., 1976).
A passive IC gradient, generated by the addition of valinomycin to mitochondria, was
used as a control for the Safranine 0 (5 riM) response to AWm. Changes in AWm were
measured by the AS 11-533 absorbance pair of Safranine 0.

Confocal Microscopy

A Leica DM IRBETCS confocal microscope equipped with an Omnichrome Ar/Kr

laser (Leica, Wetzlar, Germany), emission lines 488 and 568, and an INNOVA
Enterprise Ion Laser (Coherent, Santa Clara, CA) with UV output of 351-364 nm for

excitation was used for microscopy. Images were collected with a 40x/ 1.0-0.5 NA

Oil PL Fluotar objective.

Scanning and imaging was controlled by a computer

equipped with SCANware 5.0 software. For visualizing AWm directly in live tissue, 50

riM tetramethylrhodamine, methyl ester (TMRM), was added to tissue 10 minutes

prior to imaging. For visualizing AWm in tissue that was to be fixed, MitoTracker
Orange CIvITMRos (MTO) (Molecular Probes, Eugene, OR), a fixable potentiometric
dye, was added to live tissue at 500 nM for 30 minutes prior to fixation. P-protein was
used as a marker for mitochondria in fixed tissues. An Alexa 350 goat, anti-rabbit IgQ

conjugate (Molecular Probes, Eugene, OR) was used as a secondary antibody to the
rabbit anti-P-protein antibody (Wolpert and Macko, 1991) used to detect P-protein in
fixed tissues.

The epidermis was peeled off of the abaxial surface of 5-6 day old oat seedling
leaves and the exposed mesophyll side was floated on 20 mM MOPS (pH 6.5) with or

without victorin (20 ng/ml) for varying times prior to visualization with TMRM
TMRM was excited with the Ar/Kr 568 line, and fluorescence collected using a BP-

TRITC filter. Chioroplast auto-fluorescence was visualized by excitation using the
Ar/Kr 488-line with fluorescence collected using a LP-590 filter.

Oat leaf tissue treated with or without victorin was also incubated with MTO

prior to fixation.

Tissue was fixed for 4 hours (PHEM buffer including 4%

parafonnaldhyde, 0.1% Triton X-l00, 2% glycerol, and 5% DMSO), followed by a 20

minute wash (3 buffer changes) with PHEMI5% DMSO [60 mM PIPES, 25 mM
HEPES, pH 6.9 (NaOH), 10 mM EGTA, and 4 mM MgCl2], and then permeablized

using 2% Driselase and 1% Pectolyase (Sigma).

The tissue was washed with

PHEMI5% DMSO as above and then incubated for 45 minutes in 0.15% Triton X-100
(in PIHEMI5% DMSO). Triton X-lOO was removed by washing for 1 hour with PBS

(3 buffer changes). Washed tissue was incubated overnight at room temperature with

anti-P-protein antibody (1:1000) in PBS (137 mM NaC1, 2.7 mM KCI, 4.3 mM
Na21-1PO4, 1.4 mM KH2PO4, pH7.3) with 1 mglml BSA. The primary antibody was

washed away for 1 hour with PBS (3 changes), and the tissue incubated overnight at

room temperature with the secondary antibody (1:100) in the presence of 1 mg/mI
BSA. MTO was excited with the Ar/Kr 568 line, and fluorescence collected using a
BP-TRITC filter, while the Alexa 350 secondary antibody was excited with the UV
Laser, and fluorescence collected with a BP-440 filter.
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Summary

In this study we developed a time/space framework of events associated with cell
death induced by the host selective toxin, victorin. We show that victorin induces a
loss of mitochondrial motility that is likely a consequence of a sustained increase in

[Ca2], and precedes a collapse in mitochondrial transmembrane potential

(AWm)

that is indicative of a mitochondrial permeability transition (MPT). On a per cell
basis, the victorin-induced collapse in

mitochondrial population.

did not occur simultaneously in the entire

The collapse of

A'Jm

in a predominant population of

mitochondria in a cell preceded cell shrinkage by 20-3 5 minutes. Rubisco cleavage,
DNA laddering and victorin binding to the P-protein occurred concomitantly with cell

shrinkage. During cell shrinkage, tonoplast rupture did not occur, and membranes,

including the plasma membrane and tonoplast, maintained integrity.

After cell

shrinkage, victorin entered the cell and accumulated in mitochondria, as well as
distributing into the cytosol and vacuole, but did not permeate chioroplasts. Cell
shrinkage induced by 5 mM AOA, an ethylene synthesis inhibitor, resulted in victonn

distributing into the cytosol and the chioroplasts, but not the vacuole or the
mitochondria. Nontoxic quantities of AOA, or the ethylene mode of action inhibitor,
STS, inhibited the collapse in wmand victorin binding to the P-protein. Considering

that 1)

in vivo

victorin accumulates in mitochondria and binds to the P-protein in

tissue treated with victorin alone; 2) cell shrinkage itself, induced by 5 mM AOA, is

not sufficient for victorin to permeate mitochondria; and 3) 2 mM AOA and STS

inhibit A41m collapse and victorin binding to the P-protein, we suggest that the
victorin-induced collapse of

Atym

is a consequence of a MPT. The timing of the

victorin-induced MPT is poised to influence the form of PCD, and the lack of plasma

membrane and tonoplast rupture during cell shrinkage supports that victorin induces
an apoptotic-like cell death.
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Introduction

Victorin is a host selective toxin produced by Cochliobolus victoriae (Macko et al.,
1985, Wolpert et al., 1985, Wolpert et al., 1986), the causal agent of victoria blight of

oats (Meehan and Murphy, 1946). Victorin is required for pathogenesis, and both oat

sensitivity to victorin and susceptibility to C. vlctoriae are conditioned by the
dominant Vi' allele (Meehan and Murphy, 1947, Scheffer Ct al., 1967). Genetically,
the Vb allele is inseparable from Pc2 (Rines and Luke, 1985, Mayama ci al., 1995), an

oat gene that conditions resistance to specific races of Puccinia coronata f. sp. avenea

(Welsh et al., 1954), the causal agent of crown rust. Although victorin is causal to
host susceptibility to C. victoriae, the response induced by victorin is similar to the
defense response associated with elicitor-induced resistance, including rapid eel! death

(Wolpert et aL, 2002). Localized, rapid cell death in the context of resistance is

referred to as the hypersensitive response (HR) and is a common event during the
defense response elicited by avirulence determinants (avr) through a direct or indirect

interaction with corresponding resistance (R) genes (Hammond-Kosack and Jones,
1996).

The HR is a form of programmed cell death (PCD) (Heath, 2000, Lam et aL,

2001). Cell death induced by victorin is also a form of PCD (Navarre and Wolpert,
1999, Yao et at., 2001, Curtis and Wolpert, 2001, Wolpert et at., 2002). The defense-

like response induced by victorin and the genetic relationship between Vi' and Pc2, a

race-cultivar specific R gene, indicate that the host actively responds to victonn
ultimately initiating PCD.

In animals, PCD pathways culminate in 'organized' cell disassembly, which is

typically facilitated by a family of proteases called caspases (Thomberry and
Lazenbnik, 1998). Caspases function in cascades where activated initiator caspases

activate effector caspases, which cleave a diversity of substrates during PCD
(Budihardjo et al., 1999; Thornbeny and Lazenbnik, 1998).

Recent studies

demonstrate that cell shrinkage, a characteristic feature of PCD, is necessary for, and

precedes, a portion of the caspase-dependent cell disassembly (Maeno et al., 2000,
Okada et al., 2001, Yu et al., 2001). The cellular efflux of K and cr via specific
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Ca2t and ATP-regulated ion channels mediate cell shrinkage (Okada et al., 2001). In

contrast, necrotic cell death arises from a rapid loss of volume regulation and
subsequently, cellular swelling and lysis. The loss of volume regulation arises from
ion dysregulation, cytosolic

(Okada et al., 2001).

Ca2

Ca2

overloading, AlP depletion and generation of ROS

(Yu et al., 2001) and ROS (Curtin et al., 2002, Christophe

et al., 2002), depending on their concentration, and time and space distribution, are
recognized as regulators of both PCD and necrosis. In contrast, ATP depletion drives

necrotic cell death while PCD requires cellular energy (Dussmann et al., 2002, Leist et
al., 1999, Crompton, 1999, Kroemer et al., 1998).

A collapse in mitochondrial transmembrane potential (AWm), which is
considered to be an early, rate limiting, committal step to cell death (Kroemer et al.,
1998), precedes cell shrinkage during animal PCD (Kroemer et al., 1998, Zamzami et

al., 1995).

The collapse in ANJm is indicative of a mitochondrial permeability

transition (MPT) that is likely mediated by the irreversible opening of the permeability

transition pore (PTP) (Zoratti and Szabo, 1995). Opening of the PTP is promoted by

cell stress (for example, decreases in ademne nucleotides, oxidative stress, and
overloading of mitochondrial matrix Ca2) (Crompton, 1999, Lemasters et aL, 1998)
and 'death' signals, such as pro-apoptotic bcl-2 family members and caspases (Guo et
al., 2002, Marzo et al., 1998, Pastonno et al., 1999). A MPT results in the collapse of
AWm, generation of ROS, a cessation in ATP synthesis and a release of matrix solutes,

including

Ca2

(Kroemer et al., 1998). Irreversible opening of the PTP is also

associated with the release of apoptogenic proteins that are necessary for, or amplify,

caspase-dependent and caspase-independent PCD events (Thress et al., 1999,
Waterhouse and Green, 1999, Susin et al., 1996). In contrast, depletion of ATP,
cytosolic

Ca2

overload and ROS can promote necrotic cell death (Okada et al., 2001,

Crompton, 1999, Kroemer et al., 1998).

The relative rates of the necrotic promoting

events versus activation of downstream PCD events by the apoptogenic proteins are

thought to determine whether cell death will be necrotic or PCD (Kroemer Ct aL,
1998).
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Animal cells may also have mechanisms to release apoptogenic proteins prior
to irreversible opening of the PTP. Pro-apoptotic bcl-2 family members may promote

the release of apoptogenic proteins from the mitochondrial inner membrane space by

permeabilizing the outer mitochondnal membrane (OM) either directly or by
interacting with the voltage-dependent anion channel (VDAC/ponn) (Waterhouse et

al., 2002).

Alternatively, pro-apoptotic bcl-2 family members can induce PiP

flickering (Petronilli et al., 1999) that is sufficient to release apoptogenic proteins
(Pastorino, 1999). In these cases, release of the apoptogemc proteins could precede
collapse of the inner membrane Aim and activate downstream PCD events prior to the
depletion of ATP and/or cytosolic

Ca2

overload.

Similar to animals, changes in Ca2 (Levine et al., 1996, Navarre and Wolpert,

1999, Xu and Heath 1998), ROS (Jabs, 1999, Vranova et al., 2002, Neil, 2002), and
mitochondrial functions (Curtis and Wolpert, 2002, Lam et al., 2001, Yu et al., 2002,
Tiwari et al., 2002) and activation of caspase-like enzymes (Lam and del Pozo, 2000,

Woltering et al., 2002) may participate in plant PCD. Unique to plants is a possible

role for vacuoles during PCD (Kuriyama and Fukuda, 2002). Differentiation of

tracheary elements (TEs) into empty cell corpses (mature TE) provides such an
example.

Suspension-mesophyll cells derived from leaves of

Zinnia elegans

transdifferentiate into TEs via three defmable stages. PCD is initiated during stage III.

Initiation of PCD is associated with the presence of brassinosteroid, TB-distinct
secondary wall synthesis,

Ca2

influx and a cysteine protease (s) (Fukuda, 2000). A

significant event during TB death is the rupture of the tonoplast and collapse of the
vacoule. Rupture of the tonoplast results in the release of hydrolytic enzymes that are
thought to degrade the cytosolic constituents, a process referred to as autolysis (Obara

Ct al., 2001, Kuriyama and Fukuda, 2002, Groover et al., 1997). During autolysis,
organelles become disorganized and swollen, a typical feature of necrotic cell death in

animals (Groover et al., 1997). Although the rupture of the tonoplast drives cell death

by autolysis, rupture of the tonoplast is apparently regulated by a PCD pathway
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sharing conserved features with animal PCD such as a collapse in AWm (Yu et al.,
2002).

Alternatively, tonoplast rupture is apparently not involved in cell collapse
during the HR of cowpea epidermal cells to the cowpea rust fungus (Heath et al.,
1997). However, the HR in potato epidermal cells involves instantaneous cell collapse

that Freytag et al. (1994) suggests involves a breakdown of the 'entire membrane
system'. The mode of disassembly during the HR has been suggested to be different

for different host-microbe pairs (Heath, 2000). Considering the dramatic change in
cell compartmentation that occurs with tonoplast rupture, the timing of changes in the

integrity of the tonoplast during an HR would likely influence the host-pathogen
environment.

Alterations in mitochondrial function, similar to animal PCD, are also apparent

during plant PCD. The generation of ROS has been proposed as one mitochondrial
contribution to plant PCD (Lam et al., 2001, Jones, A., 2000). Several studies also
suggest that a change in mitochondrial permeability, similar to the MPT in animals,

occurs during plant PCD (Tiwari et al., 2002, Lacomme and Santa Cruz, 1999).
Recently, we demonstrated that isolated oat mitochondria can undergo a MPT, and

that the MPT is sufficient to permit victorin access to the mitochondrial matrix. In

addition, victonn induces an in vivo collapse in

'm

that is indicative of a MPT

(Curtis and Wolpert, 2002). in vivo, genotype specific binding of victorin to the
mitoehondrial matrix, localized P-protein (Wolpert et al., 1994, Wolpert and Macko,
1989) supports the notion that a change in mitochondrial permeability is induced by
victonn. As discussed above, the timing of changes in mitochondrial permeability in
animals can influence the form of cell death.

Cell death during host-pathogen interactions may be causal to resistance (Lam

et al., 2001, Maclean et al., 1974), or susceptibility (Govrin and Levine, 2000), or

alternatively, cell death may simply be a consequence of the disease interaction

(Kiraly et al., 1972).

The timing of cell death during different host-pathogen

interactions varies in relation to pathogen ingress. However, without knowing when
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PCD is initiated and how PCD contributes to the host-pathogen environment, the
temporal relationship between cell death and pathogen ingress is meaningless (Heath,

1981). Thus, it is important to establish a time/space framework of PCD in order to

In plants,

determine its contribution to disease resistance or susceptibility.

mitoehondrial dysfunction may be an early indicator of PCD initiation and changes in
the integrity of the tonoplast likely influence the host-pathogen environment.

In this study, we sought to develop a time and space framework of victorininduced PCD events including the loss of mitochondrial motility, collapse Of 'Wm, cell

shrinkage, DNA laddering, cleavage of the chloroplast-localized Rubisco large
subunit, and victorin binding to the P-protein. A fluorescent conjugate of victorin was

utilized in this study to allow visualization of the

in vivo

distribution of victorin and

for quantitation of victorin binding to the P-protein. The distribution of labeled
victonn and two additional dyes were used to infer the permeability and integrity of

the plasma membrane and the tonoplast. Inhibitor studies were also performed to
address the role of Ca2 and ethylene as regulators of victorin-induced PCD events.
Results

Quantitating the in planta victorin-induced loss of mitochondrial Era nsmembrane
potential (A IVm)

Previously, we demonstrated that victorin (20 ng

mF1)

induces the collapse of the

mitochondrial transmembrane potential (AVm) in victorin-sensitive oat mesophyll cells

(Curtis and Wolpert, 2002). By 2 hours, the majority of cells consistently lacked
TMRM-stained mitochondria. TMRM, a potentiometric dye, accumulates only in
mitochondria that maintain AWm. In this paper, we sought to quantitate and compare

the timing of AWm collapse relative to other events associated with victonn-induced

cell death such as DNA laddenng, Rubisco cleavage, cell shrinkage and victorin
binding to the P-protein. To detect victorin binding to the P-protein, we used a
fluorescein conjugate of victonn (VicFluor) at a concentration of 0.35
has an activity equivalent to 5-7.5 ng mF' victorin.

tg

mF', which
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Image collection for counting mitochondria stained with the potentiometric
dye, TMRAI in live tissue
Figure 9.

Peeled oat leaf slices were floated exposed mesophyll side down on a solution of 0.35 tg ml-'
fluorescien conjugated victorin (VicFluor), or without VicFluor (control), and 50 nM TMRM. At
selected time points, the abaxial mesophyll layer was viewed by confocal laser scanning microscopy
with excitation at 568 mn and emission collected with a TRITC BP filter to visualize TMIRM. The
images shown here are representative of 4 experiments. (A-D) Mesophyll cells floated on VicFluor and
viewed at 45, 95, 125 and 170 minutes. (E-F) Control mesophyll cells viewed at 60 and 210 minutes.
Bars, lOj.tm

Examples of mitochondria (m); upper focal plane nutochondria (ufm); cytosol with TMRM staining

(cyto); vacuole with TMRM staining (dv); vacuole excluding TMRM (ev); shrunken cell (sc);
chioroplast (cM); cell wall (ew) are indicated.

N
N
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As with native victorin, VieFluor induces the collapse of ALpm in oat mesophyll

cells. As shown in Figure 9, the cellular distribution of TIvIRM changes in response to

VicFluor. Initially, TMRM predominantly accumulates in the mitochondria and to a

lesser degree in the cytosol (Figure 9A). Prior to 90 minutes, cytosolic TMRM
staining is more intense relative to the vacuole in the majority of cells (Figure 9A).
Chioroplasts appear to exclude TMRM (Figure 9A-C). This staining pattern persists

in control tissue as shown in Figure 9E (60 miii) and 9F (210 miii). However, by 90120 minutes in VicFluor-treated tissue, the majority of cells display vacuolar TMRM
staining in addition to cytoplasmic staining (Figure 9B,C). Also, the majority of cells

lose mitochondrial motility between 90-120 minutes (Figure 15A).

Prior to 90

minutes, and in control tissue, mitochondria display lateral and horizontal movement
(Figure 15C). By 125 minutes (Figure 9C), VicFluor-treated cells have fewer TMRM-

stained mitochondria, suggesting that within a cell individual mitochondria lose Aqfm

while other mitochondria retain M'm. As shown in Figure 91), by 175 minutes there

are many cells that lack any TMRM-stauned mitochondria.

In addition, by 175

minutes, portions of the cell population are shrunken. In shrunken cells, TMRM is
retained in the cytosol (Figure 9D), and vacuoles lose TMRM staining. This suggests
that neither the plasma membrane nor the tonoplast ruptures.

To quantitate the loss of AWm in the population of abaxial mesophyll cells,
control and VicFluor treated tissue were sampled as follows: 1) For each time point,

images were collected from four different regions of the leaf slice, and 2) at each
region, images were collected from four focal planes (focal plane depth = A4 Inn) to
insure that at least three focal planes, including the upper focal plane (Figure 9F shows

upper focal plane mitochondria, ufm), were viewed for each cell. Mitochondrial
counts were made from the upper focal plane and the next two planes. At each region,

the number of TMRM-stained mitochondria was counted per cell from 15
nonshrunken cells, so that for each time point mitochondria were counted in 60 cells.

Thus, the cumulative mitochondrial counts in the three discrete focal planes (which
typically spanned half the cell volume) was used as an indication of the total cell
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mitochondrial population retaining

EuJJm,

although actual counts represent only a

fraction of the total cellular mitoehondria. Also, for each region, which typically

included 75-100 cells, the total number of nonshrunken and shrunken cells were
counted.

Thus, an average of 320 cells, including the 60 cells selected for

mitochondrial counts, were counted for each time point (within an experiment) for
control and VicFluor treated tissue.

To quantitate changes in the number of observable mitochondria per cell, a
total of four experiments were conducted with a total of six repetitions of controls and
VicFluor-treated tissue. The number of mitochondria observed per cell was organized

into 5 catagories including cells with 0; 1-5; 6-10; 11-20; and 21+ mitochondria, The
data for a representative experiment are indicated in Figure 10. Because shrunken cells

were never observed to contain TMRM-stained mitochondria (mitochondna
maintaining a

Wm), all shrunken cells were grouped into the category of '0

observable mitochondria per cell'. In addition to counting mitochondria in 60
nonshrunken cells in each region of the leaf and for all time points (as described

above), the total number of shrunken and nonshrunken cells were also counted.
Consequently, the data presented in figure IOA represent the percent of all cells with

the indicated number of mjtochondrja and include cells that had shrunken. However,

the data presented in Figure lOB represent the total number of observable
mitochondria only in nonshrunken VicFluor-treated cells.

In control tissue, the percentage of cells in each category remained relatively
constant, and the majority of cells typically had> ii observable mitochondria even at

the latest time point checked (355 minutes) (Figure IOA a-d). In contrast, by 95
minutes following treatement with VicFluor, the majority of cells contained < 11

observable mitochondria. By 175 minutes, there was a gradual increase in the
percentage of cells with < 5 observed mitochondria over time (Figure 10 e-g). By 220

minutes, the vast majority of cells treated with VicFluor had no observable
mitochondria (Figure 1OA h). These data indicate that VicFluor induces a progressive

loss of mitochondria maintaining

and all mitochondria do not lose their potential

A. # of mitochondria per cell in the total abaxial
mesophyll cell population
VicFluor-treated
Tissue
Tissue

B. # of mitochondria per cell
in nonshrunken cells
VicFluor-treated
Tissue

lee

a95'

iControl

4$

00

40

19

3$

0

3.

5O

25

40

20

30

000
$0

E
0

b

1 130'

120'

(2
CD

4$

oo

40

701

1

3$

60

30

e-I-

so

-

i.e

'°c250'

207

40
30

2$
00

CD

to.

g175'

eO

70

10

9°0
)0)

00

04

30

3$

50
4$

15(2

30

10

J1LU20

0

9°

I

60

106

h220'

d355'

d 220'
60

10

10

0

1-5

6-10

11-20

iL
21+

0

1-5

640

11-20

60
50

40

10

30

15

20

10

10

5

0
21+

# of observable mitochondria per cell

0

1.5

6-10

11-20

21+

# of observable
mitochondria per cell

FigurelO. Timing of VicFluor-induced changes in mitochondrial transmembrane
potential (21

)

TMRM stained mitochondna were counted from images collected as described in figure 1. For each time
point, mitochondria were counted from 60 nonshrunken cells, and the total II of shrunken and nonshrunken
cells were counted, as described in the text and experimental procedures. Cells were grouped into categories
of 0, 1-5, 6-10, 11-20 or >21 observable mitochondna per cell. Shrunken cells had 0 observable
mitochondria. (A) The percent cells (of the total II of cells imaged) with a given # of mitochondria in
control tissue (a-d; black bars) or VicFluor-treated tissue (e-h; grey bars) over time in minutes. (B) The II of
nonshrunken cells with a given # of mitochondria over time in minutes. This data is representative of 4
experiments.
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simultaneously. Significantly, the data presented in Figure 2B, which only includes

VicFluor-treated cells that have not shrunk, clearly demonstrates that there is an
enrichment in the population of cells that contain 1-5 observed mitochondria (Figure

lOB, b,c) prior to an accumulation of cells with 0 observable mitochondna and
subsequent cell shrinkage. This trend was consistent among all four experiments.

Temporal relationship of 4

collapse to other events associated with cell death

Previously, we demonstrated that isolated oat mitochondria undergo a mitochondnal

permeability transition (MPT), which permits victonn access to the P-protein in the

mitochondrial matrix (Curtis and Wolpert, 2002). The victorin-induced collapse of

A.'jim in vivo and in vivo binding to the P-protein suggests that a MPT occurs in
response to victorin. Considering the central regulatory role of the MPT in animal

models of PCD, we were interested in the temporal relationship of

A'41m

collapse to

victorin binding to the P-protein, as well as to cell shrinkage, Rubisco cleavage and
DNA laddenng.

To compare the timing of the victorin-induced loss of

to the other events

associated with cell death, we plotted the rate of AWm collapse as the percent of total

cells with 0-5 mitochondria (including shrunken cells) as a function of time.

In

addition to counting mitochondria, the total number of nonshrunken and shrunken
cells from the same data sets were counted, and the percent of shrunken cells was
plotted as shown for an experiment in Figure 1 1A. The experiment plotted in Figure

I IA represents the slowest rate of VieFluor-induced

AJm

repetitions. There was leaf-to-leaf variability in the timing of

collapse out of the 6
&im

collapse, however,

the order of events was consistent among all experiments and repetitions. The first
observable events per cell were the loss of mitochondrial motility and an increase in

vacuolar TMRM staining (cells that had lost mitochondrial motility were observed
with and without vacuolar TMRM staining, so these two events were not consistently
ordered). Loss of mitochondrial motility, and an increase in vacuolar TMRM staining,
were followed by a decrease in the number of mitochondria with A*lJm. Also, the loss
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Figure 11.

Temporal relationship of the VicFluor-induced loss of mitochondrial

transmembrane potential (4 i,um) to biochemical markers of cell death

Peeled oat leaf slices were floated exposed mesophyll side down on a solution of 0.35 j.tg m14 fluorescien
conjugated victorin (VicFluor), or without VicFluor (control) for 1,2,3,4,5 or 6 hours prior to extraction
of protein (B) and DNA (C). Data for the collapse OfWm and cell shrinkage was adapted from the
experiments described in Figure 2. (A) Rate of Wm loss and cell shrinkage in the abaxial mesophyll
cell layer. The rate of iWm loss is represented by the percent of total cells with 0-5 mitoc
rate of cell shrinkage is the percent of total cells with a shrunken morphology. T
representative of four experiments. (B) Rate of Rubisco large subunit cleavage and VicFluor binding to
the P-protein. Cleavage of the Rubisco large subuint was detected by comaisse staining and quantified by
densitometry after protein separation on a 12% SDS-PAGE gel. P-protein labeled with Vicfluor was
detected and quantified by scanning fluorimetry after protein separation on an 8% SDS-PAGE gel. (C)
Time course of VicFluor-elicited DNA laddering. DNA was analyzed by ethidium bromide staining on a
1.5% agarose gel. Lanes 1,2,3,4,5,6 and 8: treated with VicFluor; Lanes 5 and 7: untreated controls.
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preceded cell shrinkage by a minimum of 20-35 minutes as shown in Figure

1 1A (loss of

Aym

preceded cell shrinkage by 20-35 minutes in 4 reps and 55-90

minutes in 2 reps). Among the 6 repetitions, 100% of the cells were shrunken by 160

(n=1), 175 (n=1), 210 (n=l), 220 (nl), and 250 (n2) minutes.
The average (n=4) rates of both in vivo VicFluor binding to the P-protein and
in vivo

Rubisco cleavage are presented in figure 1 lB. In figure 1 1C, a representative

DNA gel demonstrating the timing of DNA laddering is presented. All three of these

biochemical events represent all mesophyll cells, in contrast to the data obtained by

confocal microscopy, which only visualizes the abaxial mesophyll cell layer.
However, in cross-sections prepared from VicFluor treated tissue, the majority of
mesophyll cells are shrunken by 4 hours in all cell layers. The only nonshrunken

mesophyll cells were typically located in a single cell layer underneath vascular
bundles. Thus, based on the cross-sectioins, the rate of cellular shrinkage that occurs

at the abaxial mesophyll cell layer closely represents the rate of cellular shrinkage
through all the mesopohyll cell layers. Collectively, Figure 1 1A and 1 lB show that
cell shrinkage occurs concomittently with VicFluor binding to the P-protein, Rubisco

cleavage and DNA laddering. Collapse of Aqi precedes all these events by at least
20-35 minutes (Figure 1 1A).
Observations of cell shrinkage

Cell shrinkage is clearly a dramatic change in cell state, and so we were interested in
observing cell shrinkage in real time. Groups of mesophyll cells, lacking or with only

a few observable mitochondria that were proximal to cells that had already shrunk
were selected for time series image collection. A time series of images (12 seconds

per image) were collected for a maximum of 5 minutes. Because the cells of the
abaxial mesophyll do not respond with complete synchrony, selected groups of cells

sometimes were not observed to shrink within the 5 minutes interval.

Image

collection of these cells was not continued to avoid artifacts generated by
photobleaching or light-induced damage to the cell.
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Figure 12.

VicFluor-induced cell shrinkage

Peeled oat leaf slices were floated exposed mesophyll side down on a solution of 0.35 tg ml" fluorescien
conjugated victoria (VicFluor), and 50 nM TMRM (A) or 6 .tM neutral red (B). Unshrunken cells were
selected as described in the text and a series of images collected at 12-second intervals by confocal
scanning laser microscopy. TMRM and neutral red were excited with the 568 laser line and emission
collected with a TRITC BP filter. (A) VicFluor treated tissue stained with TMRM. The initial image
was designated as time 0 seconds, with the subsequent images collected at 84, 96 and 120 seconds. The
images are representative of 4 replicates. (131) VicFluor-treated tissue stained with neutral red prior to
the onset of shrinkage. (132) VicFluor-treated tissue stained with neutral red. The initial image was
designated as time 0 seconds, with the subsequent images collected at 12 and 24 seconds. The images
are representative of 6 replicates. Bars, 10 pin
Examples of cytosol with TMRM or neutral red staining (cyto); vacuole with TMRM staining (dv);
vacuole excluding TMRM or neutral red (ev); shrunken cell (Sc); chioroplast (cM); cell wall (cw).
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Figure 12A demonstrates victorin-induced cell shrinkage. Shrinkage was

observed on 4 occasions (in 3 separate experiments), and each time occurred as
demonstrated in Figure 12A. Interestingly, cells shrunk in pairs, and the pairs were

within the same cell file. Just prior to shrinkage (Figure 12A, 84 sec), and during
shrinkage, there is a redistribution of TMRM such that TMRM becomes excluded
from the vacuole (Figure 12A, 96 see). As the cell shrinks, the ebloroplasts round up

and are no longer pressed against the periphery of the cell (Figure 4A, 96 sec), and
regions of the plasma membrane and adjacent cytosol move away from the cell wall

(Figure 12A, 120 see). Other regions of the plasma membrane and adjacent cytosol
remain positioned next to the cell wall (Figure l2A, 120 see). In addition, cytosolic
TMRM staining persists in shrunken cells, indicating that both the plasma membrane
and the tonoplast maintain integrity.

The apparent lack of tonoplast rupture during cell shrinkage was also evident

after staining cells with neutral red, a dye that accumulates in the acidic, vacuolar
compartment. In controls and early time points of VicFluor-treated tissue, neutral red
accumulates and remains only in the vacuole (Figure 12B1). However, as shown in
Figure 12B2, VicFluor treatment results in neutral red staining of both the vacuole and

cytosol before cell shrinkage. This is obvious by the negative staining of chioroplasts
(Figure 12B2, 0 sec) and is similar to what is observed during TMRM staining (Figure

12A) prior to cell shrinkage.

Just prior to, or during shrinkage (again much like

TMRM staining), neutral red is redistributed such that it is excluded from the vacuole,

resulting in negative staining of the vacuole with an increase in cytosolic neutral red

staining (Figure 12B2, 24 see). In addition, neutral red was observed apparently
redistributing to an adjacent, shrunken mesophyll cell (Figure 12B2, 12 and 24 sec).

In the newly shrunken cell and adjacent cell, neutral red redistributes only into the
cytsolic compartment suggesting that compartmentation, and plasma membrane and
tonoplast integrity, persists after cell shrinkage, as was indicated by TMRM staining.
This same sequence of events, including redistribution to adjacent, shrunken cells, was
observed 6 times in 3 separate experiments.
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Plasmolysis is a physiological form of cell shrinkage that occurs in response to

a hyperosmotic solution. Oat mesophyll cells stained with neutral red and floated on a

solution of 0.3 M sorbitol are shown in Figure 131 The vacuole dominates the cell

volume and thus, the shape of the vacuole, as visualized by neutral red staining,

reflects the shape of the

cell.

In mesophyll cells undergoing plasmolysis,

invaginations are observed that cross the diameter of the cell (Figure 13J) and reflect

regions where the plasma membrane has pulled away from the cell wall because of
cell shrinkage. These invaginations are not observed in cells floated on 20 mM MOPS

in the absence of VicFluor. However, similar invaginations are observed in VicFluor-

induced shrunken cells (Figure 13K) that are visualized by VicFluor staining of the
cell.

Interestingly, a brief incubation of VicFluor-induced shrunken oat cells in a

solution of 3.4 Kda polyethylene glycol (PEG) with an osmolality> 1 osmol, results in

further shrinkage of the cell as visualized by VicFluor staining of the cell (Figure
13L). These results further support that membranes retain integrity after shrinkage.

VicFluor accumulates in mitochondria after cell shrinkage

Victorin conjugated to fluorescein (VicFluor) can be visualized by excitation at 488

and collecting emission with a FITC BP filter. Prior to cell shrinkage, VicFluor is
predominantly visible in the cell wall and is apparently excluded from the cell (Figure
13A). As shown in Figure 13A-C, VicFluor enters the cell after cell shrinkage (Figure

13B,C). By 230 minutes, all cells are shrunken and stained intensely with VicFluor.

In addition, invaginations are observed (Figure 13C,K; as discussed above) and
VieFluor accumulates in mitochondria (Figure l3C,K). Accumulation of VicFluor in
mitochondria was confirmed by immunolocalization (in VicFluor treated fixed tissue)

of the mitochondrial matrix localized P-protein. In fixed tissue, VicFluor colocalized
with the anti-P-protein antibody (data not shown).

In the FITC BP filter, with excitation at 488 nm, there is weak chloroplast
autofluorescence. In the absence of VicFluor (either in control tissue or tissue treated

with 7.5 ng ml' victorin, D-F) the predominant signal present is due to chioroplast
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Figure 13. Distribution of VicFluor in shrunken cells

Peeled oat leaf slices were floated exposed mesophyll side down on a solution of 0.35 j.tg mi
fluorescien conjugated victorin (VicFluor), or 7.5 ng m1' victorin. At selected time points, the abaxial
mesophyll layer was viewed by confocal laser scanning microscopy with excitation at 488 nm and
emission collected with a FITC BP filter to visualize VicFluor. The images shown here are
representative of at least three replicates. (A-C) Mesophyll cells treated with VicFluor and viewed at
110 minutes (A) and 230 minutes (B,C). (D-F) Mesophyll cells treated with victorin and viewed at
120 minutes (D) and 240 minutes (E,F). (G4) Mesophyll cells treated with VicFluor and viewed at
260 minutes. (H) is a digitally magnified image of the circled area in (G). In (I), chloroplast
autofluorescence was collected with excitation at 488 nm and emission collected with a LP-665 filter.
(J) Mesophyll cells were floated on 300 mM sorbitol in the presence of 6 ILM neutral red that was
visualized by excitation at 568 nm and emission collected with a TRITC EP filter. (K) Mesophyll cells
treated with VicFluor and viewed at 240 minutes. (L) Mesophyll cells treated with VicFluor at 300
minutes after a 10 minute preincubation in a solution of 3.4 Kda PEG (>1 osmol). Bars, 10 .tm
Examples of shrunken cell (sc); nonshrunken cell (nc); chioroplast (chl); mitochondria (m);
autofluorescence (at); neutral red (nr); invagination (mv); VicF (VicFluor) are indicated.
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autofluorescence (Figure 13 D-F). Some shrunken cells do contain autofluorescent
vesicles as shown in Figure 13F. Typically, this autofluorescence appears as speckles,

but occasionally vesicles appear that have a similar appearance to that of a VieFluor-

labeled mitochondria. However, vesicular autofluorescence in fixed victorin-treated

cells did not colocalize with anti-P protein antibody (data not shown). This result
confirms that the intensely stained punctate bodies in VicFluor stained shrunken cells

(Figure 13C) are mjtocliondrja that have accumulated VicFluor. Also, in VieFluor

stained cells, the chioroplasts appear negatively stained (Figure 13B,C) suggesting
VicFluor is excluded from the chioroplasts.

In the majority of shrunken cells, VicFluor accumulated in the cell, and in the

same cells, chioroplasts, as visualized by autofluorescence, maintained a distinct
shape. In contrast, a minor population of cells (< 1% of the total cells), as shown in

Figure 13G and 13H, did not accumulate VicFluor. These cells typically contained
autofluorescent vesicles that were larger than mitochondria. In addition, chioroplast
autofluorescence (detected by excitation at 488 urn and emission collection with a LP

665 filter) was weaker than that found in shrunken cells, and the chioroplasts in this

minor population of cells did not have a distinct shape (Figure 131). These cells
appear to have lost compartmentation and may represent cell death by necrosis, which
is likely caused while peeling off the abaxial epidermal cell layer.

La3

inhibition of VicFluor-induced events associated with cell death

Previously, Navarre and Wolpert (1999) demonstrated that

La3

inhibited victorin-

induced disease symptoms in a whole leaf assay and inhibited Rubisco cleavage in a
leaf slice assay (the epidennis was not removed). Inhibition of Rubisco cleavage was

achieved with 1 mM

La3

in the presence of 100 ng mF' victorin, and was effective

when added as late as 2 hours after victorin. As shown in Figure 14, 100 jtM

La3

effectively inhibited VicFluor-induced Rubisco cleavage and DNA laddering in leaf

slices with the epidermis removed. Inhibition by

La3

was effective when added as

late as 60 minutes after VicFluor, but La3 was unable to inhibit when added 90
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Figure 14.

inhibition of VicFluor-induced biochemical markers of cell death.

Peeled oat leaf slices were floated exposed mesophyll side down on a solution of 0.35 j.tg rn!4
fluorescien conjugated victorin (VieFluor), or without VicFluor (control). La3 (100 JLM) was added
at the same time as VicFluor (0 time) or at 30, 60 or 90 minutes after VicFluor. 4 hours after VicFluor
treatment, tissue was extracted for DNA and protein. (A) P-protein labeled with VicFluor was
detected and quantified by scanning fluorimetry after protein separation on an 8% SDS-PAOE gel.
(B) Cleavage of the Rubisco large subuint was detected by comaisse staining and quantified by
densitometry after protein separation on a 12% SDS-PAGE gel. (C) DNA was analyzed by ethidium
bromide staining on a 1.5% agarose gel. The data presented here is the average (A,B), or
representative of (C), 4 experiments.
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Figure 15. La3

inhibition of VicFluor-induced loss ofmitochondrial dynamics

Peeled oat leaf slices were floated exposed mesophyll side down on a solution of 0.35 pg mi fluorescien
conjugated victorin (VicFluor), or without VicFluor (control), and 50 aM TMRM. Images were collected
with excitation at 568 nm and emission collected with a TRITC BP filter. Mitochondrial dynamics was
assessed by collecting a time series of 4 images each 12 seconds apart at 100 minutes after VicFluor
treatment. The first image was then false-colored white, and the last image false-colored green, and then the
images were combined. Mitochondria that are not moving thus appear purple. La3 (100 jiM) was added at
the same time as VicFluor (0 time) or at 30, 60 or 90 minutes after VicFluor, and then dynamics assessed at
100 minutes after VicFluor treatment.
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minutes after VieFluor (Figure 14B,C). La also inhibited VicFluor binding to the P-

protein (Figure 14A) although not as effectively as VicFluor-induced Rubisco
cleavage (66% inhibition of VicFluor binding to the P-protein; 98% inhibition of
Rubisco cleavage).

La3

inhibited both responses when added as late as 60 minutes

after VicFluor, but was unable to inhibit when added 90 minutes after VicFluor.

Mitochondria in control tissues stained with TIvIRM are motile, moving

laterally as well as in and out of the focal plane (up and down). To evaluate
mitochondrial motility, a time series of 4 images were collected and animated, which

clearly demonstrated that mitochondria were dynamic. For Figure 15, mitochondrial
motility is shown by false-coloring the first image, white and overlaying it on the last
image, which was false-colored green. If mitochondria lack motility this results in an
overlay of white and green, yielding purple. As shown in Figure 1 SC, mitochondria in
the mesophyll of untreated leaf tissue maintain motility, and time series overlays result

in predominantly white and green punctate bodies. In contrast, by 100 minutes,
mitochondria in VicFluor treated tissue lose motility resulting in predominantly purple
punctate bodies (Figure 1 5A). Mitochondria in leaf tissue treated with VicFluor in the

presence of 100 jiM La3 maintain motility (Figure 15B), and La3 inhibited VieFluor-

induced lose of mitochondrial motility when added as late as 60 minutes after
VicFluor (Figure 15D,E).

La3

added at 90 minutes was ineffective at preventing, or

reversing, the loss of mitochondrial motility (Figure 1SF). Furthermore, in tissue
treated with La3 prior to 90 minutes, mitochondria maintained wm in the presence of

VicFluor, while La

added 90 minutes after VicFluor was ineffective at preventing

the VieFluor-induced loss of AWm (data not shown).

Inhibition of VicFluor-induced events by ethylene inhibitors

Previously, Navarre and Wolpert (1999) demonstrated that the ethylene inhibitors,

aminooxyacetic acid (AOA) and silver thiosulfate (STS), delayed symptom
development in a whole leaf assay and victorm-induced Rubisco cleavage in a leaf
slice assay (without the epidermis peeled off). As shown in Figure 16, both AOA and

STS were effective inhibitors of VicFluor-induced Rubsico cleavage and VicFluor

binding to the P-protein. Both inhibitors also inhibited DNA laddering (data not
shown). STS and AOA were also effective at inhibiting the VicFluor-induced loss of

mitochondrial motility (data not shown) and

'm, as shown in Figure 17. By 250

minutes, oat mesophyll cells treated with VicFluor alone are shrunken,, and TMRM is

only present in the cytosol (Figure 17B). In contrast, in the presence of 1 mM STS
(Figure 17D) or 2 mM AOA (Figure 17F), VicFluor treated mesophyll cells retain
AkVm, and TMRM is predominantly in the mitochondria. However, by 300 minutes

(Figure 17F), in tissue treated with VieFluor and 2 mM AOA, mitochondria lost
motility, and TMRM staining was diffuse, present in both the cytosol and vacuole. In
contrast, in tissue treated with VicFluor and STS, TMRM remained excluded from the

vacuole, and mitochondria retained dynamics as late as 330 minutes, the last time
point checked (data not shown). STS (Figure 17C) or 2 mM AOA (Figure 17E) alone

have no obvious effect on oat mesophyll cells. Inhibition, or delay (in the case of 2
mM AOA), of VieFluor-induced loss of mitochondrial motility and AWm collapse by

these ethylene inhibitors suggest ethylene has a significant role in promoting the
VicFluor-induced MPT.

In contrast to treatment with 2 mlvi AOA,, 5 mM AOA was detrimental to oat

mesophyll cells. 5 mM AOA alone caused a loss of mitochondrial motility (typically

between 50-90 minutes), a reduction in the number of observable mitochondria per
cell (typically between 90-150 minutes) and cell shrinkage (typically between 165-220

minutes) in 4 experiments (data not shown). Thus, 5 mM AOA apparently induces
cell death that, similar to victorin, involves a loss of mitochondrial motility and AWm,

as well as cell shrinkage. These three events induced by 5 mM AOA occurred in the
same order at approximately the same rate as in tissue treated with VicFluor alone.

However, cells that shrink in tissue treated with 5 mM AOA and VicFluor versus
tissue treated with only VicFluor have distinct differences in the permeability of the
vacuole, cbloroplasts and mitochondna.

I
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Figure 16. Inhibition of VicFluor-induced biochemical markers of cell death by
AOA orSTS.
Peeled oat leaf slices were floated exposed mesophyll side down on a solution of 0.35 j.tg ml'
fluorescien conjugated victorin (VicFluor), or without VicFluor (control), in the presence of 1, 0.5,
0.2, 0.1 mM STS (A-C) or 5,4,3,2, or 1 mM AOA (D-F). 4 hours after VicFluor treatment, tissue
was extracted for DNA and protein. (A,D) P-protein labeled with VicFluor was detected and
quantified by scanning fluorimetry after protein separation on an 8% SDS-PAGE gel. (B,E)
Cleavage of the Rubisco large subunit was detected by comaisse staining and quantified by
densitometry after protein separation on a 12% SDS-PAGE gel. (C,F) Poteins labeled with
VicFluor were detected by scanning fluorimetry after protein separation on an 8% SDS-PAGE gel.
The data presented here is the average (A,B,D,E), or representative (C,F) of 3 experiments.
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Figure 17. Inhibitionof VicFluor-induced collapse in mitochondrial transmembrane
potential (zl yi) by AOA and Si'S
Peeled oat leaf slices were floated exposed mesophyll side down on a solution of 0.35 ig mi-1 fluorescien
conjugated victorin (VicFluor), or without VicFluor (control), in the prescence of 1 mM STS (D,E), 2
mM AOA (C,F) or 5 mM AOA (G,H,J,K). At selected time points, the abaxial mesophyll layer was
viewed by confocal laser scanning microscopy with excitation at 488 nm and emission collected with a
FITC BP filter (A-F, H), or with excitation at 568 nm and emission collected with a TRITC BP filter
(G,I), or a LP-665 filter (J-L). (A) Control tissue at 300 mm. (B) ViFluor treated tissue at 230 mm. (C)
STS alone at 280 mm. (D)VicFluor treated tissue with 1 mM STS at 255 mm. (E) 2 mM AOA alone at
310 mm. (F) VicFluor treated tissue with 2mM AOA at 300 mm. ((3) 5 mM AOA alone at 120 mm. (H)
VicFluor treated tissue with 5 mM AOA at 185 mm. (I) VicFluor alone at 130 miii. (J) Chioroplast
autofluorescence of the cells in (3. (K) Chioroplast autofluorescence of the cells in H. (L) Chioroplast
autofluorescence of the cells in I. Bars, 10 pm
Examples of mitochoadria (iii); cytosolic TMRM staining (cyto); vacuole with TMRM staining (dv);
vacuole excluding TMRM (ev); shrunken cell (Sc); chloroplast aggregate (Ca); chloroplast envelope (ce);
thylakoids (thy).
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After cell shrinkage in the presence of 5 mM AOA in combination with
VicFluor, VicFluor distributes into the cytosol and is visible as punctate aggregates

associated with the chioroplasts, but does not permeate the vacuole or appear to
accumulate in mitochondria (Figure 17H).

In contrast, after cell shrinkage in the

presence of only VicFluor, VicFluor permeates the vacuole, staining the cell diffusely,

and accumulates in mitochondria, but is apparently excluded from the chloroplasts
(Figure 13C,K). The permeability of chloroplasts, but not niitochondria, to victorin in

tissue treated with 5 mM AOA is also reflected by VieFluor binding to the Rubisco

large subunit, but not the P-protein as shown in Figure 16F. In contrast, in tissue
treated with

only

VicFluor, victorin binds to the P-protein but not the Rubisco large

subunit (Figure 16C). Finally, in tissue treated with

only

VicFluor, chioroplasts often

have a rounded-up appearance after cell shrinkage (Figure 171; 12A at 120 sec) but not

prior to cell shrinkage. In contrast, in tissue treated with 5 mM AOA, chloroplasts
often appeared rounded-up prior to cell shrinkage (Figure 17G). The rounding up of

chioroplasts was apparent both by chioroplast counterstaining with TMRM (Figure

17G and 171) or by counterstaining with VicFluor (Figure 17H). In rounded up

chioroplasts, autofluorescence from the thylakoids typically did not fill the entire
space counterstained by TMRM or VieFluor. The chioropolast envelope likely forms
the boundary that is counterstained by TMRM or VicFluor (Figure 17J-L).

Although 5 mM AOA alone induces a loss of mitochondrial motility and ivm,

the lack of both victorin binding to the P-protein and accumulation in mitochondna
suggest that 5 mM AOA induces cell death independent of a MIPT. This is consistent

with the apparent role of ethylene in promoting the VicFluor-induced IvIPT as
indicated by STS and 2 mM AOA inhibition of VicFluor-induced LWm collapse.
Furthermore, the distinct differences in the permeability of the vacuole, chloroplasts,
and mitochondria after cell shrinkage induced in tissue treated with 5 mM AOA versus

tissue treated with VicFluor alone, indicates that the process of cell shrinkage itself
does not determine the permeability properties of cell membranes. Therefore, the
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binding of victorin to the P-protein in tissue treated with VicFluor indicates that the
VicFluor-induced collapse in AWm is indicative of a MPT.

Discussion

Vi ctori n-induced collapse of mitochondrial transmenzbrane potential (4 w1.J
precedes cell shrinkage and biochemical markers ofPCI)
In animals, a MPT, mediated by the permeability transition pore (PTP), is typically

considered to be a rate-limiting and committal step during PCD (Kroemer et al.,

1998). A MPT results in the collapse of Aw. Recently, we demonstrated that oat
mitochondria in vitro can undergo a MPT and that victorin induces an in vivo collapse

of

'm indicative of a MPT in sensitive oat tissue (Curtis and Wolpert, 2002). The

MPT in vitro is sufficient to permit victonn access Co the mitochondrial matrix
localized P-protein, and we suggested that a MPT in vivo accounts for genotypespecific binding of victorin to the P-protein. In this work, we present further evidence

that victorin binding to the P-protein depends on a MPT and that loss of

tim,

indicative of a MPT, precedes cell shrinkage, Rubisco cleavage, DNA laddering and
detectable victorin binding to the mitochondrial localized P-protein.

The victorin-induced collapse of i1m preceded cell shrinkage by at least 20-3 5
minutes.

Rubisco cleavage, DNA laddering and victorin binding to the P-protein

occurred concomitantly with cell shrinkage (Figure 11).
collapse in

The lag phase after the

I'm is likely sufficient for changes in mitochondnal function to influence

the coordinated pathways that regulate Rubisco cleavage, DNA laddering and cell
shrinkage. In animals, a MPT is associated with the release of apoptogenic proteins

including procaspases, cytochrome c, Smac/Diablo, Endo G, HtrAL/Omni, and

apoptosis-inducing factor (AIF) (Parone et at., 2002, Ravagna et al., 2002).
Procaspases, cytochrome c and Smac/Diablo influence the activity of caspases and
subsequent proteolytic cascades, where as AIF, Endo G and HtrAL/Omni influence

caspase-independent PCD events.

Preliminary evidence indicates that victorin-

induced Rubisco cleavage is the end result of a proteolytic cascade that involves
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caspase-like activity (Coffeen and Wolpert, unpublished). Also, induction of a MPT

in isolated plant mitochondria does result in the release of mitochondrial proteins
including cytochrome c (Curtis and Wolpert, 2002, Arpagaus et al., 2002), Whether
or not a plant mitochondrial protein can directly regulate the effector phase of PCD
remains to be seen.

In addition to releasing apoptogeme proteins, the MPT in animals also results
in the release of mitochondrial matrix solutes, including Ca2, the generation of ROS,

and a cessation in ATP synthesis. Yao et al. (2002) recently suggested that victorin
induces a mitochondrial oxidative burst that precedes a collapse in AVm. Generation
of intracellular ROS was detected using reduced dichiorofluorescein, which fluoresces

after oxidation by ROS. The mitochondrial potentiometric dye, Mitotracker Red, was

used to detect Aim. However, Mitotracker Red covalently cross-links to proteins and
is not necessarily released from mitochondria after a collapse of Aiy (Scorrano et al.,
1999).

Therefore, it is not clear whether the generation of ROS precedes or follows

the victorin induced A'.IJm collapse.

Nonetheless, victorin apparently does induce

mitochondrial generation of ROS (Yao et al., 2002). Chloroplasts also may provide a

source of ROS in response to victorin. Navarre and Wolpert (1999) detected light-

dependent lipid peroxidation in victorin treated leaf slices. In the present study,
however, all treatments were done in the dark so the chioropolast contribution to ROS

generation was likely minimal if any. Mitochondrial generation of ROS is thought to

promote PCD in plants although the mechanism by which ROS induces cell death is
not known (Neil et al., 2002).

Cell shrinkage, in animals, is regulated by the release of K and Cl via ion
channels that are regulated by

Ca2

and ATP, respectively (Okada et al., 2001). In

plants, cytosolic Ca2 ([Ca2}) is known to partcipate in coordinating K/CF efflux
during stomata! closure (McAinsh et al., 1997, Ward and Schroeder, 1994). Stimulus-

induced changes in guard cell [Ca210 exhibit a complex time and space distribution.

In addition, oscillation patterns of

[Ca2j0

are correlated with the extent of stomatal

closure (McAinsh et al., 1995). In animals, several groups have proposed that
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mitochondria may contribute to [Ca2i0 oscillations by a Ca2tinduced PTP-mediated

Ca2 release (mCICR) mechanism (Ichas et al., 1997, Evtodienko et aL, 1994, Pacher
and Hajnoczky, 2001). Pacher and Hajnoczky (2001) suggest that mCTCR is involved

in propagating a wave, which often took 30 minutes from initiation to completion, of
mitochondrial commitment to the apoptotic response.

As discussed below, victorin likely induces a sustained increase in [Ca2i0
that may promote the collapse in AJm by increasing matrix

[Ca21.

In oat mesophyll

cells, the mitochondrial population does not lose Lu.i simultaneously (discussed
below).

Thus, the victorin-induced MIPT could create oscillations, by releasing

accumulated matrix Ca2, in

[Ca24]0

that contribute to coordinating downstream

events such as cell shrinkage. Ruthenium red, an inhibitor of organellar calcium

channels, does partially inhibit victorin-induced Rubisco cleavage (Navarre and
Wolpert, 1999). In addition, La3, an inhibitor of extracellular Ca2 influx, loses its
efficacy as an inhibitor of victorin-induced AMJm and cell shrinkage if added after the

likely sustained increase in [Ca2}0 (discussed below). The results with mthenium

red and La

suggest intracellular stores of Ca2 could be involved during victonn-

induced PCD.

A MPT also results in depletion of ATP in addition to releasing Ca2 and
generating ROS. Depletion of ATP promotes necrosis, while PCD is an active process
requiring energy. In animals, pro-apoptotic bcl-2 family members may promote the

release of apoptogenic proteins prior to irreversible opening of the PTP and collapse of
the

Wm, thereby promoting PCD prior to the depletion of ATP (Waterhouse and

Green, 1999, Kroemer et al., 1998). In addition, within a single animal cell, a fraction
of the mitochondria can undergo a MPT, while the remaining mitochondria retain

Ai.Jm

(Lemasters et al., 1998). As shown in Figure 2B, victorin induces a decrease in the
number of mitochondria maintaining

AJm

per cell prior to the increase in the number

of cells with no observable mitochondria. This result demonstrates that victorin
initially induces a collapse in AWm in a subfraction of the mitochondria within a cell.
The remaining mitochondria lose AWm just prior to cell shrinkage. Thus, a
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subpopulation of mitochondria likely respond to 'death' signals or cellular stress,
induced by victorin, by undergoing a MPT to promote the cell death process, while a
different subpopulation of mitochondria continue to generate energy to keep necrotic
events in check.

The victorin-induced collapse

to the P-protein (Figure 1 IA,B).

Of AjJm

also precedes detectable victorin binding

Binding of victoria to the P-protein occurred

concomitantly with cell shrinkage. Prior to cell shrinkage, as observed by confocal

microscopy, victorin is predominantly extracellular (Figure 13A).

Alter cell

shrinkage, victorin enters the cell and accumulates in mitochondria. The P-protein

binding data support what was observed by microscopy.

These results also

demonstrate that victoria binding to the mitochondrial matrix-localized P-protein
occurs in the mitochondrial matrix. Although victoria binding to the P-protein occurs
after cell shrinkage, cell shrinkage alone is not sufficient to permeabilize

mitochondria. As discussed below, victoria binding to the P-protein does not
accompany cell shrinkage induced by toxic quantities of 5 mM AOA, an ethylene
synthesis inhibitor, although victorin is clearly present in the cytosol (Figure 17J).

Thus, these results are consistent with the hypothesis that the

Ll4Jm

collapse is

indicative of a MPT that permits victoria access to the mitochondrial matrix and
binding to the P-protein (Curtis and Wolpert, 2002).

Inhibition of victorin-induced events by La3

Previously, La3, an effective, specific inhibitor of Ca2 influx, was shown to inhibit
victoria-induced symptom development and Rubisco cleavage (Naverre and Wolpert,

1999). The MPT induced in isolated oat mitochondria is promoted by an increase in

matrix Ca2, thus we suspected that inhibition of Ca2 influx by La3 would also
inhibit the victorin-induced collapse in Wm. In this study, La3 inhibited all events
elicited by victorin including the loss of mitochondrial motility and
shrinkage, DNA laddering and Rubisco cleavage.

La3

AMJ

collapse, cell

was an effective inhibitor if

added up to 60 minutes after victorin, but did not inhibit any of the victorin-induced
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events if added 90 minutes after victorin, the time at which the majority of cells
typically lose mitochondrial motility. Thus, the effectiveness of La3 inhibition was

associated with its ability to inhibit the loss of mitochondrial motility. The loss of

mitochondrial motility likely reflects an increase in [Ca21, partially as a
consequence of Ca2 influx, that results in a loss of actin-based mitochondrial
movement.

Gestel et al. (2002) demonstrated that mitochondrial movement in tobacco is
dependent on actin filaments and ATPase activity of myosin, a motor protein. Actinfilament elongation or actin-motor proteins can drive actin-based organaller movement

(Vantard and Blanchoin, 2002).

Ca24

can inhibit actin polymerization and myosin

activity. Profihin binds actin monomers that are bound to Ca24-ATP or bound to Mg2t

ATP. ActinCa2tATP monomers bound by profihin are not added to elongating actin
filaments.

However,

Ca24

inhibited actin polymerization via profihin requires a

substantial increase in cytosolic Ca24, because Mg24 typically has a greater cytosolic

concentration and can compete with

Ca2

(Vantard and Blanchoin, 2002). Myosin

mediated F-actin mitochondrial motility can also be inhibited by Ca24. In vitro, myosin

mediated F-actin mitochondrial motility is reversibly inhibited by Ca24 in the range of

10-l0 M, while concentrations of Ca2 > i0 M irreversibly inhibits myosin
mediated F-actin mitochondrial motility (Yokota et aL, 1999).

Thus, a sustained

increase in [Ca210 can inhibit both actin-motor and actin-elongation driven organelle
movement.

The finding that La34, which likely imparts its effects by inhibiting Ca24 influx,

cannot prevent the loss of mitochondrial motility when applied after 90 minutes
indicates that by 90 minutes influx in

Ca2

contributes to a sustained increase in

[Ca210. This sustained increase in [Ca24]00 appears to initiate a PCD pathway,
because the addition of
after 90 minutes is insufficient to inhibit any of the
victorin-induced PCD events.

A sustained increase in [Ca2]

has been demonstrated to be necessary for an

avr-R (avrRpmlLRPMl) induced HR in Arabidopsis (Grant et al., 2000), and the
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induction in parsley of defense responses to the nonhost elicitor, Pep-13 (Blume et al.,

2000). A prolonged increase in [Ca2]

was also detected during penetration of

cowpea epidermal cells by the cowpea rust fungus (Xu and Heath, 1998). The
increase was specific to resistant cells, and inhibited by

La3. Inhibition of the fungus-elicited increase in

Ca2

channel blockers such as

[Ca24]00

was accompanied by a

delay in the HR. The authors estimated that Ca2 increased from 100 to 600 nM.
Cytoplasmic streaming was detectable during this increase (Xu and Heath, 1998).
Cytoplasmic streaming relies on actin filaments (Jedd and Chua, 2002, Vantard and

Blanchoin, 2002), and as discussed above, actin-based dynamics are inhibited by a

substantial increase in [Ca2]. In a number of plant systems, an increase in
[Ca2}0 (5-6 M) have been associated with a cessation in cytoplasmic streaming

(Clarkson et al., 1988, Kohno and Shimmen, 1987, Williamson and Ashley, 1982).
Thus, the [Ca2]0 increase in cowpea-epidermal cells may not be sufficient to cause
the cessation of cytoplasmic streaming. However, cessation of cytoplasmic streaming
does occur in resistant cowpea epidermal cells 2-5 hours prior to cell collapse (Heath,

1997). Determining the {Ca2}0 at the time of cessation of cytoplasmic streaming in
this well-studied system would be of interest.

In animals, mitochondrial matrix Ca2 is thought to be a 'universal' inducer, if

there is one, of the MPT (Zoratti and Szabo, 1995). Animal mitochondria do have a
high capacity to store
external

Ca2

Ca2

(> 1000 nmol Ca2 mg' mitochondrial protein) and buffer

to below 1 pM (Nicholls and Akerman, 1982).

conditions when there is a sustained increase in

[Ca2100

However, under

at around 1-3 jiM,

mitochondrial Ca2 overload occurs and in the presence of P or peroxides, matrix Ca2

promotes a MPT (Crompton, 1999). Plant mitochondria typically lack high-affinity
Ca2

uptake, although high-affinity uptake as been demonstrated in artichoke and pea

mitochondria (Zottim and Zannoni, 1993). In addition, corn mitochondria can buffer
external

Ca2

to around 2 jiM (Martins and Vercesi, 1985) and have a significant

capacity to store

Ca2

(> 600 nmol Ca2' mg1 mitochondrial protein) (Dieter and

Marme, 1980). Initially, in victorin treated oat cells, mitochondria may buffer the
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sustained increase in

[Ca2]0

until matrix Ca2 concentration is sufficient to promote

a MPT. In support of this model, isolated plant mitochondria undergo a MPT in

response to mM

Ca2

(Arpagaus et al., 2002, Virolainen et al., 2002). In addition,

conditions that increase matrix

Ca2

promote the MPT in isolated oat mitochondria

(Curtis and Wolpert, 2002). A MPT in vivo may release Ca2 stores that reinforce the

decision of the cell to undergo PCD, and possibly contribute to the signaling
environment that leads to cell shrinkage and the biochemical markers of PCD.
Cell shrinkage occurs without tonoplast rupture

Apoptosis is a form of PCD that has distinct morphological features including cell
shrinkage. In plants, cell volume is dominated by a large central vacuole that typically

contains hydrolytic enzymes. The lytic vacuole is considered to be a key player
during the terminal differentiation of tracheary elements (TB). Execution of cell death

in TEs occurs as the tonoplast loses integrity and the vacuole collapses (Obara Ct al.,

2001, Kuriyama and Fukuda, 2002, Groover et al., 1997). Rupture of the tonoplast
results in the release of hydrolytic enzymes that degrade the cellular contents. This
form of PCD is referred to as autolysis and results in a cellular morphology distinct
from that of apoptosis.

Similar to differentiating TEs, oat mesophyll cells have a large central vacuole

that is directly visualized by the accumulation of neutral red in the vacuole as shown
in Figure 12131.

TMRM also stains the vacuole 90-120 minutes after victorin

treatment (Figure 9 B-D).

In contrast to TEs, cell shrinkage induced by victorin

occurs without rupture of the tonoplast. As shown in Figure 12A and 12B2, cell

shrinkage is accompanied by a redistribution of TMRM or neutral red out of the
vacuole while TMRM or neutral red persists in the cytosol. The cytosolic localization
of TMRM or neutral red after cell shrinkage is evident because dye staining shares the

same compartment as the chioroplasts and is confined to the volume bound by the

plasma membrane and the tonoplast.

This compartmentalized dye staining

demonstrates that neither the plasma membrane nor the tonoplast ruptures.
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Interestingly, neutral red that redistributed to the cytoplasm also flowed into

adjacent shrunken cells indicating that plasmadesmota were not closed.

In the

adjacent cell, neutral red did not stain the entire cell, but only the compartment
surrounding chioroplasts indicative of the cytosol. These results further demonstrate

that after victonn-induced cell shrinkage, compartmentation of both the plasma
membrane and tonoplast is maintained. Thus, apparently most membranes retain
integrity. Furthermore, these results support the inference that victorin induces an

apoptotic-like response and that execution of cell disassembly presumably involoving

the activation of lytic enzymes is distinct from autolysis mediated by tonoplast
rupture.

Victorin distrubition after cell shrinkage supports that membranes retain inegrity

Initially, the majority of victorin is excluded from the cell as shown in Figure 13A.
After cell shrinkage, victorin redistributes into the cell and accumulates most intensely
in the mitochondria as well as staining the majority of the cell diffusely indicating that

victorin is present in both the cytosol and the vacuole. Victorin is relatively excluded

from the chloroplasts as the chloroplasts are negatively stained (Figure 13B,C). The
distribution of victorin, after cell shrinkage, is different then the distribution of either
TMRM or neutral red, because victorin is not excluded from the vacuole. The distinct

distribution of these molecules indicates that the tonoplast has selective permeability
properties.

TMRM and neutral red are retained in the cytosol,

while

victorin

permeates the tonoplast. The selective permeability of the tonoplast further supports
that the tonoplast retains integrity.

The plasma membrane also retains integrity as demonstrated by victorin
staining of the cell as well as TMRM and neutral red staining. In the upper focal plane

of victorin-stained cells, invaginations, devoid of victorin, were present that often
crossed the diameter of the cell as shown in Figure 13K. Similar invaginations were
present in control cells that were stained with vacuolar neutral red and floated on 0.3
M sorbitol as shown in Figure 13J. In the presence of 0.3 M sorbitol, the oat cells
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under went a degree of plasmolysis and partially shrank. The invagination in the
presence of neutral red, results from a change in vacuolar volume that accompanies
shrinkage. Cell shrinkage also results in the plasma membrane pulling away from the

cell wall along the invagination. A similar cell morphology was observed following

victorin-induced cell shrinkage (Figure 13K). Thus, the invagination in victonntreated tissue demonstrates that, after cell shrinkage, vietorin is contained inside the

cell and is not present in the extracellular space. Furthermore, floating victorin-

induced collapsed oat tissue on 3.4 Kda PEG (> 1 osmol) resulted in a further
shrinking of the cell such that victorin was observed only at the periphery of the cell

cavity (Figure 13L) demonstrating that victorin is contained within the extremely
shrunken cell. The fact that victorin-shrunken cells can respond osmotically further
demonstrates that shrunken cells retain plasma membrane integrity.

In contrast to the majority of cells, there was a subpopulation of cells (< 1%)

that did not stain diffusely with victorin (Figure 13G-I). The shape of chioroplasts,
visualized by autofluorescence, in these cells was not defined, suggesting extensive
structural damage to the chioroplasts. This subpopulation of cells appeared to lack

membrane integrity and may have undergone necrotic cell death caused during
epidermal peeling.

FCD elicited by victorin depends on ethylene

Ethylene evolution has been shown to occur in response to victorin (Sham and
Wheeler, 1975), and AOA, an ethylene synthesis inhibitor, and silver thiosulfate
(STS), an ethylene mode of action inhibitor, have previously been shown to inhibit

victorin-induced symptom development (whole leaf assay) and Rubisco cleavage
(Navarre and Wolpert, 1999). Both AOA (2 mM) and STS (1 mM) were effective at

inhibiting all of the victorin-induced responses including the loss of mitochondrial
motility and collapse in zWm as shown in Figure 17.

Inhibition by 2 mM AOA

appeared to be more of a delay, instead of complete inhibition, because by 300
minutes mitochondria had lost dynamics. Ethylene appears to be involved in early

Ill
signaling events, because the inhibitors prevented or delayed all responses including

the earliest detectable event, the victorin-induced loss of mitochondrial motility.
These results are consistent with previous reports that ethylene promotes PCD (Wang
et al., 2002).

In contrast to 2 mM AOA, 5 mM AOA alone was toxic to oat cells and caused

a loss of mitochondrial motility and AkIIm as well as cell shrinkage. Treatment of
tissue with 5 mM AOA in the presence of VicFluor did not result in victorin binding
to the P-protein even though VicFluor was present in the cytosol after cell shrinkage.

This result demonstrates that victorin accessibility to the mitochondrial matrix is
dependent on a MPT, and cell shrinkage alone is not sufficient to permit victorin
access to the matrix. Thus, this provides further evidence that victorin binding to the

P-protein and the victonn-induced collapse in AjJm are distinct and likely the
consequence of a MPT.

Conclusions

In this paper we have examined the timing of events associated with victorin-induced

PCD, and changes in the permeability and integrity of cellular membranes. We show
that an early event induced by victorin is a loss of mitochondrial motility that is likely
a consequence of a sutained increase in [Ca2131t0, and precedes a collapse in iJm that

is indicative of a MPT. Influx of Ca2, and ethylene synthesis and action, were shown
to be necessary upstream of the victonn-induced loss of mitochondrial motility and the
MPT.

On a per cell basis, the victorin-induced collapse in AWm did not occur

simultaneously in the entire mitochondnal population. The fraction of mitochondria
that lose All/rn soon after the increase in [Ca24]0 likely act as signals for PCD while

the fraction of mitochondria that retain AWm could provide cellular ATP to prevent
necrotic cell death. The collapse of AWm in a predominant population of mitochondria

in a cell preceded cell shrinkage by at least 20-3 5 minutes. This lag phase may

provide an opportunity for mitochondria that undergo the MPT to influence the
coordination of cell shrinkage, Rubisco cleavage and DNA laddering, all of which

112

appeared to occur concomittantly. Thus, the timing of the victorin-induced MPT is
poised to influence the form of PCD.

We also show that detectable amounts of victorin are extracellular prior to cell

shrinkage. Bamng the possibility that biologically significant quantities of labeled

victorin are undetectable under these conditions, the results suggest that victorin
induces a response in sensitive oats by interacting with an extracellular or plasma
membrane localized host protein, which may be the product of the dominant Vb allele.

After cell shrinkage, the majority of victorin enters the cell and accumulates in
initochondria.

In addition, detectable victorin binding to the P-protein occurs

concomittantly with cell shrinkage. Thus, victorin binding to the P-protein appears to
be a consequence of the response induced by victorin, and not the cause.

We also show that cell shrinkage, as induced by toxic amounts of AOA, is not
sufficient to permit victorin access to the mitochondria even though victorin is present

in the cytosol. This result further demonstrates that a MPT most occur to permit
victorin access to the P-protein, and supports the hypothesis that the victorin-induced
collapse in Lkjim is a consequence of a MPT.

In animals, the timing of the MPT can influence the form of cell death,
whether PCD or necrosis, In plants, in addition to mitochondrial functions influencing

cell death, the rupture of the tonoplast can drive the process of cell death as it does
during TE differentiation. Under those circumstances, rupture of the tonoplast results
in degradation of organelles similar to what occurs during necrosis in animals. In this

work, we demonstrate that the tonoplast and the plasma membrane retain integrity
during and after cell shrinkage. Thus, the disassembly of oat cells in response to
victorin appears to occur by an apoptotic-like process as opposed to autolysis.
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Experimental procedures

Plant material and growth conditions

Oat (Avena sativa) seedlings were grown in a growth chamber with a 16 h
photoperiod at 24°C for 5-6 days with daily watering. The susceptible (toxinsensitive) line X469 and resistant (toxin-insensitive) line X424 were used.

Preparation offluorescein conjugated victorin (VlcFluor)
Victorm (1.0 mg) was incubated for 4 hours at 25°C in 1 ml of 0.1 M MES (pH 6.5;
KOH), 10% DMSO, and 1.0 mg of 5-carboxyfluorescein, succinimidyl ester (NHSFluorescein, Pierce, Rockford, IL). The fluorescein-victorin conjugate was purified
essentially as described for biotinylated victorin (Wolpert et al., 1988).

Confocal microscopy

A Leica DM IRBETCS confocal microscope equipped with an Omnichrome Ar/Kr
laser (Leica, Wetzler, Germany) with emission lines 488 and 568 was used. Images
were collected with a 401.0-0.5 NA Oil PL Fluotar objective. Scanning and imaging

were controlled by a computer equipped with SCAN WARE 5.0 software.

The

potentiometric dye, tetrametbyirhodamine, methyl ester (TMRM) was used for
visualizing AWm in abaxial mesophyll cells. TMRM was visualized with excitation at

568 nm and

emission collected using a BP-TRITC filter.

Chioroplast

autofluorescence was visualized with excitiation at 488 nm or 568 nm and emission
collected using a LP-665 filter. VicFluor was visualized with excitation at 488 nm and
emission collected using a BP-FJTC filter.

The epidermis was peeled off of the abaxial surface of 5-6 day-old oat seedling

leaves. For each treatment, 6- 0.25 x 1 cm leaf slices were cut from a single peeled

leaf and floated in a well (of a 12-well microtiter dish) with the exposed mesophyll
side in contact with the 20 mM MOPS (pH 6.5; KOH), 400 il incubation solution.
After peeling the last sample for an experiment, all the samples were placed in the
dark for 15 minutes. After 15 minutes, the incubation solution was replaced with the
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same MOPS buffer amended with 50 nM TMRM and placed in the dark for 10
minutes. VicFluor (0.35 tg ml') was then added to the solution (except for the
untreated controls and native victorin, 7.5 ng mF', treatments), and the samples were
placed into a water bath (25°C) in the dark. For inhibitor studies, AOA or STS was

added at the concentration indicated and at the same time as VicFluor.
added at the same time as VicFluor, or 30, 60 or 90 minutes after VicFluor.

La3

was

After adding treatments to the oat leaf slices, images were collected at varying

times by confocal microscopy. A single leaf slice from each treatment was used for
each time point. Typically, for each time point, confocal microscopy images of
VicFtuor, TMRM and chloroplast fluorescence were collected from four focal planes
(each 4 .tm deep), starting with the upper cell focal plane, at 3 regions of the leaf slice.

In addition, a series (time series) of four images (12 seconds per image) of a single

focal plane was collected at two regions of the leaf slice for assessment of
mitochondrial motility. Motility was evaluated by animating the series of four images.
To demonstrate motility in figure 15, the first image was false-colored white and the
last image was false-colored green, and then the images were combined.
Mitochondria that did not display motility appear purple. For time course experiments
Of AWm collapse, images were evaluated by counting the number of mitochondria with

ANJm per cell as described in the results section. For confirming accumulation of
VicFluor in mitochondria, untreated, victorin-treated and VicFluor-treated oat tissue
were fixed and probed with the anti-P-protein antibody as previously described (Curtis
and Wolpert, 2002).

The dynamics of cell shrinkage was observed in VicFluor treated tissue by
collecting a time series (12 seconds per image) of images of a single focal plane for up

to 5 minutes. If the selected cells did not shrink during the 5 minutes, another group
of cells was selected at a different region of the leaf slice. Cell shrinkage was
observed in leaf slices that were incubated with TMRM as described above. In a
separate experiment, VicFluor treated leaf slices were incubated in the absence of
TMRM and at selected time points a single leaf slice was transferred to an incubation

115

solution containing 6 tM neutral red. After 15 minutes, the neutral-red-loaded leaf
slice was briefly dipped in incubation solution without neutral red and then visualized
by confocal micrscopy. Collection of a time series of cell shrinkage in the presence of
neutral red was performed as described for TMIRM loaded cells.

For comparing plasmolysis to victorin-induced cell shrinkage, untreated oat
leaf slices loaded with neutral red and incubated for 15 minutes on a solution of 0.3 M

sucrose were visualized by confocal micrscopy. To evaluate if VicFluor shrunken
cells were osmotically responsive, VicFluor treated tissue, after collapse of the abaxial
mesophyll cell layer, was incubated for 15 minutes on a solution of 3.4 Kda PEG (> 1
osmol) and then visualized by confocal microscopy.

Cross sectioning of oat tissue

Oat leaf slices with the epidermis peeled off were prepared and floated on the MOPS

buffer as described for confocal microscopy. Oat tissue treated with 0.35 p.g mf1
VicFluor or untreated controls were fixed, 4 hours after adding VicFluor, in 4%
paraformaldehyde (0.1 M Sodium Phosphate buffer, pH 7.2) at 4°C. The fixative was

vacuum infiltrated for 30 minutes followed by 3V2 hours fixation at atmospheric
pressure. After fixation, the tissue was washed 3 times with 0.1 M Sodium Phosphate
buffer with the last wash extending overnight. The tissue was dehydrated by an
acetone series (70%, 1 h; 95%, 1 h; 100% 1 V2 h) followed by a 5 h incubation in a 1:1

solution of Technovit 7100 (Kuizer Histo-Technik, Germany) under vacuum. The

tissue was then embedded with Technovit 7100 following the manufacturers
directions. Buffer washes, acetone dehydration and plastic embedding were performed

at 4°C. Embedded oat tissue was then cut into 4 tM thick slices with a microtome and

counterstained with toludine blue.
microscopy.

Cell morphology was assessed by light
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Biochemical markers of victorin-induced PCD
The epidermis was peeled off of the abaxial surface of 5-6 day-old

oat seedling leaves.

A single peeled leaf was used for each time point in the time

course studies, and a
single peeled leaf was used for each treatment in the inhibitor studies.
For each
treatment or time point, 6- 0.25 x 1 cm leaf slices were cut from a single leaf and

floated in a well (of a 12-well microtiter dish) with the exposed

mesophyll side in

contact with the 20 mM MOPS (pH 6.5; KOH), 400 p1 incubation solution.
After
peeling the last sample for an experiment, all the samples were placed in the dark for
15 minutes.

VicFluor (0.35 ig mF') was then added to the solution (except for
untreated controls) and the samples were placed into a water bath (25°C) in the dark.
For inhibitor studies, AOA or STS was added at the concentration indicated

same time as VicFluor.

La3

and at the

(100 pM) was added at the same time as VicFluor, or

30, 60 or 90 minutes after VicFluor.

Protein and DNA was extracted and resuspended as previously described
(Curtis and Wolpert, 2002). DNA was separated on a 1.5% agarose gel and visualized
by ethidium bromide staining. For Rubisco cleavage, 40 ig protein was loaded per

lane on a 12% SDS-PAGE gel. The cleaved and uncleaved

bands of the Rubisco large

subunit were then quantified after gels were stained with
Coomassie brilliant blue G,

destained, and scanned with a Molecular Dynamics Personal Densitometer SI
(Sunnyvale, CA). For P-protein binding, 160 pg protein was loaded per lane on an 8%
SDS-PAGE gel. Fluorescence from VicFluor-labeled P-protein

was quantified using a
Hitachi FMBIO II (Oakland, CA) with a 505 nm LP filter, and Hitachi software for
volume calculations.
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General Conclusions
Mitochondrial functions play a central role in both life and death. In animals,
the timing of the mitochondrial permeability transition (MPT) significantly influences

the form of cell death, whether necrosis or programmed cell death (PCD). Necrosis is

a form of death thought to arise by a loss of function, particularly, loss of volume
regulation that results in cell swelling and lysis. In contrast, PCD is a form of death
that is genetically controlled and cell regulated, and typically results in cell shrinkage.

The MPT results
(Am),

in

collapse of the mitochondrial transmembrane potential

cessation of ATP synthesis, release of Ca2 to the cytosol and generation of

ROS, events that promote necrosis. However, the MPT is also associated with the

release of apoptogenic proteins, and apoptogenic proteins can be released prior to a
MPT.

The relative rates of the necrotic promoting events versus activation of

downstream PCD events by the apoptogenic proteins are thought to determine whether

cell death will be necrotic or PCD. In plants, animal PCD pathways appear to be
partially conserved. Prior to the onset of my research, it was not known whether a
MPT could occur in plant mitochondria.

In this work, isolated oat mitochondria were shown to undergo a MPT that is
generally similar to the MPT in animal mitochondria. The oat MPT resulted in highamplitude swelling that exhibited size-exclusion and was sufficient to permit victorin

access to the mitochondrial matrix.

Untreated mitochondria are impermeable to

victorin and prevent victorin binding to the matrix localized P-protein. After induction

of a MPT, victorin did bind to the P-protein. The MPT in oats was promoted by an
increase in matrix Ca2, a key regulator of the animal MIPT. Thus, oat mitochondria
can undergo a MPT.

Victorin binding to the P-protein in vivo is genotype-specific. However,
purified P-protein from sensitive or insensitive-tissue binds victorin equally well. It

was hypothesized that in vivo genotype-specific binding of victorin to the P-protein

may result from an induced change in the accessibility of victorin to the P-protein.
Because a MPT is sufficient to permit victorin access to the matrix localized P-protein,
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and because victorin elicits PCD, which in animals involves a MPT, it seemed
plausible that victorin elicits a MPT in vivo.

In this work, victorin induced an in vivo collapse in AWm that is indicative of a
MPT.

Victorin also accumulated in vivo in mitochondria (after cell shrinkage)

supporting that mitochondria undergo a MPT that permits victorin access to the matrix
localized P-protein. Further, access of victorin to the cytosol as induced by a toxic

quantity of AOA, an ethylene synthesis inhibitor, was not sufficient to permit victorin

access to the mitochondrial matrix demonstrating the necessity of a MPT for victorin

to gain access to the P-protein. Thus, victorin induces a MPT. These results also
imply that victorin interacts, directly or indirectly, with the product of the

Vb

gene

upstream of victorin binding to the P-protein. The interaction between victorin and

Vb

appears to induce a PCD pathway that involves a MPT.

The physiological response to a pathogen is clearly complicated, and it is
difficult to ascertain the role of any individual event, including cell death, to resistance

To address the contribution of cell death to resistance or
susceptibility, one needs to know when PCD is initiated, how PCD regulators
or susceptibility.

contribute to the morphological and biochemical features of PCD, and how these
features of PCD contribute to the local host-pathogen environment.
cytosolic

Ca2

Changes in

(Ca2]0) and the MIPT are likely important regulators of victorin-

induced cell death, and changes in membrane integrity likely influence the local hostpathogen environment. Observing the timing of these events (changes in Ca2, IVIIPT

and state of membrane integrity) relative to pathogen ingress may be critical to
determining the contribution of cell death to resistance or susceptibility.

In this work, a time and space framework of victorin-induced events associated

with PCD was developed. The earliest victorin-induced event observed in this study
was a loss of mitochondrial motility around 90 minutes after victorin treatment. The

loss of mitochondrial motility likely reflects a sustained increase in [Ca2iyto. The
sustained increase is apparently caused by influx of extracellular Ca2, because La3
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inhibits the proposed influx. The sustained increase in

for the initiation of PCD because

La3

[Ca2]0

could be a key signal

cannot inhibit victorin-induced PCD if added

after the Ca2 influx. Ethylene, a plant hormone that regulates PCD, appears to also

play a role in initiating PCD as ethylene inhibitors prevented all victorin-induced
responses including the earliest event, the loss of mitochondrial motility.

Following the sustained increase in [Ca21C).tO, individual mitochondria lose

AWm, which is indicative of a MPT. An increase in mitochondrial matrix Ca2-i-.in
response to increased

{Ca2']0

could promote the victorin-induced MPT. The entire

mitochondrial population of a cell does not lose LJm simultaneously. The fraction of
mitochondria that lose AWm soon after the increase in [Ca2]t0 likely act as signals for
PCD, while the fraction of mitochondria that retain AiJm could provide cellular ATP to

prevent necrotic cell death events. All mitochondria appear to lose AWm prior to cell
shrinkage. The collapse of AWm in a predominant population of mitochondria per cell

is followed by a lag phase of 20-35 minutes prior to cell shrinkage, Rubisco cleavage

and DNA laddering. This lag phase likely provides an opportunity for mitochondria
that undergo the MPT to influence the coordination of these latter three events.

Victorin enters the cell after cell shrinkage. Cell shrinkage occurs without a
loss of membrane integrity as demonstrated by the preferential loading of cells with
victorin relative to the extracellular space. In addition, two dyes that were distributed

in the vacuole prior to shrinkage were excluded from the vacuole during and after
shrinkage, but the dyes were retained in the cytosol. Thus, the plasma membrane and
the tonoplast were functionally intact. After cell shrinkage, victorin enters the cell and

binds to the mitochondrial localized P-protein in the mitochondrial matrix consistent
with the victorin-induced collapse in AWm reflecting a MPT.

The final state of a shrunken cell can differ with regard to the properties of the
various

membrane systems and the distribution of compounds among the

compartments. This was demonstrated by the altered distribution of victorin in cells
that shrunk in the presence of an ethylene synthesis inhibitor. Under those conditions,
victorin distributed into the cytosol, and the chioroplast became permeable to victorin,
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while the tonoplast and the mitochondria remained impermeable,

Cell death that

occurs during the HR is thought to occur by different modes of cell dismantling
(Heath, 2000). The permeability/integrity of the membrane systems may be reflective
of specific modes of dismantling and may influence the local host-pathogen
environment with respect to physical barriers and the distribution of anti-microbial
molecules.

Collectively, this thesis provides evidence that victorin-induces a MIPT in vivo

that is sufficient to account for genotype-specific binding of victorin to the
mitochondrial, matrix localized P-protein. The timing of the MPT is such that the

MPT likely influences the form of cell death. In addition, a sustained increase in
[Ca2]0

is proposed to be a key signal to initiate PCD. Finally, victorin induces a

form of cell death that results in a shrunken cell with intact membranes.

To

understand the role of victorin-induced cell death in causing disease susceptibility to

C. victoriae, future research should focus on relating the timing of the victorininduced sustained increase in

[Ca2]0

and the MPT, and the consequences of intact

membranes, to the stage of ingress by C. victoriae.
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