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lant peroxisomes are essential organ-

elles that house diverse metabolic
activities. To understand the full spec-
trum of peroxisomal functions, we
recently performed a proteomic analysis
of Arabidopsis leaf peroxisomes followed
by in vivo subcellular targeting validation
of some novel proteins. Here, we continue
with the targeting analysis and dem-
onstrate that the nonapeptide RVx.HF,
which is present near the N terminus of
the newly identified peroxisomal protein,
HIT3 (histidine triad family protein 3),
is a functional peroxisome targeting sig-
nal type 2 (PTS2). In addition, we have
confirmed the peroxisomal localization
of UP6 (unknown protein 6) and GLX1
(glyoxalase 1 homolog), two proteins
with possible roles in stress responses
and glutathione-dependent detoxifica-
tion, respectively. These data, together
with results from our previous analysis of
the peroxisomal proteome, reinforce the
notion that peroxisomes are involved in
various stress responses and suggest glu-
tathione as a major antioxidant in plant
peroxisomes.

Peroxisomes are single membrane-delim-
ited organelles involved in a suite of meta-
bolic functions in eukaryotic organisms.
Processes facilitated by plant peroxisomes
include photorespiration, fatty acid metab-
olism, jasmonic acid biosynthesis, metab-
olism of the proto-auxin indole-3-butyric
acid, detoxification, polyamine catabolism,
sulfite oxidation, and defense responses to
pathogens.? To identify the complete set
of proteins involved in all the biochemical
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and regulatory pathways in peroxisomes,
it is crucial to comprehensively catalog
the proteome of these essential organelles.
Although the major peroxisomal meta-
bolic pathways (e.g., the glycolate cycle,
B-oxidation and the glyoxylate cycle) have
been characterized, our knowledge of the
molecular factors involved in many minor
peroxisomal functions is still limited.
To this end, we recently conducted an
in-depth analysis of the Arabidopsis leaf
peroxisomal proteome, using one-dimen-
sional gel electrophoresis (I-DE) followed
by liquid chromatography and tandem
mass spectrometry (LC-MS/MS). We
identified 150 proteins, including 30 pro-
teins whose association with peroxisomes
had only been demonstrated by proteomic
darta, and 50 proteins whose functions had
never been related to peroxisomes. Using
in vivo subcellular targeting analysis of
yellow fluorescent protein (YFP) fusions
for selected proteins, we verified the per-
oxisomal localization of 12 proteins with
predicted peroxisome targeting signals
type 1 or 2 (PTS1/2), three proteins that
contain PTS-related peptides, and four
proteins without apparent PTSs.?

In our previous study,® we confirmed
the peroxisomal localization of HIT3 (his-
tidine triad family protein 3; At3g56490),
a member of a new family of plant per-
oxisomal proteins with putative functions
as nucleotide hydrolases and/or transferas-
es.* Near the N terminus (4"—12" amino
acids) of this protein is a nonapeptide,
RVx.HF, which is related to the canoni-
cal PTS2 sequence, RLXSHL, and is con-
served among HIT3 homologs in diverse
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plant species.” To test whether RVx,HF is
a functional PTS2, we fused the first 30
amino acids of the HIT3 protein to the
N terminus of YFP and examined the
subcellular localization of the fusion pro-
tein. The YFP fusion was transiently co-
expressed with the peroxisomal marker
protein, CFP-PTS1 (PTS1, composed of
ser-lys-leu) in tobacco (NVicotiana tabacum)
plants. Two days after inoculation with
Agrobacteria containing the constructs,
we performed confocal laser scanning
microscopic analysis on tobacco epidermal
cells. The YFP fusion protein is strongly
co-localized with CFP-PTS1, with a weak
localization in the nucleus and cytosol
(Fig. 1A). We thus conclude that RVx,HF
is a functional but “minor” PTS2 peptide
(defined by Reumann’®) in plants. Minor
PTSs often need adjacent basic and hydro-
phobic resides, the so-called “enhancing
elements”, for efficient peroxisomal target-
ing.’ However, these types of amino acids
are not enriched in sequences around the
PTS2 in HIT3, which may explain the
weak cytosolic and nuclear localization of
the protein.

Next we tested the subcellular local-
ization of two additional putative novel
peroxisomal proteins identified from our
previous proteomic analysis of leaf per-
oxisomes.> UP6 (unknown protein 6;
Atlgl6730) carries a canonical C-terminal
PTS1 tripeptide (SKL>), which is con-
served in UP6 homologs in other plant
species,”® strongly suggesting the localiza-
tion of this protein in the peroxisomal
matrix. Indeed, when fused to the C ter-
minus of YFP (YFP-UPG), UPG showed
strong peroxisomal targeting in tobacco
cells (Fig. 1B). Although its biochemical
function cannot be predicted from the
sequence, the UP6 gene has a much higher
expression level in seeds compared with
in any other tissue, and is dramatically
upregulated by stresses such as drought,
heat and cold, and the “stress hormone”
abscisic acid (ABA) (www.genevestigator.
com). This interesting expression pattern
indicates that UP6 may be involved in
plant stress responses.

The second novel protein we exam-
ined is a glyoxalase 1 homolog (GLX1;
Atlgl1840), which does not contain a
predicted PTS. When attached to the C
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terminus of YFP, GLX1 remained cyto-
solic (data not shown). However, when
fused to the N-terminal end of YFP, this
protein showed co-localization with the
peroxisomal marker protein in tobacco
leaf epidermal cells (Fig. 1C). Hence,
GLXI, together with the previously iden-
tified sarcosine oxidase,® dehydroascorbate
reductase (DHARI),®> dephospho-CoA
kinase (COAE),? and nucleoside diphos-
phate kinase type 1 (NDPK1),? represent
a group of peroxisomal proteins lacking
predicted conventional PTSs or trans-
membrane domains. These proteins are
most likely located in the peroxisome
matrix and imported via a yet-to-be-iden-
tified pathway(s).

Validation of the peroxisomal local-
ization of GLX1 is significant, because,
to the best of our knowledge, glyoxalases
have not been shown to associate with per-
oxisomes in any organism. The glyoxalase
system is a ubiquitous detoxification sys-
tem in both eukaryotes and prokaryotes.
The two major enzymes in this system
are glyoxalase I (lactoylglutathione lyase)
and glyoxalase II (hydroxyacylglutathione
hydrolase), which together convert a vari-
ety of a-keto aldehydes into hydroxyacids
in the presence of glutathione. Although
the exact role of this system in the cell
has still not been clearly defined, its major
function is speculated to be in prevent-
ing the accumulation of methylglyoxal, a
toxic by-product of glycolysis and metabo-
lism of amino acids and ketone bodies,
and its adducts (Fig. 2)./* Methylglyoxal
has recently been found in higher plants,
where it is detoxified mainly via the gly-
oxalase system.” Cytosolic- and mito-
chondrial-targeted isoforms of glyoxalase
II have been detected in Arabidopsis,'*"
whereas little information is available on
plant glyoxalase I. Our data suggests that
the glyoxalate detoxification system is par-
tially compartmentalized in peroxisomes
in Arabidopsis. It remains to be investi-
gated whether any of the five Arabidopsis
glyoxalase II isoforms, none of which
contain a predicted PTS, is also targeted
to peroxisomes. To date, a number of
glutathione-dependent  enzymes  have
been identified from proteome analyses of
Arabidopsis leaf peroxisomes and verified
to be peroxisome targeted.*'* Glutathione
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is thus emerging as a major antioxidant in
plant peroxisomes, protecting peroxisomal
and cellular enzymes against a range of
peroxides, xenobiotics and possibly heavy
metals.!?
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Figure I. Validation of a new PTS2 peptide and the peroxisomal localization of two novel proteins. Confocal (A and B) or epifluorescent (C) micro-

scopic images were obtained from leaf epidermal cells of 4-week-old tobacco (Nicotiana tabacum) plants co-expressing the indicated YFP fusion and

the CFP-PTSI peroxisomal marker proteins. YFP fusions are shown in green, and the CFP-PTSI-labeled peroxisomes are in red (A and B) or blue (C).

Scale bars = 10 um.

Glyoxalase |

Glyoxalase Il

methyl- hemithio- S-lactoyl-

glyoxal 7P acetal adduct I glutathioneﬁ D-lactate

GSH

H,0  GSH

Figure 2. A proposed model for the action of glyoxalase | and Il in detoxification. See text for a description of the pathway. GSH, reduced glutathione

(y-L-glutamyl-L-cysteinyl-glycine).
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