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Louvain-la-Neuve, Belgium

TSPO, a stress-induced, posttranslationally regulated, early secretory pathway-localized plant cell membrane protein,

belongs to the TspO/MBR family of regulatory proteins, which can bind porphyrins. This work finds that boosting

tetrapyrrole biosynthesis enhanced TSPO degradation in Arabidopsis thaliana and that TSPO could bind heme in vitro and in

vivo. This binding required the His residue at position 91 (H91), but not that at position 115 (H115). The H91A and double

H91A/H115A substitutions stabilized TSPO and rendered the protein insensitive to heme-regulated degradation, suggesting

that heme binding regulates At-TSPO degradation. TSPO degradation was inhibited in the autophagy-defective atg5 mutant

and was sensitive to inhibitors of type III phosphoinositide 3-kinases, which regulate autophagy in eukaryotic cells. Mutation

of the two Tyr residues in a putative ubiquitin-like ATG8 interacting motif of At-TSPO did not affect heme binding in vitro but

stabilized the protein in vivo, suggesting that downregulation of At-TSPO requires an active autophagy pathway, in addition

to heme. Abscisic acid–dependent TSPO induction was accompanied by an increase in unbound heme levels, and

downregulation of TSPO coincided with the return to steady state levels of unbound heme, suggesting that a physiological

consequence of active TSPO downregulation may be heme scavenging. In addition, overexpression of TSPO attenuated

aminolevulinic acid–induced porphyria in plant cells. Taken together, these data support a role for TSPO in porphyrin

binding and scavenging during stress in plants.

INTRODUCTION

Abiotic stresses, including salinity, drought, high light, high

temperature, and freezing can be perceived by plants, in part,

as a transient or permanent water deficit. Sensing and signaling

events that detect abiotic stress–induced changes in plant water

status and initiate downstream responses, such as abscisic acid

(ABA) accumulation and osmoregulation, remain uncharacter-

ized in plants (Verslues andZhu, 2007). The stress phytohormone

ABA regulates fundamental growth and developmental pro-

cesses in the plant, including seed dormancy and germination,

seedling establishment and growth, and plant water status

through regulation of stomatal closure (Finkelstein et al., 2002;

Nambara and Marion-Poll, 2005). The increase in active ABA

levels in plant cells during water-related stress regulates the

expression of ABA-responsive genes by interacting with cognate

cytosolic and/or organelle-bound receptors and downstream

effectors modulating the activity of defined transcriptional reg-

ulators (Shen et al., 2006; Fujii and Zhu, 2009; Ma et al., 2009;

Park et al., 2009; Wu et al., 2009; Shang et al., 2010).

A subset of plant ABA-responsive genes is strictly ABA de-

pendent in that their expression is almost undetectable in the

absence of elevated levels of cellular ABA. Their biological role

may be required only transiently, and the plant cell under stress

therefore needs an efficient regulatory mechanism to transcrip-

tionally and/or posttranslationally regulate their expression. Al-

though many stress-specific genes have been characterized in

plants, how plants readjust levels of a stress-induced protein

when normal physiological conditions resume has not been

addressed. In particular, the questions of how, when, and where

the induced proteins are targeted for degradation when their

activities become irrelevant await answers.

Arabidopsis thaliana TSPO, a tryptophan-rich sensory protein

(TSPO)–related membrane protein (Guillaumot et al., 2009a), is

a potential multiple abiotic stress regulator (Kant et al., 2008)

encoded by a single, intronless locus, At2g47770. At-TSPObelongs

to the Trp-rich sensory protein/peripheral-type benzodiazepine re-

ceptor (TspO/MBR) protein family, which are membrane-anchored

proteins, found, with few exceptions, in organisms ranging from

Archaea tometazoans (reviewed in Gavish et al., 1999; Lacapère

andPapadopoulos, 2003; Papadopoulos et al., 2006). Since their

identification in the late 70s (Braestrup et al., 1977), TSPOs have

been the subject of intensive research, almost exclusively in
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animal cells, to pinpoint their function. In mammals, TSPO1 (Fan

et al., 2009), also known as the 18-kD Translocator protein, is an

essential, widely expressed, evolutionarily conserved mitochon-

drial outer membrane protein that is involved in a wide range of

physiological functions and pathologies, including neurode-

generation and cancer (reviewed in Papadopoulos et al., 2006).

The pharmacology of TSPOs has been extensively studied. For

instance, TSPO1 is known to bind a plethora of structurally

unrelated compounds, including promising candidates for fast-

acting anxiolytic drugs with less severe side effects than benzo-

diazepines (Rupprecht et al., 2009). However, little is known

about the mode of action of TSPOs (i.e., whether they operate as

pumps, transporters, or channels) (Korkhov et al., 2010).

TSPO-related proteinswere recently described in plants (Corsi

et al., 2004; Lindemann et al., 2004; Frank et al., 2007; Guillaumot

et al., 2009a). Plant TSPOs appear to be nonessential, and their

biological functions are not yet defined, although their induction

by abiotic stress and ABA seems to be established (Frank et al.,

2007; Kant et al., 2008; Guillaumot et al., 2009a). At-TSPO is

transcriptionally regulated by the master bZIP-type transcription

factors AREB1, AREB2, and ABF3, which are involved in ABA-

responsive element-dependent ABA signaling (Yoshida et al.,

2010). At-TSPO transcripts are detected mainly in desiccation-

resistant plant structures, such as seeds and pollen grains, and,

to some extent, in senescing leaves but can be induced in

vegetative tissues by abiotic stresses, including osmotic and salt

stress, magnesium deficiency, high light, and ABA treatment

(Kreps et al., 2002; Seki et al., 2002; Zimmermann et al., 2004;

Brady et al., 2007; Catala et al., 2007; Kleine et al., 2007; Winter

et al., 2007; Dinneny et al., 2008; Hermans et al., 2010). We

previously showed that overexpression of At-TSPO can be

detrimental to plant cells (Guillaumot et al., 2009a). ABA-induced

expression of TSPO in vegetative tissue is transient, and the

degradation of induced or constitutively expressed TSPO is

enhanced by boosting tetrapyrrole biosynthesis (Guillaumot

et al., 2009a, 2009b), suggesting that posttranslational regulation

of TSPO may depend on tetrapyrrole metabolism.

In mammalian cells, the endogenous ligands of TSPO1 include

cholesterol andporphyrins (Papadopoulos et al., 2006). Rat TSPO1

can bind protoporphyrin IX (PPIX) in vivo (Ozaki et al., 2010).

Detergent-purified TSPO1 can bind porphyrins in vitro, including

PPIX, hemin (Fe3+-PPIX, oxidized heme), and coproporphyrin III

(Taketani et al., 1995; Wendler et al., 2003; Korkhov et al., 2010).

However, the mechanism of this binding and its biological sig-

nificance in vivo are not yet clear. It is thought that TSPOs might

be involved in the translocation of porphyrins, including heme

(Fe2+-PPIX), across the mitochondrial outer membrane in mam-

malian cells (Taketani et al., 1995; Wendler et al., 2003), although

the movement of anionic and hydrophobic porphyrins, such as

heme, into a negatively charged environment requires energy

(Krishnamurthy et al., 2006). TSPO from the facultative pho-

tosynthetic bacterium Rhodobacter sphaeroides acts as an

oxygen-dependent signal generator that negatively regulates pho-

tosynthetic gene expression when the environment favors aerobic

(oxidative) growth (Yeliseev andKaplan, 1995; Yeliseev et al., 1997;

Yeliseev and Kaplan, 2000). This function may be related to

the efflux of specific porphyrins that are intermediates in photo-

pigment biosynthesis (Yeliseev and Kaplan, 1999). Plant tetrapyr-

roles (chlorophylls, bilins, siroheme, and hemes) are synthesized

in plastids but are also required for vital cellular activities in nu-

merous organelles (Takahashi et al., 2008; Severance and Hamza,

2009; Mochizuki et al., 2010). For instance, hemes play a critical

role in diverse biological processes in eukaryotic cells, including

respiration, protein targeting, transcription and translation regula-

tion, ion channel regulation and signaling, microRNA processing,

and protein degradation (Severance and Hamza, 2009; Mochizuki

et al., 2010).

Here, we present evidence that (1) At-TSPO is a heme binding

membrane protein, (2) its downregulation by plant cells requires

heme binding, and (3) a functional macroautophagy pathway is

also required for the cell to degrade this stress-induced mem-

brane protein.

RESULTS

HemeMetabolism Affects TSPO Stability in the Plant Cell

Circumstantial evidence suggests that Arabidopsis cells strictly

regulate their levels of TSPO (Guillaumot et al., 2009a). At the

transcriptional level, TSPO expression appears to be cell type

specific as well as environmentally and developmentally regulated

(see Supplemental Figure 1 online). Even when constitutively

expressed, TSPO fails to accumulate evenly in all cell types and,

in particular, does not accumulate in mesophyll cells (Guillaumot

et al., 2009a). Overexpression of the protein can be detrimental

under certain physiological conditions, and boosting tetrapyrrole

biosynthesis through d-aminolevulinic acid (ALA) feeding enhances

plant cell degradation of At-TSPO, suggesting that posttransla-

tional regulation of TSPO may involve tetrapyrroles (Guillaumot

et al., 2009a, 2009b). To test this possibility and to identify the key

player(s) involved, we used defined pharmacological agents to

tamper with tetrapyrrole biosynthesis. A simplified scheme of

tetrapyrrole biosynthesis in plant plastids is shown in Figure 1A.

Succinyl acetone (SA), a potent inhibitor of 5-aminolevulinate

dehydratase, is commonly used as a heme biosynthesis inhibitor

in eukaryotic cells (Krishnamurthy et al., 2006), although it also

inhibits the biosynthesis of all the cyclic porphyrins downstream of

ALA. The herbicide and ferrous iron chelator 2,2’-dipyridyl (DPD)

inhibits heme biosynthesis fromPPIX and the chlorophyll branch of

the pathway downstream of magnesium PPIX monomethyl ester

(Figure 1A) (Nott et al., 2006). Before analyzing TSPO stability, we

checked whether these pharmacological treatments had any im-

pact on TSPO expression. Figure 1B shows that TSPO is not

induced in wild-type Arabidopsis suspension cell cultures treated

with ALA, DPD, or SA and incubated for 24 h in the dark. We

previously showed that TSPO can be induced in Arabidopsiswild-

type suspension cell cultures by ABA treatment (Guillaumot et al.,

2009a). Wild-type cells were preincubated with ABA for 24 h, then

with ALA, DPD, or SA in the continuous presence of ABA for 24 h

and the relative amount of SEC21 (a Golgi-localized membrane

protein used as loading control) protein and TSPOquantifiedas the

treatment/control signal ratio (Figure 1C, T/C ratio). Figure 1C

shows that thesepharmacological treatments haddifferent effects

on the relative amount of TSPO detected by immunoblotting.

Compared with control cells (lane C), ALA feeding (+ALA) caused
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about a 50% reduction in detectable TSPO, suggesting that

boosting tetrapyrrole biosynthesis accelerated TSPO down-

regulation by the cells. By contrast, DPD or SA treatment almost

doubled the amount of TSPO compared with control cells.

However, intracellular levels of a protein are dependent on

both its rate of synthesis and its rate of degradation (Callis,

1995). It is possible that TSPO accumulation is affected at the

transcriptional level by these pharmacological treatments, but

this is unlikely, since similar results were obtained with a trans-

genic suspension cell culture (OEC1) overexpressing At-TSPO

(Figure 1D), and ALA, DPD, and SA are not known to affect

translation in eukaryotic cells. Inhibition of protein synthesis by

cycloheximide (CHX) revealed that TSPO is actively degraded in

OEC1 plant cells (Figure 1E). These results therefore suggest

increased stability of the protein as a consequence of DPD and

SA treatments and accelerated degradation after CHX or ALA

treatment.

The DPD results suggest that possible accumulation of PPIX,

magnesium PPIX, and magnesium PPX monomethyl ester was

not responsible for the ALA-dependent enhanced degradation of

TSPO and that heme, the synthesis of which is inhibited by DPD,

or its downstream catabolic products could be responsible for

TSPO downregulation. Since cyclic porphyrins bind to TSPO

proteins and are potential endogenous ligands, we wondered if

At-TSPO could bind heme.

At-TSPO Binds Heme in Vitro

To determine whether At-TSPO could bind porphyrins and, in

particular heme, in vitro, we heterologously expressed the pro-

tein in Saccharomyces cerevisiae, a yeast lacking TSPO-related

proteins. To facilitate purification, the expressed At-TSPO was

provided with a 6-His tag at the N terminus (6His-AtTSPO)

or C terminus (AtTSPO-6His). Figure 2A shows At-TSPO purified

by nickel nitrilotriacetic acid (Ni-NTA) chromatography from

yeast microsomes, using the identically treated empty vector

Figure 1. At-TSPO Is Regulated by Tetrapyrrole Metabolism.

(A) Simplified scheme of the tetrapyrrole biosynthetic pathway in the

plant chloroplast, the pharmacological agents used, and the specific

steps inhibited.

(B) Arabidopsis suspension-cultured cells were incubated for 24 h in the

dark in the presence of 5 mM ALA, DPD, or SA. Control cells (C) were

incubated in the presence of DMSO (mock, solvent used to dissolve the

chemicals). Total proteins were extracted and analyzed by immunoblot-

ting (IB) for TSPO using the Arabidopsis Golgi protein At-SEC21 (g COPI)

as loading control.

(C) Arabidopsis suspension cells were preincubated in 50 mM ABA for

24 h before being subjected to the same treatments and analyses as in

(B), and the signal for both SEC21 and TSPO in each treated sample was

compared with that in the control as a treated/control ratio (T/C) (bottom

lines). The TSPO/SEC21 ratio (ratio of the ratios) was 0.5 with ALA, 2.1

with DPD, and 2 with SA.

(D) A transgenic line (OEC1) overexpressing At-TSPO was treated as

in (C). The TSPO/SEC21 ratio was 0.6 with ALA, 2.8 with DPD, and 2.5

with SA.

(E) A transgenic cell line as in (D) was incubated in presence of the

protein synthesis inhibitor CHX (100 mM) and immunoblotted for TSPO

and SEC21 analyzed at different time points.

The results in (B) to (D) are representative of those obtained in at least

three separate experiments. The results in (E) were reproduced twice.

WT, Wild type.
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(EV)–transformed extract as a control to assess the specificity of

the anti-AtTSPO antibodies, which have been previously

checked using plant extracts but not yeast extracts (Guillaumot

et al., 2009a). Affinity chromatography using hemin-agarose

was performed to test the binding of At-TSPO to covalently

immobilized hemin, using the same agarose matrix without

hemin as a negative control, and examining the input, the flow-

through, the last wash (W6, wash #6), and eluted material by

immunoblotting. As shown in Figure 2B, purified and dialyzed (to

remove the imidazole used during protein purification) AtTSPO-

6His or 6His-AtTSPO was not retained strikingly by the non-

hemin-coupled matrix (left panel, lane E), whereas both were

bound to hemin-agarose and detected in the eluted fraction (right

panel, lane E), showing that detergent-solubilized At-TSPOcould

bind to immobilized hemin in vitro. Similar results were obtained

with dialyzed or nondialyzed purified At-TSPO. It was possible

that the observed hemin binding could be due to the 6-His tag

added to the recombinant protein. To exclude this possibility, we

first compared the heme binding of the untagged protein solu-

bilized from microsomes using SDS or the mild detergent Triton

X-100. Figure 2C shows that At-TSPO was retained by the

hemin-agarose column when solubilized with 1% (v/v) Triton X-

100 but not with 1% (v/v) SDS (lane EHA), while neither were

retained by the plain agarose column (lane EA). These results

show that hemin binding requires structured At-TSPO. Second,

we checked whether the binding was specific to metalloporphy-

rins by substituting PPIX for hemin. Figure 2D shows that,

although AtTSPO-6His and 6His-AtTSPO also bind to a PPIX-

agarose column, the amount of protein retained was less than

that retained by the hemin-agarose column, suggesting that the

affinity for hemin is higher than that for PPIX. Third, we overex-

pressed untagged At-TSPO in Arabidopsis cultured cells, solu-

bilized it from themicrosomes, and tested its ability to bind to the

hemin-agarose affinity column. Figure 2E shows that the un-

tagged protein bound to hemin, whereas the abundant large

subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase

(rbcL) did not. Again, as shown in Figure 2F, the binding to the

PPIX-agarose column was lower.

We also designed a pull-down assay to examine porphyrin

binding in vitro. AtTSPO-6His purified from yeast was dialyzed,

mixed with hemin or PPIX, and reimmobilized on a Ni-NTA

Figure 2. At-TSPO Binds Heme in Vitro: Evidence from Affinity Chro-

matography.

(A) At-TSPO with a His tag (AtTSPO-6His or 6His-AtTSPO) heterolo-

gously expressed in yeast was detergent solubilized from microsomes

and subjected to Ni-NTA purification, with the corresponding sample

from EV-transformed (EV with no At-TSPO cDNA) yeast being used as

the control, and the eluted fractions were analyzed by immunoblotting for

At-TSPO; the anti-AtTSPO antibodies did not cross-react with yeast

proteins (the faint signal occasionally detected around 40 kD represents

a dimer of At-TSPO).

(B) Binding of At-TSPO to hemin-agarose or agarose alone, as negative

control. The input (IN), flow-through (FT), last wash (W6, wash #6), and

eluted (E) fractions were analyzed by immunoblotting for At-TSPO.

(C) The same experiment as in (B), but the untagged protein expressed in

yeast was solubilized with either 1% Triton X-100 or 1% SDS and the

solubilized material tested for binding to control agarose (EA) or agarose

coupled to hemin (EHA).

(D) The same experiment as in (B) but using PPIX-agarose.

(E) and (F) Untagged At-TSPO was constitutively expressed in Arabi-

dopsis cultured cells and the solubilized protein incubated with hemin-

agarose or PPIX-agarose, with agarose alone as negative control, and

the same samples as in (B) were analyzed using rbcL as a control for

nonspecific binding.

(A) is a representative purification result, (B) and (D) were independently

reproduced at least five times, (C) was repeated twice with similar

results, and (E) and (F) were reproduced three times.
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column; then, after a second round of protein purification, the

relative amount of copurified porphyrin was assessed spectro-

photometrically at 405 nm. The data presented in Figure 3

(bottom panels) show that preincubating AtTSPO-6His with

hemin (Figure 3A) or PPIX (Figure 3B) did not interfere with its

binding to the Ni-NTA matrix, as revealed by immunoblot anal-

ysis of the purified fractions. The eluate of the solubilized EV

control material from Ni-NTA column or AtTSPO-6His in the

absence of porphyrin (AtTSPO-6His) showed little absorbance

at 405 nm (Figures 3A and 3B). However, in the presence of

At-TSPO (AtTSPO-6His + hemin/PPIX), a twofold increase in

relative absorbance of porphyrin was seen compared with por-

phyrin alone (hemin/PPIX) or porphyrinmixedwith the EV sample

(EV + hemin/PPIX). These consistent affinity chromatography

and pull-down assay results demonstrate that, at least in vitro,

At-TSPO binds hemin.

YFP-AtTSPO Colocalizes in Vivo with Palladium

Mesoprotoporphyrin IX

Palladiummesoprotoporphyrin IX (Pd-mP) is a fluorescent analog

of heme and can be used to follow subcellular heme dynamics

(Lara et al., 2005). We reasoned that, if At-TSPO binds heme in

vivo, this should result in colocalization of Pd-mP with yellow

fluorescent protein–tagged At-TSPO (YFP-AtTSPO) expressed in

plant cells. We used transgenic tobacco (Nicotiana tabacum)

plants constitutively expressing YFP-AtTSPO to test this hypoth-

esis; tobacco was preferred to Arabidopsis because we already

had a transgenic plant expressing a control Golgi membrane

marker construct sialyl transferase (ST)-YFP, a membrane fusion

protein already shown to colocalize with YFP-AtTSPO (Guillaumot

et al., 2009a). In addition, the expression pattern of YFP-AtTSPO is

the same in Arabidopsis and tobacco, with YFP-AtTSPO fluores-

cence being stronger in the guard cells and epidermal cells. A 10

mM solution of Pd-mP was infiltrated into a leaf from wild-type

tobacco plants and ST-YFP and YFP-AtTSPO transgenic plants,

and then leaf epidermal cells were imaged by confocal micros-

copy. Representative images are shown in Figure 4. A diffuse

Pd-mP signal (red channel) was detected in the wild-type control

sample (Figure 4B) and the ST-YFP sample (Figure 4E), whereas

the Golgi stacks highlighted by ST-YFP (Figure 4D) contained

no Pd-mP signal (Figure 4F). Interestingly, some YFP-AtTSPO–

highlighted Golgi stacks showed Pd-mP fluorescence (arrow-

heads in Figures 4J to 4L). Surprisingly, in the presence of

YFP-AtTSPO, which could be seen in the endoplasmic reticulum

(ER), no Pd-mP signal was seen in this organelle (Figures 4J to

4L), and <50% of the Golgi stacks were labeled with Pd-mP

(arrowheads in Figures 4J to 4L). To determine whether this

labeling pattern was a peculiarity of the guard cells, we also

imaged pavement cells and again found that <50% of the Golgi

stacks were stained with Pd-mP (Figures 4M to 4O, arrowheads

indicating unstained Golgi stacks). This pattern was not modified

by a longer incubation period before imaging and/or increasing

the Pd-mPconcentration up to 100mM. Itmaybe that the stained

Golgi stacks contain YFP-AtTSPO that is not bound to endog-

enous porphyrin. However, the partial colocalization of Pd-mP

and YFP-AtTSPO strongly suggests that At-TSPO can also bind

heme in vivo.

Heterologously Expressed At-TSPO Is Downregulated and

Sensitive to HemeMetabolism

As shown with the plant cells, CHX treatment of yeast cells

expressing At-TSPO showed that the protein is also downregu-

lated in this heterologous host (Figure 5A). The degradation rate

Figure 3. At-TSPO Binds to Heme in Vitro: Evidence from the Pull-Down

Assay.

Purified AtTSPO-6His from yeast microsomes was dialyzed to remove

the imidazole used in the Ni-NTA purification and then mixed with hemin

(A) or PPIX (B) and the sample repurified on the Ni-NTA column. The

affinity chromatography eluates of solubilized proteins from EV-trans-

formed yeast or hemin or PPIX alone were used as controls. The

absorbance at 405 nm of the eluted Ni-NTA fraction was recorded and

normalized to the values for hemin or PPIX alone passed though the Ni-

NTA column. Immunoblot analyses (bottom panel in [A] and [B]) were

used to assess the presence of At-TSPO in the various fractions. The

experiments were repeated at least three times, each in duplicate, and

the error bars represent SE.
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of At-TSPO in yeast was not affected by the 26S protease cim3-1

mutation (Ghislain et al., 1993) (cf. wild-type cells, top left panel, to

cim3-1 cells, top right panel). To verify that the degradation of

short-lived proteins was indeed less efficient in the cim3-1mutant

cells, we expressed the synthetic reporter construct ubiquitin-Pro-

b-galactosidase fusion protein as an in vivo control substrate

(Ghislain et al., 1993, 1996). The reporter fusion proteinwas rapidly

degraded in wild-type cells but stabilized in the cim3-1 mutant

cells (cf. wild-type cells, bottom left panel, to cim3-1 cells, bottom

right panel). These results show that heterologously expressed

At-TSPO in yeast is downregulated, and this degradation process

may not require an active proteasome pathway.

Having generated yeast strains expressing At-TSPO, we won-

dered if the protein stability in yeast might also be sensitive to

tetrapyrrole metabolism as in plants and in particular to heme. If

heme sensitivity happened to be conserved in yeast, this could

be a simple tool for the rapid characterization of various mutant

forms of At-TSPO. In contrast with plant cells, yeast cells are not

sensitive to ALA feeding, probably because of ALA presence and

metabolism in the cytosol (Hoffman et al., 2003) and a possible

unidirectional transport of this metabolite across the mitochon-

drial membranes. In yeast, heme biosynthesis is compartmen-

talized, and the part of heme biosynthetic pathway performed in

the cytosol starts with the export of ALA from the mitochondria

(Severance and Hamza, 2009). Translocation of ALA-derived

intermediates from the cytosol into the mitochondria is a key

limiting step in heme biosynthesis in yeast. In plant cells, ALA

metabolism and heme biosynthesis take place in the plastids

Figure 4. YFP-AtTSPO Colocalizes with Pd-mP in Vivo.

Heme binding in vivo by At-TSPO was indirectly investigated by confocal

imaging of YFP-AtTSPO–expressing plant cells treated with the heme

fluorescent analog Pd-mP. Leaves from a wild-type (WT) tobacco plant

([A] to [C]) or a transgenic line expressing a Golgi membrane marker

(ST-YFP; [D] to [F]) were used as controls. The controls and a transgenic

line expressing YFP-AtTSPO (YFP-AtTSPO; [G] to [O]) were infiltrated

with 10 mM Pd-mP, and the YFP fluorescence (green channel) and Pd-

mP fluorescence (red channel) were imaged simultaneously. Represen-

tative images are shown. The arrowheads in (D) to (F) point to Golgi

stacks showing both YFP and Pd-mP fluorescence, and those in (G) to (I)

point to Golgi stacks with YFP fluorescence but without Pd-mP fluores-

cence. Bars 5 mm in (A) to (F), 10 mm in (G) to (L), and 5 mm in (M) to (O).

Figure 5. At-TSPO Heterologously Expressed in Yeast Is Sensitive to

Heme Metabolism.

(A) Yeast cells (wild type [WT] or 26S protease mutant cim3-1) express-

ing AtTSPO-6His were incubated in presence of 366 mM CHX, and

At-TSPO stability was analyzed by immmunoblot at different time points

(top panels). As a control for the 26S protease–dependent degradation,

a short-lived Ub-Pro-bgal reporter was used (bottom panels). The

Coomassie blue–stained gels below each blot show protein loading

levels.

(B) and (C) Yeast cells expressing 6His-AtTSPO (B) or AtTSPO-6His (C)

were fed ALA (2.5 mM), SA (1 mM), or hemin (0.5 mM) for 48 h, and then

the amount of At-TSPO was assessed by immunoblotting with the

untreated cells as control (C) (top panel) and replica gels were stained

with Coomassie blue for loading comparisons (bottom panel).

The results presented are representative of those in four independent

experiments ([B] and [C]) or two independent experiments (A).
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(Mochizuki et al., 2010). In addition, yeast cells can take up

exogenous heme under anaerobic growth conditions, which is

not the case in plant cells. To evaluate the suitability of yeast as

a tool to investigate heme-dependent At-TSPO degradation,

we fed His-tagged At-TSPO–expressing cells with ALA, SA, or

hemin and analyzed At-TSPO stability by immunoblotting. Fig-

ures 5B and 5C show that the levels of AtTSPO-6His and 6His-

AtTSPO expressed in yeast were almost unaffected by ALA

feeding (lanes +ALA). As expected, SA stabilized At-TSPO (lanes

+SA), and feeding hemin accelerated the degradation of

At-TSPO (lanes +H). Although the yeast S. cerevisiae is devoid

of a TSPO-related protein, it seems that the pathway required

for the active degradation of At-TSPO is not specific to this

protein or to plant cells. We therefore conclude that the heme-

dependent downregulation of At-TSPO observed in plant cells

is conserved in yeast.

Heme Binding by At-TSPO Requires the His Residue at

Position 91 but Not That at Position 115

To determine whether At-TSPO degradation was directly linked

to heme binding in vivo, we searched for residues in the primary

sequence of At-TSPOpotentially involved in heme binding.Many

heme binding proteins share common motifs, such as CxxCH,

CxxC, or the conserved heme regulatory CP motif (Schulz et al.,

1998; Stevens et al., 2003; Yang et al., 2008), but no suchmotif is

present in At-TSPO. However, it takes only a single residue in the

right environment to bind heme, and this residue is almost always

a His, as evidenced by the cytochrome c-type heme chaperone

(CcmE) (Schulz et al., 1998). At-TSPO contains two His residues

at positions 91 (H91) and 115 (H115). As shown in the local align-

ments in Figures 6A and 6B, both appear to be relatively well

conserved in angiosperm TSPOs but not in human TSPO1 and

TSPO2. We generated At-TSPOmutants with either a H91A sub-

stitution (AtTSPOH91A) or a H115A substitution (AtTSPOH115A)

and the double mutant H91A/H115A (AtTSPOH91A/H115A), ex-

pressed them in yeast, and compared their binding activity to

that of the wild-type protein using hemin-agarose affinity chro-

matography. Compared with that of the wild type, the hemin

binding ability of mutant H91A was drastically reduced (Figure

6C, compare lanes EHA for AtTSPO and AtTSPOH91A), whereas

the H115A substitution had no striking effect (Figure 6C, com-

pare lanes EHA for AtTSPO and AtTSPOH115A), and the double

mutant AtTSPOH91A/H115A showed the same reduced hemin

binding ability as the single AtTSPOH91A mutant (Figure 6C,

compare lanes EHA for AtTSPO and AtTSPOH91A/H115A), suggest-

ing that H91, but not H115, may be the axial coordinator of heme

in At-TSPO. If heme binding by At-TSPO does require H91 and

this binding is linked to At-TSPO downregulation, then the H91A

mutant forms would be expected to be less sensitive to heme-

induced degradation of the protein in vivo. We fed yeast strains

expressing the mutant forms with hemin and compared the

relative stability of the mutant to that of the wild-type protein,

using the yeast glycophospholipid-anchored surface protein

(Gas1p) as a normalizing control for immunoblot signals. As

shown in Figure 6D, the AtTSPOH91A and AtTSPOH91A/H115A

mutant forms failed to respond to hemin-induced degradation

(AtTSPO/Gas1p ratio » 1), while AtTSPOH115A was still sensitive

to hemin-induced rapid degradation just as the wild-type protein

(AtTSPO/Gas1p ratio of 0.45 and 0.3, respectively). These data

support the conclusions that heme binding by At-TSPO requires

His at position 91 and that porphyrin binding enhances At-TSPO

degradation in vivo.

ABA Transiently Increases Unbound Heme Levels in the

Plant Cell

The observed heme binding by At-TSPO suggests that, when

expressed, this protein could regulate heme metabolism in the

plant cell, either directly or indirectly. To examine this possibility,

wemeasured both the ALA content (precursor of all tetrapyrroles

and a key limiting step in the biosynthetic pathway) and the

unbound heme content of plant seedlings incubated with ABA in

thewild type, a homozygote TDNA insertional knockout line (KO),

and two independent homozygote AtTSPO-overexpressing lines

(OE8 and OE9). As shown in Figure 7, ABA treatment for up to 48

h had no statistical effect on ALA levels in any of the genotypes

tested (Figure 7A) but transiently upregulated unbound heme in

all analyzed samples (Figure 7B). Unbound heme levels in-

creased at least twofold after 24 h of incubation before returning

to steady state levels after 48 h of incubation. After 24 h of ABA

treatment, levels of unbound hemewere highest in the KOplants,

followed by the wild-type plants, then the two transgenic over-

expressing lines. As shown in Figure 7C, parallel immunoblot

analyses showed that the reduction in unbound heme levels

coincidedwith the time-dependent downregulation of induced or

constitutively expressed At-TSPO, suggesting a possible link

between the twoobservations. Similar results were obtainedwith

Arabidopsis cultured cells (see Supplemental Figure 2 online).

At-TSPO Is Degraded in Plant and Yeast Cells through the

Autophagy Pathway

We then addressed the question of which biochemical pathway

is responsible for At-TSPO degradation in eukaryotic cells. There

are twomajor proteolytic systems for degradation in eukaryotes:

the proteasome pathway for short-lived proteins and the lyso-

somal or vacuolar system of degradation by autophagy for long-

lived proteins, such as At-TSPO (Xiong et al., 2007a, 2007b;

Bassham, 2007; Yang and Klionsky, 2010).

We first checked the possible involvement of the proteasome

pathway in At-TSPO downregulation in the plant cell. OE8 seed-

lings grown in the dark for 10 d were incubated under continuous

light for 6 h in presence of CHX and/or the proteasome inhibitor

MG132. The light- and proteasome-sensitive Phytochrome A

(PhyA) (Shanklin et al., 1987) was used as a control in immuno-

blotting (Figure 8A). Inhibition of protein synthesis by CHX treat-

ment resulted inAt-TSPOdownregulation (cf. lanesC [control] and

mock [DMSO] to laneCHX). Interestingly, the proteasome inhibitor

alone or combinedwithCHX had no effect on the degradation rate

of At-TSPO in contrastwith the proteasome-sensitivePhyA,which

is partially stabilized in presence of MG132 (middle panel). We

showed previously that the degradation rates of At-TSPO in wild-

type yeast cells and in the 26S protease mutant cim3-1 cells were

similar (Figure 5A). These results show that the downregulation of
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At-TSPO in plant cells and in yeast is not dependent upon the

proteasome degradation pathway.

Oxidative stress in plant cells is enhanced by abiotic stress or

ABA treatment, and reactive oxygen species (ROS) activate au-

tophagy to degrade damaged organelles and oxidized proteins

rapidly and effectively in plant cells (Xiong et al., 2007a, 2007b).

Autophagy is a general term for the processes (macroautophagy,

microautophagy, and chaperone-mediated autophagy) by which

cytoplasmic materials, including organelles, reach the lysosome/

vacuole for degradation (Rubinsztein, 2006;Bassham,2007; Levine

and Kroemer, 2008; Mizushima et al., 2008; Yang and Klionsky,

2010); however, macroautophagy is the best studied of these

processes and will be referred to hereafter simply as autophagy.

To test the possibility that At-TSPO might be degraded in vivo

through autophagy, we reasoned that if this is the case, At-TSPO

shouldbemore stable in an autophagy-deficientmutant compared

withwild-type plants. To test this hypothesis,we induced At-TSPO

in wild-type Arabidopsis and in the At-ATG5 knockout (atg5)

mutant seedlings (Yoshimoto et al., 2009; Kwon et al., 2010) and

followed the stability of the ABA-induced At-TSPO with time. The

ABA-dependent induction of At-TSPO in wild-type seedlings was

transient, peaking around 24 h after induction and declining

thereafter (Figure 8B, wild-type panels), consistent with our previ-

ous findings (Guillaumot et al., 2009a). However,when atg5mutant

seedlings were subjected to the same treatment, the induced

At-TSPO appeared to be stabilized by 24 h after induction (Figure

8B, atg5 panels). These results indicate that At-TSPO degradation

by plant tissues requires a functional autophagic pathway.

Autophagy is a catabolic pathway that is evolutionarily con-

served from yeast to mammals, and central to this process is the

Figure 6. Heme Binding by At-TSPO Requires His at Position 91.

(A) and (B) ClustalW local alignment of His at positions 91 (A) and 115 (B) (At-TSPO numbering) in some angiosperm TSPOs. The only two His residues

in At-TSPO are relatively well conserved in angiosperm TSPOs but not in human TSPO1 and TSPO2.

(C) The His residues were mutated to Ala to generate the single mutant forms AtTSPOH91A and AtTSPOH91A and the double mutant AtTSPOH91A/H115A,

which were expressed in yeast (without a His tag) and their hemin binding capacity assessed as in Figure 2 in comparison to the wild-type At-TSPO. IN,

input; EHA, eluate from hemin-agarose column; EA, eluate from agarose column.

(D) The sensitivity of the mutants in (C) to exogenous hemin was investigated as in Figure 5. The yeast membrane protein Gas1p was used as loading

control. The signals for Gas1p and At-TSPO in each treated sample were compared with those in the control (treated/control ratio; +H/C) (underneath

the figure). The AtTSPO/Gas1p ratio (ratio of ratios) was 0.3 for wild-type At-TSPO, 0.9 for AtTSPOH91A, 0.45 for AtTSPOH115A, and 0.9 for

AtTSPOH91A/H115A. (C) and (D) were reproduced at least three times.
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formation of autophagosomes, which are double-membrane ves-

icles responsible for delivering long-lived proteins and excess or

damaged organelles to the lysosome/vacuole for degradation and

for the reuse of the resulting macromolecules (Yang and Klionsky,

2010). As autophagosome formation requires class III phos-

phoinositide 3-kinase (PI3K) activity, PI3K inhibitors, such as

3-methyladenine (MA) or wortmannin, are commonly used to

inhibit autophagy (Blommaart et al., 1997; Takatsuka et al., 2004;

Itakura et al., 2008; Klionsky et al., 2008; Matsunaga et al., 2009).

We reasoned that inhibiting autophagy should result in increased

stability of the protein. First, we treated wild-type Arabidopsis

cultured cells (with or without preincubation with ABA to induce

TSPO) or a transgenic cell lineoverexpressingAt-TSPO (OEC)with

MA. Figure 8C shows that MA treatment on its own did not induce

TSPOexpression inwild-type cells. However, ABA-induced TSPO

wasmore stable in the presenceofMA than in the non-MA-treated

sample (bottom panel, compare lanes C [control] and lane +MA in

thewild type+ABAgroup). In addition, enhanced stabilitywas also

observed for constitutively expressed TSPO after MA treatment

(bottompanel, compare lanesC [control] and lane+MA in theOEC

group). Wortmannin treatment had similar effects (see Supple-

mental Figure 3 online). Second, to check whether this phenom-

enon was also seen in non-plant cells, we tested MA sensitivity of

At-TSPO heterologously expressed in yeast, and, again, the

degradation of both AtTSPO-6His and 6His-AtTSPO was slowed

after treating the yeast cells withMA (Figure 8D). AlthoughMAwas

thought to be an autophagy-specific inhibitor (Seglen andGordon,

1982), in addition to regulating autophagy, type III PI3K enzymes

regulate diverse cell signaling and membrane trafficking pro-

cesses; therefore, these PI3K inhibitors are not strictly autophagy

specific (Klionsky et al., 2008; Mizushima et al., 2010). To verify

independently that At-TSPO was transported to the vacuole for

degradation, we reasoned that inhibiting vacuolar proteases

should enhance At-TSPO stability. As shown in Figure 8E, when

Arabidopsis cultured cells were treated with the commonly used

Cys protease inhibitor E64d, the downregulation of ABA-induced

or constitutively expressed TSPO was reduced. Taken together,

these data strongly support the idea that At-TSPO is mainly, if not

exclusively, degraded via autophagy in plant cells and in yeast.

YFP-AtTSPO Partially Colocalizes with GFP-AtATG8e in

Plant Cells

The process of autophagy involves a set of evolutionarily con-

served gene products, known as the ATG proteins, which are

required for the formation of the isolation membrane and the

autophagosome (Mizushima et al., 2010). The regulatory con-

served ATG8 family proteins are ubiquitin-like proteins that are

conjugated to phosphatidylethanolamine and attached to both

faces of the double-membrane autophagosome from its forma-

tion to its degradation in the vacuole and are therefore commonly

used in eukaryotic cells as autophagosome markers, for ex-

ample, fused to a fluorescent protein (Contento et al., 2005;

Mizushima et al., 2010).

Since YFP-AtTSPOwas also sensitive to hememetabolism and

autophagy inhibitors (see Supplemental Figure 4 online) and to

senescence (see Supplemental Figure 5 online), we reasoned that

coexpression of YFP-AtTSPO and green fluorescent protein

(GFP)-AtATG8 should occasionally result in colocalization of the

two fusion proteins even in the absence of stress or starvation.

To test this idea, we retransformed a transgenic tobacco line

overexpressing YFP-AtTSPO with GFP-AtATG8e (Contento et al.,

2005). Figure 9 shows representative confocal images of root cells

coexpressing YFP-AtTSPO and GFP-AtATG8e. As seen in the

time-lapse series in Figure 9A, a moving autophagosome was

detected in the field of view at time point 22.1 s (arrow, green

Figure 7. ABATransientlyUpregulatesUnboundHemeLevels in Plant Cells.

(A) The tetrapyrrole precursor ALA was quantified in a wild-type (WT)

plant, an At-TSPO homozygote KO plant, and two homozygote

At-TSPO–overexpressing lines (OE8 and OE9) either left untreated or

incubated with 50 mM ABA for 24 and 48 h. Then, ALA levels were

measured and normalized to the total protein levels. No statistical

(Student’s t test, a = 0.05) difference is seen.

(B) Unbound heme was quantified in the same samples as in (A). A

statistically significant difference (Student’s t test, a = 0.05) compared

with the wild type is indicated by an asterisk.

(C) At-TSPO expression in the same samples as in (A) analyzed by

immunoblotting and replica gels stained with Coomassie blue for loading

comparisons.

The errors bars in (A) and (B) are standard deviations for the mean of six

independent samples; (C) is a representative result from one of these six

samples.

Heme Binding and Regulation of At-TSPO 793



channel), and this punctate structure also contained YFP-AtTSPO

(arrows, red channel and merged image). This moving autopha-

gosome was visible up to time point 36.9 s, with perfect colo-

calization of the YFP and GFP fluorescence. This interesting

observation suggests that a YFP-AtTSPO–containing organelle or

the fusion protein itself can be engulfed by a GFP-AtATG8e–

positive autophagosome in the plant cell, strengthening the idea

that At-TSPO can be degraded through autophagy. In the exper-

iments shown in Figure 9B, we treated the root cells before

imaging with concanamycin A, a vacuolar H+-ATPase inhibitor

used to increase the pH and indirectly reduce vacuolar protease

activity (Matsuoka et al., 1997; Xiong et al., 2007b; Kleine-Vehn

et al., 2008). As expected, diffuse GFP fluorescence from GFP-

AtATG8e accumulating in the vacuole could be detected (green

channel, top panel). We did not detect the YFP fluorescence in the

vacuolar compartment probably because of YFP signal dilution.

Interestingly, and probably as a result of reduced autophagic flux

(Mizushimaet al., 2010), brighterGFP-AtATG8e–highlightedstruc-

tures could also be visualized, for example around the nucleus,

locally colocalizing with YFP-AtTSPO fluorescence (arrowheads).

At-TSPODegradation Requires a Putative ATG8 Interacting

Motif in Addition to Heme

Although autophagy is, in principle, a nonselective degradation

process, recent studies have shed light on other autophagy

Figure 8. At-TSPO Is Degraded through the Autophagy Pathway.

(A) An Arabidopsis transgenic line overexpressing At-TSPO (OE8) was

germinated and grown in the dark for 10 d on MS/2 plates and then

transferred to liquid medium supplemented with 100 mM CHX and/or

50 mM MG 132 and incubated for 6 h under continuous light. Total

proteins were analyzed by immunoblotting for the stability of At-TSPO

before the light incubation (C, control) in presence of DSMO (mock) (top

panel); PhyA was used as a light-sensitive, proteasome-sensitive control

(middle panel). A replica gel was stained to check for equivalent protein

loading (bottom panel).

(B) ABA-induced At-TSPO is relatively more stable in an autophagy-

deficient mutant. At-TSPO was induced in wild-type and atg5 Arabidop-

sis seedlings by incubating them in MS/2 liquid medium containing

50 mM ABA. The seedlings were sampled at different time points and the

stability of TSPO (top panels) analyzed by immunoblotting, with SEC21

as loading control (bottom panels).

(C) Arabidopsis suspension cell lines wild type, wild type +ABA (wild type

treated with ABA to induce TSPO expression), and OEC (an At-TSPO–

overexpressing line) were left untreated or were treated with an inhibitor

of type III phosphoinositide 3-kinases, MA (5 mM), and their TSPO

content assessed by immunoblotting. Arabidopsis SEC21 was used as

loading control, and the signals for SEC21 and TSPO in each treated

sample were compared with those in the control (C) as the MA-treated/

control ratio (+MA/C). The AtTSPO/SEC21 ratio was 2.1 for wild type +

ABA and 1.84 for OEC.

(D) Same experiment as in (C) using yeast expressing AtTSPO-6His,

6His-AtTSPO, and the EV control; the MA concentration was 10 mM, and

Gas1p was used as loading control. The AtTSPO/Gas1p ratio was 1.85

for AtTSPO-6His and 1.86 for 6His-AtTSPO.

(E) The same experiment as in (C) but using the vacuolar Cys protease

inhibitor E64d (E64, 100 mM) instead of MA. The AtTSPO/SEC21 ratio

was 3.1 for wild type + ABA and 2.3 for OEC.

The results in (A) and (B) were reproduced twice and in (C) to (E) are

representative of those in at least three separate experiments.WT,Wild type.
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modes that selectively degrade proteins, organelles, and even

invasive pathogens (reviewed in Noda et al., 2010). Structural

studies have uncovered conserved specific interactions between

ATG8 family proteins and either autophagic cargo receptors or

defined autophagic cargoes through a consensus W/YxxL/V/I

sequence termed the ATG8 family interacting motif (AIM) on the

binding partner of the ATG8 protein (Noda et al., 2008, 2010). The

results presented in Figure 9 suggested that At-TSPO or organ-

elles containing At-TSPO might be engulfed by autophagosomes

through an ATG8-mediated interaction. This possibility was in-

creasedby the finding thatAt-TSPOand other angiospermTSPOs

contain a relatively conserved AIM-related motif outside the

predicted transmembrane domains (Figure 10A). To investigate

the possibility that this motif could function as an AIM and may be

required for At-TSPO degradation, we mutated the two Tyr

residues in 121LYLYL125 into Ala residues, generating AtTSPOLALA.

This was expressed in yeast and its sensitivity to the autophagy

inhibitorMAcomparedwith that of thewild-typeprotein. As shown

Figure 9. YFP-AtTSPO Partially Colocalizes with GFP-AtATG8e in Plant Cells.

(A) Confocal images of a time-lapse study on root cells of a tobacco plant stably coexpressing YFP-AtTSPO and the autophagy marker GFP-AtATG8e.

The arrow indicates a moving autophagosome (GFP-AtATG8e fluorescence, green channel, and merged) containing YFP-AtTSPO fluorescence (red

channel and merged) seen from time point 22.1 to 36.9 s. Bar = 5 mm.

(B) Similar sample to that in (A) but imaged after concanamycin A treatment of the root cells. Diffuse GFP-AtATG8e fluorescence is visible in the vacuole

(green channel), and brighter areas are seen around the nucleus (arrowheads) colocalizing with YFP-AtTSPO (red channel and merged image). Bar = 5 mm.
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in Figure 10B, in the absence ofMA, AtTSPOLALA wasmore stable

than the wild-type protein (cf. the control [C] lanes in AtTSPO and

AtTSPOLALA). In addition, AtTSPOLALA was far less sensitive toMA

treatment, suggesting that autophagy of AtTSPOLALA was com-

promised compared with that of the wild-type protein. This could

have been due to the Tyr substitutions indirectly affecting heme

binding; however, as shown in Figure 10C, this was not the case,

since heme binding was not affected by the mutations (cf. lanes

EHA for AtTSPO and AtTSPOLALA). AtTSPOLALA was less sensitive

to heme added to the culture medium, as shown in Figure 10D.

These data show that At-TSPO degradation by autophagy re-

quires the AIM-like motif, in addition to heme. To determine

whether heme binding directly regulated autophagy,we evaluated

the sensitivity of the previously generated His mutants to MA

treatment, and the results in Figure 10E confirm that deficiency in

hemebinding, as exemplifiedby the twomutants AtTSPOH91A and

AtTSPOH91A/H115A, correlated with reduced sensitivity to MA.

Thus, we conclude that heme binding and a functional AIM in

At-TSPO are required for autophagy-dependent degradation of

the protein in vivo.

At-TSPOCanAlleviateALA-InducedPorphyria inPlantCells

Since At-TSPO can bind porphyrins and is efficiently degraded

through autophagy by the cell, it might act as a potential

porphyrin (including heme) scavenger in vivo. To test this poten-

tial At-TSPO function during stress, we increased tetrapyrrole

biosynthesis in Arabidopsis plant cells by ALA feeding. When

Arabidopsis cultured cells were incubated with ALA for 4 d in the

dark, wild-type cells accumulated porphyrins, as shown by their

brownish-red coloration (Figure 11A, wild type treated with 5mM

ALA). Interestingly, the independent At-TSPO–overexpressing

cell linesOEC1 and, to a lesser extent, OEC2were less colored at

the same ALA concentration, suggesting that their content of

harmful porphyrins was reduced. The absorbance at 405 nm of

crude cells extracts from 5 mM ALA-treated cells indicates that

thewild-type cells accumulatedmore porphyrin-like compounds

as compared with the transgenic cells overexpressing At-TSPO

Figure 10. At-TSPO Degradation Requires an ATG8 Family Interacting

Motif.

(A) ClustalW local alignment of a putative ATG8-family interacting motif

(AIM; in bold and underlined) in some angiosperm TSPOs but absent in

human TSPO1 and TSPO2.

(B) To assess the functionality of the At-TSPO putative AIM (121LYLYL125),

the two Tyr residues were mutated to Ala and the resulting mutant

(AtTSPOLALA) expressed in yeast. Its sensitivity to MA was compared

with that of the wild-type protein as in Figure 8B. The AtTSPO/Gas1p

ratio was 2.02 for At-TSPO and 1.34 for AtTSPOLALA.

(C) The hemin binding ability of AtTSPOLALA was assessed as in Fig-

ure 6C.

(D) The hemin sensitivity of AtTSPOLALA was assessed as in Figure 6D;

the AtTSPO/Gas1p ratio was 0.41 for wild-type At-TSPO and 0.9 for

AtTSPOLALA.

(E) The sensitivity of the His mutants was investigated as in (B). The

AtTSPO/Gas1p ratio was 3.7 for wild-type At-TSPO, 0.7 for AtTSPOH91A,

2.21 for AtTSPOH115A, and 0.96 for AtTSPOH91A/H115A.

The results in (B) to (D) are representative of those in two independent

experiments; those in (E) are representative of those in three exper-

iments.
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Figure 11. Overexpression of At-TSPO Can Alleviate Porphyria in Plant Cells.

(A) and (B) Tetrapyrrole biosynthesis was boosted in Arabidopsis cultured cells by incubating them with ALA for 4 d in the dark. The resulting coloration

of the wild-type (WT) cells and two independent At-TSPO–overexpressing lines (OEC1 and OEC2) indicate a differential accumulation of uncommitted

porphyrins (A) confirmed by the comparative absorbance at 405 nm of the respective extracts (B). The error bars in (B) represent standard errors, and

statistically significant differences (Student’s t test at a = 0.05) are highlighted by an asterisk.

(C) and (D) The same experiment as in (A) but with the cells incubated 24 h under continuous light. The imaged cells show differential bleaching between

the wild type on the one hand and OEC1 and OEC2 on the other and were confirmed by an Evans blue residual cell viability test (D).

(E) and (F) Similar experiment to that in (C) but using cauline leaves from a wild-type plant, an At-TSPO KO plant, and two independent and homozygote

At-TSPO–overexpressing lines (OE8 and OE9). At 2 mM ALA, the imaged leaves show variations in porphyrin-induced damages between the wild-type

and KO sample on the one hand and OE8 and OE9 on the other, with visible chlorotic areas (wild type) in the magnified images in (F).
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(Figure 11B). Free porphyrins, including heme, are extremely

harmful compounds as they can become cytotoxic by producing

powerful radicals in the presence of light (Wagner et al., 2004;

Severance and Hamza, 2009; Mochizuki et al., 2010). When ALA

feeding was performed under continuous illumination, wild-type

cells became completely photobleached after 4 d of incubation

(Figure 11C, wild type treated with 5 mM ALA), while OEC1 and

OEC2 were markedly less affected by the same treatment,

suggesting that overexpression of At-TSPO might protect the

cell from porphyrin-induced cytotoxicity. This conclusion was

verified by measuring cell viability after ALA treatment (Figure

11D). In presence of 5 mM ALA, the wild-type cells were less

viable compared with the transgenic cells overexpressing

At-TSPO. A similar conclusion can be extended to the plant:

whereas Arabidopsis KO and wild-type mature leaves were

severely chlorotic when incubated with ALA at concentrations

of 2 and 4 mM, leaves from overexpressing plants OE8 and OE9

appeared macroscopically unaffected or less affected at the

same ALA concentrations (Figures 11E and 11F).

DISCUSSION

In thiswork, we present evidence that At-TSPO is a hemebinding

protein, that heme binding is required for At-TSPO downregula-

tion through the autophagic pathway, and that At-TSPO degra-

dation through autophagy is conserved even after heterologous

expression of At-TSPO in yeast and requires a functional AIM-

related motif. These findings raise a number of questions.

Where andHowDoesAt-TSPOAcquireHeme inPlantCells?

At-TSPO is an ER-Golgi–localized membrane protein in the plant

cell (Guillaumot et al., 2009a). Despite the fact that heme bio-

synthesis and its regulation have been extensively studied, very

little is known about the intracellular trafficking of heme (or any

other porphyrin species), but it stands to reason that specific

molecules and pathways transport heme from the site of syn-

thesis to other cellular compartments and assist its incorporation

into hemoproteins (Severance and Hamza, 2009; Mochizuki

et al., 2010). The steady state rate of heme efflux from isolated

chloroplasts has been estimated to be 0.12 to 0.45 pmol/min,

based on a free heme estimate in the plastid of;6 mM (Thomas

andWeinstein, 1990). It is not clear when and how hemoproteins

acquire their heme in eukaryotic cells (i.e., cotranslationally or

posttranslationally). Heme is a hydrophobic and potential pow-

erful cytotoxic molecule, with a tendency to aggregate at neutral

pH, so understandably, levels of intracellular uncommitted heme

are strictly maintained at below 109M (Taketani, 2005). This level

may be even lower in the cytosol. We showed that a transient

increase in unbound heme levels occurred concurrently with

ABA-induced expression of At-TSPO (Figure 7). Although the

method used for this quantification supposedly measures free

heme, it is likely that the measured heme pool includes uncom-

mitted heme and a portion of the noncovalently bound heme

released from proteins during the extraction procedure. Never-

theless, these data clearly show that, during ABA perception and

signaling, the plant cell transiently increases its heme content. It

may be that an intracellular increase in ABA (during water-related

stress or from exogenous ABA) reduces the flux of PPIX toward

the chlorophyll branch of the tetrapyrrole biosynthetic pathway,

since the expression of chlorophyll binding proteins is inhibited

(Koussevitzky et al., 2007), thus channeling the available PPIX

toward the heme branch, and thismay explain whywe found little

modification of the levels of the precursor ALA (Figure 7). The

increased heme levels may fulfill two physiological purposes

related to the inevitable oxidative stress accompanying abiotic

stress. First, part of the uncommitted heme may be degraded in

the plastid by heme oxygenase (HO) to generate biliverdin-IXa, a

known antioxidant molecule (Otterbein et al., 2003; Balestrasse

et al., 2005). The highly expressed HO1 isoform in plants is

upregulated by various abiotic stresses and ABA (reviewed in

Shekhawat and Verma, 2010). Second, some of the uncommitted

heme may leave the plastid by an as yet uncharacterized

mechanism and be allocated to heme binding proteins, including

ROS scavenging enzymes, in various compartments of the cell.

The in vivo heme analog binding assay suggested that a small

fraction of the Golgi-localized At-TSPO may be devoid of por-

phyrins (Figure 4). It may be that the ER-bound and some of the

Golgi-localized At-TSPO molecules are complexed with heme

(or other porphyrins).

We showed that heme binding by At-TSPO requires H91

but not H115 (Figure 6). Although the two His residues are

relatively well conserved in plant TSPOs, only H91 is surrounded

by the hydrophobic residues required to form a potential heme

binding groove (Lucana et al., 2004). H91may function as a heme

iron axial coordinator, suggesting that the interaction between

At-TSPO and heme is noncovalent andmost likely reversible. It is

not yet clear how heme is transferred to At-TSPO (in the ER or the

Golgi) (i.e., directly from the plastid or from the cytosol). While it is

possible that soluble heme binding proteins, such asmembers of

the p22HBP/Soul family (Takahashi et al., 2008), may transport

heme within, or to, defined organelles, their function in porphyrin

trafficking, if any, remains to be determined. Stromules are

tubular structures, stroma-filled protrusions, of plant plastids and

are thought, besides functioning to aiding the exchange of

material between plastids, to play a role in facilitating the ex-

change of material between plastids and other organelles (Kwok

and Hanson, 2004; Ishida et al., 2008). A trafficking pathway for

proteins exists between the Golgi and plastids (Villarejo et al.,

2005; Kitajima et al., 2009), and another for lipids exists between

plastids and the ER (Awai et al., 2006), probably through direct

organelle contact. A possible direct transfer of heme by the

tethering of physical interorganellar membranes, as described

between mitochondria and the ER in yeast (Kornmann et al.,

2009), could explain how heme from the plastid could be incor-

porated into proteins that are processed in the secretory path-

way (Severance and Hamza, 2009), such as At-TSPO.

Is At-TSPO a Heme/Porphyrin Transporter/Scavenger?

Although the biological role of TSPOs have been extensively

investigated inmammalian cells for more than three decades, we

know nothing about the mode of action of any member of this

fairly conserved family of membrane proteins (i.e., whether they

operate as pumps, transporters, or channels). Since it is a
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hydrophobic anionic porphyrin, transport of heme across a lipid

bilayer should consume energy. Hence, most of the heme

transporters characterized so far belong to the ATP binding

cassette protein superfamily (Severance and Hamza, 2009;

Mochizuki et al., 2010). However, transmembrane proteins can

function as heme chaperones, as exemplified by CcmE in

bacteria and Arabidopsis, which delivers heme to apocyto-

chrome C (Spielewoy et al., 2001; Ahuja and Thöny-Meyer,

2006). The reduction in cellular unbound heme levels concom-

itant with At-TSPO degradation (Figure 7) might be due to the

transfer of uncommitted heme to yet unidentified hemoproteins

in the ER and/or the Golgi, via At-TSPO. However, this possible

hemochaperone activity does not explain why, in a heme-

dependent manner, the protein, and probably the whole Golgi

stack containing At-TSPO, is then targeted for degradation. We

favor the alternative explanation that At-TSPO regulates un-

bound heme levels in the cell during stress (Figure 12). During

stress, the ABA-dependent heme increase in the plastid is

required to protect cellular structures from ROS damage. Part

of the unbound heme must be incorporated into a multitude of

ROS scavengers distributed in other compartments of the cell

and also into other hemoproteins, including ABA regulators, such

as the ER-localized catabolic enzyme ABA 8’-hydroxylase. It is

vital for the plant cell to regulate levels of active ABA strictly. To

avoid excess unbound heme accumulating in the membranes or

in the cytosol, At-TSPO is also induced by ABA as a porphyrin

scavenger. Frank et al. (2007) found that a knockout mutant for

one of the Physcomitrella patens TSPOs showed PPIX accumu-

lation and increased sensitivity to oxidative stress. It is also

possible that binding of heme to At-TSPO can enhance ABA-

dependent oxidative stress signaling, as At-TSPO enhanced

the intrinsic peroxidase activity of heme (see Supplemental

Figure 6 online). This may result from the bound heme interacting

with H2O2 and generating powerful radicals (Balla et al., 2000).

Consistent with this hypothesis, At-TSPO overexpression sub-

stantially increased ROS levels in plant cells in the presence or

absence of ABA (see Supplemental Figures 7 and 8 online).

These results have to be taken with caution since the absence

of functional chloroplasts in cultured plant cells grown in the

dark results in the overexpressed At-TSPO being more stable.

The potential role of At-TSPO in ROS homeostasis in the plant

cell is still far from clear. However, a role of At-TSPO as a heme/

porphyrins scavenger is in accordance with the finding that

overexpression of this protein alleviated ALA-induced porphyria

in plant cells (Figure 11). TSPO2, a divergent TSPO isoform

exclusively expressed in avian and mammalian primitive eryth-

rocytes, is localized to the ER and not the mitochondria, and its

expression is tightly correlated with that of hemoglobin genes

(Fan et al., 2009; Nakazawa et al., 2009), suggesting a role in

heme and hemoprotein accumulation during erythrocyte matu-

ration. In addition, TSPO knockout in zebra fish resulted in

embryos with specific erythropoetic cell depletion, and this lack

of blood cells was independent of the TSPO function in choles-

terol transport and steroidogenesis (Rampon et al., 2009).

Why Do Plant Cells Need an Efficient At-TSPO

Downregulation Mechanism?

At-TSPO might be required for a short time in enhancing the

stress-induced oxidative stress and preventing the accumulation

of uncommitted heme/porphyrins in the cell. However, in the long

term, these activities are likely to be detrimental by affecting ROS

homeostasis and competing for heme allocation to ROS scav-

engers or other hemoproteins, including ABA catabolic enzymes

(Figure 12). In contrast with TSPO1 in animal cells, At-TSPO

appears not to be essential for plant growth and development,

since the knockout mutant is viable. We previously found that

overexpression of At-TSPO renders cultured Arabidopsis cells

more sensitive to salt stress (Guillaumot et al., 2009a). Enzymatic

degradation of heme is restricted to the plastids in the plant

because of the specific localization of HO in this organelle. It is

not known whether heme or porphyrins in general can be

retranslocated in the plastids. One way of getting rid of the

potential deleterious effects of heme bound to At-TSPO would

be to degrade the complex via the vacuole, a degradation site for

various hemoproteins and organelles containing hemoproteins.

The autophagosomes are formed in mammalian cells from ER,

Golgi, or even mitochondrial membranes (Hayashi-Nishino et al.,

2009; Ylä-Anttila et al., 2009; Hailey et al., 2010; Yen et al., 2010).

This potential mechanism is reminiscent of heme binding to the

prion protein PrPC, which generates ROS and induces PrPC

internalization and turnover (Lee et al., 2007). Heme is known to

regulate the turnover of various regulatory proteins (Severance

and Hamza, 2009), but none have yet been characterized in

plants.

We found that At-TSPOwas degraded through autophagy and

that this degradation required the AIM-like motif 121LYLYL125.

Figure 12. Hypothetic Model of At-TSPO Function and Regulation in

Plant Cells.

Increased ABA levels in the plant cell transiently upregulate uncommitted

heme levels. The uncommitted hemes are used to increase the activity of

ROS scavengers inside and outside the chloroplast (required for the cell

to cope with the accompanying oxidative stress). ABA also induces

TSPO as a heme scavenger to cope with possible excess and delete-

rious heme in the cell. TSPO binds heme and interacts with ATG8 family

regulators via a conserved AIM motif (121LYLYL125) and is targeted for

degradation through autophagy. How heme is transported out of the

plastid is not known, and how and when hemoproteins acquire their

heme is not yet clear (question marks).
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Structural studies suggest that AIM motifs adopt an extended

b-conformation and form an intermolecular parallel b-sheet with

the b2 domain of ATG8 family proteins (Noda et al., 2008). It is

possible that the consensus W/YxxL/V/I could be recognized in

both orientations in the primary sequence. We showed that

mutating the hydrophobic residues possibly required for ATG8

binding resulted in inhibition of At-TSPO degradation.We cannot

exclude the possibility that a fraction of At-TSPO might be

degraded by other cellular process than autophagy. However,

genetic and pharmacological inhibition of the proteasome path-

way did not affect the stability of At-TSPO, and the autophagy-

dependent degradation pathway was conserved even after

heterologous expression of At-TSPO in yeast. These findings

suggest that the cellular mechanism for At-TSPO recognition

and degradation by eukaryotic cells is a housekeeping mecha-

nism. It would be interesting to determine whether any of the

degradation-deficient mutant forms of At-TSPO has a pheno-

typic consequence in the plant.

METHODS

Plant Materials

Arabidopsis thaliana Columbia-0 ecotype was used. The wild type

suspension cultured cells and the generation of the transgenic cell lines

overexpressing At-TSPO were described by Guillaumot et al. (2009a).

OEC1, OEC2, and OEC are three independent transgenic cell lines

expressing At-TSPO under the control of the p35S promoter. An

Arabidopsis homozygous TDNA insertional line (KO) in TSPO and

the TSPO-overexpressing transgenic plant lines were described by

Guillaumot et al. (2009a). Transgenic tobacco plant expressing ST-YFP

(Geelen et al., 2002) was also previously described (Guillaumot et al.,

2009a).

Genetic Constructs and Transformations

Standard molecular biology protocols were followed, the generated

plasmids were amplified in Escherichia coli strain DH5a, and all coding

sequences were validated by sequencing. To generate yeast expression

plasmids encoding At-TSPO with or without the 6-His tag, specific

primers were used to PCR amplify the At-TSPO coding sequence

as described by Guillaumot et al. (2009a). The primer pairs AtTSPO59

(59-AAAATCTAGAATGGATTCTCAGGACATC-39) and AtTSPO39 (59-AAA-

ACTGAGTTATCACGCGACTGCAAGCTTTA-39), AtTSPO59 and AtTSPO-

6xHis39 (59-AAAACTCGAGTTAGTGATGGTGATGGTGATG-39), and 6xHis-

AtTSPO59 (59-AAAATCTAGAATGCATCACCATCACCATCAC-39) and

AtTSPO39 were used to generate AtTSPO, AtTSPO-6His, and 6His-

AtTSPO, respectively. These amplified PCR products were digested with

XbaI/XhoI and cloned into the vector p426GAL1 (Mumberg et al., 1994),

previously opened with SpeI/XhoI and the generated plasmids named

p426GAL1-AtTSPO, p426GAL1-AtTSPO-6His, and p426GAL1-6His-

AtTSPO, respectively. The p426GAL1-AtTSPO plasmid was used as

the template for the generation of AtTSPOLALA, AtTSPOH91A, and

AtTSPOH115A. These constructs were prepared by overlapping PCR.

To generate AtTSPOLALA, the first PCR product was amplified using

the primers AtTSPO59 and AtTSPOLALA39 (59-AAACTGAGCTAAAG-

CAAGAGCCAGAGCATTGGG-39) and the second using the primers

AtTSPOLALA59 (59-CCCAATGCTCTGGCTCTTGCTTTAGCTCAGTTT-39)

and AtTSPO39. To generate AtTSPOH91A and AtTSPOH115A, the first

PCR products were generated using the primer pairs AtTSPO59 and

either AtTSPOH91A39 (59-GCGAGACACGTTGTTGCTAGGAGCCACA-39)

or AtTSPOH115A39 (59-AGCATTGGGCTTCTTTGCGAAGCCACC-39), re-

spectively, and the second PCR products were obtained using the pairs

AtTSPO39 and either AtTSPOH91A59 (59-CCTCTGTGGCTCCTAGCAA-

CAACGTGTC-39) or AtTSPOH115A59 (59-GACGGTGGCTTCGCAAAGAA-

GCCCAATG-39). The final amplified PCR products were digested

with XbaI/XhoI and cloned into p426GAL1, previously opened with

SpeI/XhoI, and the generated plasmids named p426GAL1-AtTSPOLALA,

p426GAL1-AtTSPOH91A, and p426GAL1-AtTSPOH115A, respectively.

AtTSPOH91A/H115A was generated by PCR combining the appropriate

fragments from AtTSPOH91A and AtTSPOH115A and also cloned into

p426GAL1 to give p426GAL1-AtTSPOH91A/H115A. Yeast strains CMY394

and Y762 (Ghislain et al., 1993) were transformed as described by Gietz

and Woods (2002). The generation of the YFP-AtTSPO–expressing

tobacco (Nicotiana tabacum) and Arabidopsis plants and the transgenic

suspension Arabidopsis cultured cells has been described by Guillaumot

et al. (2009a). The binary vector containingGFP-AtATG8e (Contento et al.,

2005) was a kind gift from D. Bassham (Iowa State University). Arabi-

dopsis and tobacco plant transformations were performed using

standard methods using Agrobacterium tumefaciens–mediated transfor-

mation as described by Guillaumot et al. (2009a).

Plant and Yeast Treatment

Seed disinfection, plant growth conditions, and ABA treatment were

performed as described by Guillaumot et al. (2009a). Plant cultured cells

were grown as described previously (Guillaumot et al., 2009a). Plant

seedlings grown for 14 d in vitro were transferred to liquid MS/2 (half-

strength Murashige and Skoog culture medium) containing ALA, DPD, or

MA at the indicated concentration and incubated for 1 to 4 d in the dark

with or without a prior 24 h ABA induction. Plant cultured cells were

harvested 3 d after subculture and then transferred to fresh culture media

containing ALA, DPD, MA, E-64d, wortmannin, or CHX at the indicated

concentration. A 50 mM ABA stock solution was prepared in ethanol,

DPD, MA, SA, CHX, and wortmannin stock solutions were prepared in

DMSO, and a 10mME-64d stock solution was prepared inmethanol. The

controls contained the appropriate solvent at the highest final concen-

tration used. Porphyria was induced in plant cells by incubating the

cultured plant cells with ALA at the indicated concentration either in the

dark or under continuous light for up to 4 d, and then the cells were

thoroughlywashed or resuspended in the culturemediumwithout ALA for

imaging. Total porphyrin extraction and quantification were conducted as

described by Dixon et al. (2008). Cell viability was assessed as described

by Frank et al. (2007). The first cauline leaves of soil-grown plants at the

bolting stage were also incubated in MS/2 liquid medium containing ALA

at room temperature under continuous light and imaged after 24 h of

incubation. At-TSPO induction was achieved in yeast cells by growing

them for 2 d at 308C in liquid synthetic medium without the auxotrophic

marker uracil and with galactose as carbon source. When required, the

medium was supplemented with ALA, DPD, SA, or hemin (freshly pre-

pared in 20 mM NaOH), CHX, and/or MG132 (prepared in DSMO) at the

indicated concentration.

Protein Extraction and Analyses

Plant protein extraction was performed as described by Guillaumot

et al. (2009a). Total yeast proteins were prepared in buffer A (20 mM

Na-phosphate buffer, pH 7.8, 150 mM NaCl, and 2% [w/v] dodecyl-

b-D-maltoside [DDM] containing 1 mM PMSF and a protease inhibitor

cocktail [final concentration 2 mg/mL each of leupeptin, aprotinin, anti-

pain, pepstatin, and chymostatin]). When required, DDM was replaced

by SDS (1% [v/v]) or Triton X-100 (1% [v/v]) in the solubilization buffer

A. Disruption of yeast cells was performed at room temperature in a

Precellys24 apparatus (Bertin Technologies) using 500- to 750-mm glass

beads. After homogenization, cell debris was pelleted by centrifugation
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for 5 min at 5000g in a cooled microcentrifuge and the supernatant

used immediately for protein quantification using the BCA method

(Sigma-Aldrich). Microsomes were obtained and solubilized according

to Kanczewska et al. (2005), except that 0.1% polyoxyethylene 8-mistryl

ether (C14E8) was used for stripping and 2% DDM for membrane protein

solubilization. The solubilized proteins were incubated for a minimum of

2 h at room temperature with prewashedNi-Sepharose high performance

beads (GEHealthcare) suspended in buffer A containing 20mM imidazole

and the beads poured into a column thatwas thenwashedwith increasing

concentrations of imidazole (20, 40, and 60 mM) in washing buffer A (with

0.1% [w/v] DDM instead of 2% [w/v] DDM). Then, bound proteins were

eluted with 500 mM imidazole in washing buffer. If required, the eluted

proteins were dialyzed extensively at 48C against 20 mM Na-phosphate,

150 mM NaCl, and 0.1% (w/v) DDM and concentrated using an Amicon

ultracentrifugal filter device (Millipore). Protein electrophoresis, immuno-

blotting, and signal quantifications were performed as described by

Guillaumot et al. (2009a). Antibodies against At-SEC21, PhyA, and

At-rbcL were purchased from AgriSera, the anti-Gas1p antibodies

(Morsomme et al., 2003) were a kind gift from Pierre Morsomme

(Institute of Life Sciences, Université Catholique de Louvain, Belgium),

anti-b-galactosidase was purchased from Promega, the horseradish

peroxidase–coupled anti-rabbit and anti-mouse secondary antibodies

were from Sigma-Aldrich, and the anti-AtTSPO and anti-YFP antibodies

have been described previously (Guillaumot et al., 2009a). For immuno-

blotting, the anti-YFP antibodies were used at a dilution of 1:500, the

anti-AtSEC21, anti-AtrbcL, anti-Gas1p antibodies at 1:1000, anti-b-

galactosidase at1/1000, anti-AtTSPO antibodies at 1:5000, and anti-

rabbit IgG antibodies at 1:10,000.

Porphyrin Affinity Chromatography and Pull-Down Assays

For the hemin affinity binding assay, we used commercially available

hemin-agarose (Sigma-Aldrich). For the PPIX affinity binding assay, we

cross-linked PPIX in the dark to Sepharose CL4B beads using a

Carboxylink kit (Pierce) according to the manufacturer’s instructions.

Cross-linking to the beads was verified by the coloration of the column by

PPIX (dark brownish-red). Untreated Sepharose CL4B beads were used

as a negative control for nonspecific interactions between the agarose

and membrane proteins. Approximately 500 mg of total membrane

proteins was solubilized on a rotating wheel at 48C for 1 h in 1 mL of

solubilizationbuffer (20mMNa-phosphate, pH7.8, 500mMNaCl, and 2%

DDM), and then after centrifugation (15,000g, 20 min, 48C), the superna-

tant was recovered and N-laurylsarcosine was added to a final concen-

tration of 1% (v/v). Routinely, 200 mL of this mixture was then added

to 100 mL of the porphyrin-agarose slurry in a 1 mL column prewashed

with solubilization buffer and the suspension incubated at room temper-

ature for 1 h on a rotating wheel (20 rotations per minute), and then the

nonbound material was collected and the beads washed three times with

solubilization buffer and three times with PBS. Then, the bound protein

was eluted by addition of 43 SDS protein loading buffer and incubation

at room temperature for 10 min. The input, flow-through, last wash, and

elution were subjected to SDS-PAGE and immunoblot analyses.

For the pull-down assay, purified heterologously expressed AtTSPO-

6His and 6His-AtTSPO were intensely dialyzed against buffer B (20 mM

Na-phosphate, pH 7.8, 500 mM NaCl, and 0.1% DDM) to remove the

imidazole used to elute the protein from the Ni-NTA matrix. The dialyzed

fraction (150 mL) wasmade to a final concentration of 1mMhemin (from a

10 mM stock in 20 mM NaOH) or 1 mM PPIX (from a 10 mM stock in

DMSO), and the mixtures and the respective mock samples containing

20mMNaOHor DMSOwere incubated in the dark for 30min on a rotating

wheel at room temperature. The samples were then applied to a sus-

pension of prewashed Ni-NTA beads and incubated 1 h at room tem-

perature, and then the beadswere poured into a column, the flow-through

was collected, and the column washed twice with 5 column volumes of

buffer B and bound proteins eluted with 2 column volumes of buffer B

containing 500 mM imidazole. The eluted material was transferred to a

multiplate and spectrophotometrically analyzed for the presence of

porphyrins (absorption at 405 nm). Buffer solution and the eluate from

affinity chromatography of solubilized proteins from yeast transformed

with the EV were used as negative controls. All experiments were

performed at least three times.

ALA and Heme Extraction and Quantification

Plant cell suspensions were filtered on a Miracloth membrane and

washed with 20 mL of deionized sterile water. For the determination of

ALA and heme, 500 mg fresh weight of cells was used as the starting

material. All extractions were performed in the dark. ALA extraction and

measurement were performed as described by Mauzerall and Granick

(1956). Heme concentrations were determined using a hemin assay kit

from Biovision. Heme extractions were performed based on Weinstein

and Beale (1983). Briefly, the washed cells were extracted at least five

times by resuspension in cold 90% (v/v) aqueous acetone containing 10

mMNH4OH and the extracts discarded. Noncovalently bound heme was

then extracted twice in cold 90% aqueous acetone containing 5% (v/v)

12.1 M HCl and the two HCl extracts combined and diluted 100-fold in

Biovision kit buffer and heme levels determined according to the man-

ufacturer’s instructions.

For thedetermination ofALAandheme levels inplant tissues, 6-week-old

plants grown on soil under short-day conditions were harvested and

ground in liquid nitrogen, and then 100 mg of the powder was used for

determination of ALA and heme levels. All experiments were performed

with at least three times with six independent samplings per experiment.

Analysis of At-TSPO Degradation in a Yeast Strain Impaired in

Proteasome Activity

Yeast RPN4 wild-type (CMY394) and rpn4 temperature-sensitive

(cim3-1ts) mutant (Y762) strains were transformed with p426GAL1-

AtTSPO and the pUB23 plasmid expressing a ubiquitin-Pro-b-galacto-

sidase fusion from the GAL1 promoter (Ghislain et al., 1993). Exponential

growing cells (optical density at 600 nm of 0.5 to 1.0) from 10 mL cultures

in SGAL medium were incubated in presence of 366 mM CHX. Samples

were withdrawn at different time points, and the stability of At-TSPO and

Ub-Pro-bgal was analyzed by immunoblotting.

Cell Imaging

GFP andYFP confocal imagingwas performed as described byGuillaumot

et al. (2009a). Concanamycin A treatment prior to imaging was performed

as described by Sláviková et al. (2005). Pd-mP (Frontier Scientific Europe)

was prepared in 20 mM PBS containing 0.1% (v/v) N-laurylsarcosine and

infiltrated through the stomata of a tobacco leaf (Batoko et al., 2000),

followed by confocal imaging. The fluorescent porphyrin was excitedwith

a 405-nm diode laser (4% attenuation) and the amplified emitted light

recorded between 425 and 510 nm. YFP fluorescence was simulta-

neously excited with a 514-nm argon multiline laser and the amplified

emitted light recorded between 530 and 610 nm. The confocal images

were processed using Imaris software (Bitplane).

Peroxidase Assay

The peroxidase-like activity of hemewas determined as described by Lee

et al. (2007) and repeated at least five times. Briefly, 20 mM hemin was

added to the purified recombinant TSPO fraction (6His-ATSPO or

AtTSPO-6His). The peroxidase activity of the mixture was measured by

the oxidation of 3,39,5,59-tetramethylbenzidine (Pierce) by H2O2 (10 mM).
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The reaction wasmonitored by absorbance at 650 nm. As controls, TSPO

without hemin or hemin alone was assessed in parallel.

Total ROS/Reactive Nitrogen Species Staining and Quantification

Intracellular production of ROS and/or reactive nitrogen species was

measured according to Maxwell et al. (1999). Briefly, 15 mM 5-(and-6)-

chloromethyl-2’,7’- dichlorodihydrofluorescein diacetate (CM-H2DCFDA;

Molecular Probes), dissolved in ethanol, was added to the cell suspen-

sion. This nonpolar compound is actively taken up by cells and converted

by esterases into 29,79-dichlorodihydrofluorescein, a nonfluorescent mol-

ecule, which is rapidly oxidized to the highly fluorescent 29,79-dichloro-

fluorescein by intracellular peroxides. The cells were incubated for 15min

in the dark, and then excess dye was removed by extensive washing

of the cells with fresh culture medium, and the cells were observed

within 30 min of treatment under a Zeiss 710 confocal microscope. The

29,79-dichlorofluorescein was imaged as described by Maxwell et al.

(1999). These experiments were repeated at least two times.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries and in the Arabidopsis Genome Initiative and Carica papaya

genome databases under the following accession numbers: At2g47770

(At-TSPO), AT4G34450 (At-SEC21), AT2G45170 (At-ATG8e), At5g17290

(At-ATG5), At1g09570 (Arabidopsis PhyA), CAA89140 (S. cerevisiae

Gas1p), XP_002531881 (Ricinus communis TSPO1), EEF30518 (R. com-

munis TSPO2), EEF07520 (Populus trichocarpa TSPO1), XP_002301472

(P. trichocarpa TSPO2), XP_002334319 (P. trichocarpa TSPO3), EEE80745

(P. trichocarpa TSPO4), XP_002263702 (Vitis vinifera TSPO), CAH10765

(Solanum tuberosum TSPO), XP_002439293 (Sorghum bicolor TSPO),

CF069942.1 (Medicago truncatula EST translated, TSPO), evm.model.

supercontig_9.210 (C. papaya, predicted gene translated, TSPO),

CAQ09717 (Homo sapiens TSPO1), and XP_167072 (H. sapiens TSPO2).
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Sláviková, S., Shy, G., Yao, Y.L., Glozman, R., Levanony, H.,

Pietrokovski, S., Elazar, Z., and Galili, G. (2005). The autophagy-

associated Atg8 gene family operates both under favourable growth

conditions and under starvation stresses in Arabidopsis plants. J.

Exp. Bot. 56: 2839–2849.

Spielewoy, N., Schulz, H., Grienenberger, J.M., Thony-Meyer, L.,

and Bonnard, G. (2001). CCME, a nuclear-encoded heme-binding

protein involved in cytochrome c maturation in plant mitochondria.

J. Biol. Chem. 276: 5491–5497.

Stevens, J.M., Daltrop, O., Higham, C.W., and Ferguson, S.J. (2003).

Interaction of heme with variants of the heme chaperone CcmE

carrying active site mutations and a cleavable N-terminal His tag.

J. Biol. Chem. 278: 20500–20506.

Takahashi, S., Ogawa, T., Inoue, K., and Masuda, T. (2008). Charac-

terization of cytosolic tetrapyrrole-binding proteins in Arabidopsis

thaliana. Photochem. Photobiol. Sci. 7: 1216–1224.

Takatsuka, C., Inoue, Y., Matsuoka, K., and Moriyasu, Y. (2004).

3-Methyladenine inhibits autophagy in tobacco culture cells under

sucrose starvation conditions. Plant Cell Physiol. 45: 265–274.

Taketani, S. (2005). Aquisition, mobilization and utilization of cellular

iron and heme: Endless findings and growing evidence of tight

regulation. Tohoku J. Exp. Med. 205: 297–318.

Taketani, S., Kohno, H., Furukawa, T., and Tokunaga, R. (1995).

Involvement of peripheral-type benzodiazepine receptors in the

intracellular transport of heme and porphyrins. J. Biochem. 117:

875–880.

Thomas, J., and Weinstein, J.D. (1990). Measurement of heme efflux

and heme content in isolated developing chloroplasts. Plant Physiol.

94: 1414–1423.

804 The Plant Cell



Verslues, P.E., and Zhu, J.K. (2007). New developments in abscisic

acid perception and metabolism. Curr. Opin. Plant Biol. 10: 447–452.

Villarejo, A., et al. (2005). Evidence for a protein transported through

the secretory pathway en route to the higher plant chloroplast. Nat.

Cell Biol. 7: 1224–1231.

Wagner, D., Przybyla, D., Op den Camp, R., Kim, C., Landgraf, F.,
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