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e recently established a proteome

methodology for Arabidopsis leaf
peroxisomes and identified more than
90 putative novel proteins of the organ-
elle. These proteins included glutathi-
one reductase isoform 1 (GR1), a major
enzyme of the antioxidative defense
system that was previously reported to
be cytosolic. In this follow-up study, we
validated the proteome data by analyz-
ing the in vivo subcellular targeting of
GR1 and the function of its C-terminal
tripeptide, TNL>, as a putative novel
peroxisome targeting signal type 1
(PTS1). The full-length protein was tar-
geted to peroxisomes in onion epidermal
cells when fused N-terminally with the
reporter protein. The efficiency of per-
oxisome targeting, however, was weak
upon expression from a strong promoter,
consistent with the idea that the enzyme
is dually targeted to peroxisomes and the
cytosol in vivo. The reporter protein that
was extended C-terminally by 10 amino
acid residues of GR1 was directed to
peroxisomes, characterizing TNL> as a
novel PTS1. The data thus identify plant
peroxisomal GR at the molecular level in
the first plant species and complete the
plant peroxisomal ascorbate-glutathione
cycle. Moreover, GR1 is the first plant
protein that is dually targeted to peroxi-
somes and the cytosol. The evolutionary
origin and regulatory mechanisms of
dual targeting are discussed.

Massive amounts of hydrogen perox-
ide (H,0,) are produced during pho-
tosynthesis in peroxisomes by glycolate
oxidase activity as part of the photo-
respiratory cycle.! Next to catalase, the
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ascorbate-glutathione cycle is the second-
ary scavenging system for H,O, detoxifica-
tion.>* The cycle comprises four enzymes,
ascorbate peroxidase (APX), monodehy-
droascorbate reductase (MDAR), dehy-
droascorbate reductase (DHAR) and
NADPH-dependent glutathione reductase
(GR). GR plays a major physiological role
in maintaining and regenerating reduced
glutathione in response to biotic and
abiotic stresses in plants”’ Jiminez et al.
(1997) provided biochemical evidence for
the presence of the antioxidants ascorbate
and glutathione and the enzymes of the
ascorbate-glutathione cycle in pea per-
oxisomes.*® While Arabidopsis APX3,
MDARI1 and MDAR4 have been char-
acterized as peroxisomal isoforms,’' the
molecular identity of plant peroxisomal
GR and DHAR have not been determined
in any plant species to date’ Arabidopsis
encodes two GR and five DHAR isoforms
that are either shown to be or predicted to
be cytosolic, mitochondrial or plastidic.'?
We recently identified specific isoforms
of GR (GRI1, At3g24170) and DHAR
(DHARI, Atlgl9570) as being peroxi-
some-associated by proteome analysis of
Arabidopsis leaf peroxisomes.'’*'* Both
isoforms were previously reported to be or
predicted to be cytosolic.”

Arabidopsis GR1  terminates with
TNL>, which is related to functional
plant PTS1 tripeptides such as SNL> and
ANL>."»" Threonine (T), however, has
not yet been described as an allowed resi-
due at position -3 of PTS1s in any plant
peroxisomal protein.!® Analysis of homolo-
gous plant proteins and expressed sequence
tags (ESTs) shows that TNL> is generally
highly conserved in putative plant GR1
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Figure I. Analysis of PTSI conservation in plant GRI homologs. Sequences of full-length protein
(FLP) plant GRI homologs or ESTs (“EST”) were identified by BLAST and phylogenetic analysis,
aligned by ClustalX, and conserved residues were shaded by Genedoc. In addition to spermato-
phyta, homologs from bryophyta and chlorophyta were analyzed for PTSI conservation. For a
phylogenetic analysis of the full-length proteins, see also Supplementary Figure |. The species
abbreviations are as follows: Aa, Artemisia annua; At, Arabidopsis thaliana; Bn, Brassica napus; Br,
Brassica rapa; Ci, Cichorium intybus; Cr, Chlamydomonas reinhardtii; Cs, Cynara scolymus; Fv, Fragaria
vesca; Ha, Helianthus annuus; Msp, Micromonas sp. RCC299; Mt, Medicago truncatula; Nt, Nicotiana
tabacum; Os, Oryza sativa; Pk, Picrorhiza kurrooa; Ppat, Physcomitrella patens subsp. patens; Ps, Pisum
sativum; Ptri, Populus trichocarpa; Re, Ricinus communis; Rs, Raphanus sativus; Tp, Trifolium pratense;
Tpus, Triphysaria pusilla; Vc, Volvox carteri f. nagariensis; Vv, Vitis vinifera; Zm, Zea mays.

orthologs (Fig. 1). A few other sequences
terminate with related tripeptides, such
TSL>, TTL>, NNL> and TKL>. Only
a single EST (Picrorhiza kurrooa) carries
the canonical PTS1, SKI> (Fig. 1). The
data provide only weak additional sup-
port for peroxisome targeting of plant
GRI1 orthologs. However, GR homologs
from green algae (chlorophyta) carry
canonical PTS1 tripeptides, such as SKL>
(Chlamydomonas, Volvox) and AKM>
(Micromonas, Fig. 1, Suppl. Fig. 1).

Arabidopsis GR1
is Targeted to Peroxisomes

To investigate peroxisomal targeting of
GR1 by TNL> in vivo, we fused GR1
N-terminally with the reporter pro-
tein enhanced yellow fluorescent pro-
tein (EYFP) and expressed the construct
transiently from the 35S cauliflower
mosaic virus (CaMV) promoter in onion
epidermal cells and tobacco protoplasts.
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In parallel, onions were routinely trans-
formed with appropriate negative control
plasmids, such as EYFP alone (Fig. 2A and
B), to verify the absence of endogenous bac-
teria that may phagocytose cytosolic GFP
variants. Although they differed slightly
in their active modes of movement, these
GFP-labeled subcellular bacteria could,
particularly in cases of weak targeting sig-
nals and efficiency, be misinterpreted as
peroxisomes and cytosolic reporter protein
fusions could be falsely identified as being
peroxisomally targeted. The N-terminal
full-length reporter protein fusion of GR1
(EYFP-GR1) was indeed targeted to small
subcellular organelles (Fig. 2C), but the
efficiency of organelle targeting was weak,
making characterization of the structures
as peroxisomes difficult in double trans-
formants. In a few cells that co-expressed
a peroxisome marker (gMDH-CFP),
EYFP-GR1 could conclusively shown to
be peroxisomal. The data establish GR1 as
a novel peroxisomal enzyme (Fig. 2C). In
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tobacco protoplasts of leaf mesophyll cells,
however, EYFP-GR1 remained exclusively
cytosolic (Fig. 2F), strengthening the idea
that negative organelle targeting data may
be related to the nature of the analytical
in vivo system and require validation in
an alternative plant expression system.
Notably, the tobacco GR1 ortholog that
has been assembled from overlapping
ESTs also terminates with TNL> (Fig. 1,
Suppl. Fig. 1).

TNL> is a Novel Plant PTS1

To investigate whether AtGRI is targeted
to peroxisomes by TNL>, we fused the
putative peroxisome targeting domain
(PTD) comprising the C-terminal ten
amino acid (aa) residues of GR1 to EYFP.
The extended reporter protein was directed
that
coincided with peroxisomes (Fig. 2D).
The targeting
ranged from weak to moderate. The same

to small subcellular organelles

peroxisome efficiency
reporter construct also localized to peroxi-
somes in tobacco mesophyll protoplasts
(Fig. 2E1-5). In both plant expres-
sion systems, the efficiency at which the
C-terminal 10 aa residues of GR1 targeted
EYFP to peroxisomes was considerably
higher compared to full-length GR1. A
possible explanation is that the full-length
GRI fusion protein is much larger than
the C-terminal 10 aa residues. Due to the
C-terminal location of the PTSI1 sequence,
incomplete transcription and translation
products of the gene fusion could remain
cytosolic. Alternatively, both EYFP con-
structs may differ in PTS1 accessibility.
The identification of TNL> as a func-
tional PTS1 tripeptide is important for
plant PTS1 protein prediction. First,
seven additional Arabidopsis proteins ter-
minating with TNL> emerge as candidate
peroxisomal proteins (Suppl. Table 1).
Second, the data establish T as a new
allowed residue in plant PTS1 tripep-
tides. Six further tripeptides carrying T
at pos. -3 (e.g., T[RK][LMI]>) are likely
to represent additional functional PTSI
tripeptides. Third, C-terminal tripeptides
that are found in a significant number
of homologs of established plant PTSI
proteins are considered to be functional
plant PTS1 tripeptides. Plant orthologs
of GRI carry a number of non-canonical
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Onion epidermal cells

D1: EYFP-PTDgg;(TNL>) D2: gMDH-CFP

Tobacco protoplasts

E1: EYFP-PTDgg,(TNL>) E2: gMDH-CFP

E4: merge (E1 + E2)

C-terminal tripeptides, such as TSL>
(Fig. 1), which are likely to emerge as
additional plant PTSI tripeptides in the
near future.

Questions arise as to why the PTSI
TNL> has not been detected previously
in plant homologs of PTSI proteins,'® and
why it appears to be restricted to GRI
and possibly a few other proteins. First,
the relatively weak targeting efficiency
of EYFP-GR1 indicates that the PTS1
domain of GR1 is likely to be insufficient

www.landesbioscience.com

E5: merge (E1 + E2 + E3)

B: EYFP-10G

D3: merge

E3: autofluorescence

F: EYFP-GR1

for quantitative peroxisomal targeting of
high-abundance peroxisomal matrix pro-
teins. Second, TNL> alone is predicted
to be an extremely weak PTSI tripeptide,
requiring auxiliary targeting enhancing
elements (e.g., K, P) upstream of the tri-
peptide (AHKPKPKTNL>) for moderate
peroxisome targeting efficiency.'>® Most
single aa residue mutations, for instance,
SNL> to TNL>, are thus likely to be insuf-
ficient to maintain peroxisome targeting if
they are not paralleled by the conversion
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Figure 2. In vivo subcellular targeting analy-
sis of Arabidopsis GRI. The full-length cDNA
of Arabidopsis GRI was fused N-terminally
with the reporter protein EYFP and ex-
pressed transiently in onion epidermal cells
upon biolistic bombardment or in tobacco
protoplasts upon polyethylene glycol-medi-
ated transformation. To characterize TNL>
as the PTSI of GRI, EYFP was extended
C-terminally by the predicted peroxisome
targeting domain of GRI, comprising the
C-terminal 10 aa residues (AHKPKPKTNL>).
In double transformants, peroxisomes were
labeled with gMDH-CFP,?® and the cyan fluo-
rescence was converted to red to facilitate
the detection of green and cyan fluorescent
peroxisomes as yellow organelles in image
overlays (merge). EYFP alone and EYFP
extended C-terminally by 10 glycine residues
(EYFP-10G) served as negative controls to
verify the absence of endogenous bacteria.
Scale bar: 10 um.

of upstream residues to those that enhance
targeting. Such multiple mutations, how-
ever, are unlikely to occur simultaneously
during protein evolution.

Dual Targeting of GR1
to Peroxisomes and the Cytosol

Together with identification of the per-
oxisomal isoform of DHAR (DHARI,
At1g19570,'), all four members of the
peroxisomal ascorbate-glutathione cycle
have been identified in Arabidopsis at the
molecular level. The pronounced conser-
vation of TNL> in higher plant orthologs
(Fig. 1, Suppl. Fig. 1) strongly suggests that
most plant GR1 orthologs, even though
they are frequently annotated as cytoso-
lic, are generally dually targeted to per-
oxisomes and the cytosol. Plant GR1 can
thus regenerate reduced glutathione in the
peroxisome matrix and substantially con-
tribute to H O, detoxification. Moreover,
peroxisomal GR1 provides the substrate
for several other glutathione-dependent
enzymes that have been recently discovered
in plant peroxisomes.*'*!” Glutathione
is thereby emerging as a major antioxi-
dant in plant peroxisomes, protecting per-
oxisomal and cellular enzymes against a
range of peroxides, xenobiotics and pos-
sibly heavy metals.?

Dual or even multiple subcellular tar-
geting of a single protein to several com-
partments emerges as a more prevalent
phenomenon than previously assumed.
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Micromonas
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Spermatophyta

cytosol in bryophyta and spermatophyta.

Figure 3. Model of the evolutionary development of the peroxisomal and cytosolic functions of
GRI in spermatophyta. The canonical nature and high peroxisome targeting strength of PTSIs in
GR homologs of chlorophyta (Chlamydomonas, Volvox and Micromonas) indicate an exclusive
compartmentalization of GRI in peroxisomes in green algae. By contrast, the non-canonical
nature and predicted (LKV>) and proven (TNL>) low peroxisome targeting strength in Physcomi-
trella and higher plants, respectively, indicate dual enzyme targeting to peroxisomes and the

Six  Arabidopsis dually

targeted to mitochondria and peroxi-
21,22

proteins  are

somes, and three proteins are dually
targeted to plastids and peroxisomes
(watermelon Hsp70;* soybean aspartate
aminotransferase;?*  Arabidopsis 6-phos-
phogluconolactonase'). GR1 is thus the
first plant protein that is dually targeted to
peroxisomes and the cytosol. In the green
lineage, most species bear two GR genes
as a result of an early gene duplication
event. The two genes cluster into a clade of
chloroplastic/mitochondrial isoforms with
N-terminal extensions and a clade of cyto-
solic/peroxisomal isoforms terminating
with known or PTSl-related tripeptides
(Suppl. Fig. 1). PTSI conservation analysis
in cytosolic/peroxisomal isoforms allows
the prediction as to whether the cytoso-
lic or peroxisomal function of GR1 is the
most fundamental and most evolutionarily
ancient task. As revealed by phylogenetic
analysis of full-length protein sequences
and cDNAs assembled from ESTs, one of
two GR homologs from green algae carries
a strong canonical PTS1 tripeptide, such
as SKL> (Chlamydomonas, Volvox) and
AKM> (Micromonas). The data indicate
that the peroxisome-targeting function of
GR evolved soon after gene duplication in
Viridiplantacand that these GR1 homologs
are most likely exclusively peroxisomally
targeted in chlorophyta (Suppl. Fig. 1,
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see also Fig. 3). Dual targeting of GRI
to peroxisomes and the cytosol appears to
have evolved at a later stage, prior to the
divergence of mosses. The GR1 homolog
from Physcomitrella carries a PTS1-related
tripeptide, LKV>, of weak predicted tar-
geting strength, similar to TNL> in higher
plants. Notably, leucine (L) has recently
been experimentally verified as another
allowed residue at pos. -3 in plant PTS1
tripeptides (Lingner T, Antonicelli GE,
Kataya A, Reumann S, unpubl. data).
The most intriguing question of multi-
ple protein targeting concerns the possible
existence and identity of the underlying
regulatory mechanism. Two mechanisms
that regulate protein distribution between
the cytosol and peroxisomes can be envi-
sioned: (1) a rather static mechanism of
protein distribution that is largely deter-
mined by the PTS strength, i.e., the affin-
ity of the PTS1 domain to its receptor,
PEX5p, and (2) a dynamic mechanism of
post-transcriptional or post-translational
nature that allows adequate responses to
changing demands in GR1 compartmen-
talization. Notably, even in the case of a
rather simple regulation of protein dis-
tribution by PTSI strength, the peroxi-
some import rate by weak PTSIs in vivo
depends on the rate of gene expression;
low-abundance proteins with weak PTSls
may still be imported quantitatively into
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peroxisomes, but not high-abundance
proteins. Therefore, the low peroxisome
import rate of GR1 upon expression from
the strong 35S promoter does not allow the
conclusion to be made that GR1 is largely
cytosolic in vivo. This question needs to be
addressed by expressing N-terminally or
internally tagged GR1 versions, preferen-
tially in a gr/ knockout background, from
the native GRI promoter. The fact that
GR1 was identified in leaf peroxisomes
that were isolated from plants grown under

standard conditions'>"

supports the idea of
a constitutive role of GR1 in peroxisomes.

In light of the strong need and major
function of the peroxisomal ascorbate-
glutathione cycle under sudden conditions
of catalase inactivation,” it is reason-
able to postulate that the ratio of GRI
distribution between peroxisomes and the
cytosol is dynamic and adjustable depend-
ing on H,O, overproduction in the matrix
by post-transcriptional and/or post-trans-
lational mechanisms. Interestingly, pea
(and later, Arabidopsis) GR2 was one of
the first proteins shown to be dually tar-
geted to two plant cell compartments,
1226 Duyal tar-

geting of GR1/2 thus emerges as a specific

mitochondria and plastids.

property of the enzyme. The regulatory
mechanism(s) underlying dual targeting
of both GR1 and GR2 are still unknown
and remain to be studied. The exclusively
cytosolic localization of EYFP-GRI1 in
tobacco protoplasts (Fig. 2) may indicate
that peroxisome targeting is prevented in
this expression system by PTSI inacces-
sibility caused by conformational changes
or binding of an accessory protein that
regulates enzyme distribution between the
cytosol and peroxisomes.

Conclusions

The data presented here conclusively iden-
tify the peroxisomal GR isoform in the first
plant species at the molecular level, thereby
completing the ascorbate-glutathione cycle
in plant peroxisomes. In vivo studies, for
instance, reverse genetics, as have been
recently initiated for cytosolic gr/,” need
to follow in order to investigate the func-
tions of cytosolic and peroxisomal GR1 in
planta and “in organello.” Future studies
will also need to focus on the regulatory
mechanism of dual targeting.
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