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Peroxisomal Localization of Arabidopsis Isopentenyl
Diphosphate Isomerases Suggests That Part of the
Plant Isoprenoid Mevalonic Acid Pathway Is
Compartmentalized to Peroxisomes1[W]
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Isoprenoids, the largest family of natural products,
play numerous vital roles in basic plant processes,
including photosynthesis, growth and development,
reproduction, plant defense, and adaptation to envi-
ronmental conditions (Gershenzon and Kreis, 1999;
Rodriguez-Concepcion and Boronat, 2002). All isopren-
oids are synthesized via the condensation of the five-
carbon universal isoprenoid precursors, isopentenyl
diphosphate (IPP) and its allylic isomer dimethylallyl
diphosphate (DMAPP; McGarvey and Croteau, 1995).
In higher plants, two independent pathways located
in separate intracellular compartments are involved in
the biosynthesis of IPP and DMAPP (see current model
for plant isoprenoid pathways compartmentalization
in Fig. 1). In the mevalonic acid (MVA) pathway, which
is referred to as the cytosolic pathway, biosynthesis of
IPP/DMAPP starts from the condensation of acetyl-
CoA (Qureshi and Porter, 1981; Newman and Chappell,
1999), whereas in plastids, IPP/DMAPP are formed
from pyruvate and glyceraldehyde-3-P via the methyl-
erythritol phosphate (MEP; or non-mevalonate) path-
way (Lichtenthaler et al., 1997, 1999; Eisenreich et al.,
1998, 2001; Rohmer, 1999). Initial research indicated
that the MVA-pathway-derived pool of IPP/DMAPP
serves as a precursor of farnesyl diphosphate (FPP;
C15) and, ultimately, the sesquiterpenes, triterpenes,
and sterols, whereas the plastidic MEP-pathway-
derived pool of IPP/DMAPP provides the precursors
of geranyl diphosphate (C10), geranylgeranyl diphos-
phate (C20), and, ultimately, the monoterpenes, diter-
penes, and tetraterpenes. Although the subcellular
compartmentalization of MVA and MEP pathways

allows them to operate independently, metabolic cross
talk between these two pathways was recently implied
(Bick and Lange, 2003; Hemmerlin et al., 2003; Laule
et al., 2003; Schuhr et al., 2003; Dudareva et al., 2005;
Hampel et al., 2005).

Regulation of plant isoprenoid biosynthetic path-
ways, the control of flux, and the channeling of inter-
mediates are issues of major interest but still not well
understood. Flux of the MVA pathway appears to be
tightly regulated. Data obtained mainly from mamma-
lian systems, but also from plant systems, suggest that
3-hydroxy-3-methylglutaryl-CoA reductase (HMGR)
is a rate-limiting enzyme, which is posttranslationally
regulated by feedback-inhibition mechanisms (Chappell
et al., 1995; Gardner and Hampton, 1999). A major
enigma, specific for plants, concerns the differential
channeling of the MVA pathway flux between the two
pathway branches, one leading to sesquiterpenes and
the other to sterols. Several bodies of evidence support
the notion that FPP, which is positioned at the branch
point between sterol and sesquiterpenes, is available
mainly for sterol biosynthesis (Hartmann, 2003), which
is required in every cell, while its availability for ses-
quiterpene biosynthesis is limited to specific physio-
logical conditions (i.e. pathogen attack) and/or to
specific tissues (i.e. essential oil glands). (1) In healthy
tobacco (Nicotiana tabacum) plants and tobacco-derived
cell culture, sesquiterpenes, including the phytoalexin
capsidiol, are almost undetectable, but are produced
to significant levels only following exposure to patho-
gens or elicitation (Chappell and Nable, 1987; Vogeli
and Chappell, 1988). (2) Constitutive overexpression in
tobacco of a nonregulated form of HMGR (lacking the
N-terminal membrane anchor) resulted in a 3- to 10-
fold increase in total sterol levels but no increase in
sesquiterpene levels (Chappell et al., 1995). (3) Consti-
tutive overexpression of citrus valencene synthase
(Sharon-Asa et al., 2003) in transgenic tobacco did not
result in synthesis of the sesquiterpene valencene.
However, treatment of these transgenic plants with
elicitor resulted in valencene synthesis (S. Tal-Meshulam,
A. Frydman, E. Bar, E. Lewinsohn, and Y. Eyal, unpub-
lished data). (4) Constitutive overexpression of a germa-
crene A synthase in Arabidopsis (Arabidopsis thaliana)
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resulted in production of only trace amounts of germa-
crene A (Aharoni et al., 2003). (5) Constitutive over-
expression of patchoulol synthase in tobacco results in
negligible accumulation of the sesquiterpene patchou-
lol, compared to the high levels obtained when cotar-
geting the enzyme together with FPP synthase into
plastids (Wu et al., 2006). These accumulating data
support a mechanism that directs/channels the MVA
pathway flux possibly through compartmentalization
or metabolic channeling.

Compartmentalization of MVA pathway enzymes
has been extensively studied in mammalian systems,
although some debate regarding this issue persists.
Compelling evidence locates many of the mammalian
MVA pathway enzymes to peroxisomes (for review,
see Kovacs et al., 2002), organelles that have been
recently shown to be involved in various metabolic
pathways in both mammals and plants. The first MVA
pathway enzyme to be localized to peroxisomes was
rat (Rattus norvegicus) HMGR (Keller et al., 1985). This,
in addition to previous endoplasmic reticulum (ER)
localization of HMGR (Goldfarb, 1972), demonstrates
dual localization. Acetoacetyl-CoA thiolase, which is
involved but not unique to the MVA pathway, was
identified as a peroxisomal protein in mammals
(Thompson and Krisans, 1990; Olivier et al., 2000).
Immunofluorescence was used to demonstrate that over-
expressed hamster (Mesocricetus auratus) IPP isomerase

fused to a hemagglutinin epitope tag was targeted to
peroxisomes (Paton et al., 1997). Subcellular fraction-
ation studies and immunoelectronmicroscopy show
that mammalian mevalonate kinase is a peroxisomal
protein (Stamellos et al., 1992; Biardi et al., 1994) and
immunofluorescence microscopy was used to demon-
strate that FPP synthase is localized to mammalian
peroxisomes (Kovacs et al., 2007). Phosphomevalonate
kinase was also identified as a peroxisomal protein by
monitoring the location of the gene product fused to
the GFP (Olivier et al., 1999). These results have been
challenged by data supporting the possibility that the
biosynthetic reactions leading to mammalian sterols
(e.g. cholesterol) occur mostly in the cytosol (Hogenboom
et al., 2004; Wanders and Waterham, 2006). Localiza-
tion of the rate-limiting enzyme, HMGR, and the first
committed enzyme of sterol biosynthesis, squalene
synthase, to the ER are in general agreement.

In plants, only fragmented experimental data exists
regarding the localization of the MVA pathway en-
zymes. The rate-limiting enzyme, HMGR, has been
localized to the ER as well as to unidentified spherical
structures (Campos and Boronat, 1995; Leivar et al.,
2005), thus mostly conforming to the picture seen in
mammals (Goldfarb, 1972). Squalene synthase was
shown to be targeted to the ER by a C-terminal
hydrophobic trans-membrane domain (Busquets et al.,
2008), also conforming to the data from mammalian
systems (Stamellos et al., 1993). Acetoacetyl-CoA thi-
olase, an enzyme involved but not unique to the MVA
pathway, was recently identified as a peroxisomal
protein by a proteomic approach (Reumann et al.,
2007), again conforming to the data from mammalian
systems (Thompson and Krisans, 1990). In contrast,
localization studies performed up to now on plant IPP
isomerases (IPIs), which catalyze the conversion be-
tween the isoprenoid building blocks IPP and DMAPP,
do not conform to the peroxisomal localization seen in
mammalian systems. The emerging picture suggests
that Arabidopsis and other plant species contain two
IPI genes (Campbell et al., 1998), which are transcribed
each as long and short isoforms (see Fig. 2). The long
transcripts contain the entire open reading frame
(ORF) starting from the first Met codon, and their
protein products appear to be targeted to organelles
(IPI1-long to plastids and IPI2-long to mitochondria).
The short transcripts contain ORFs that start at the
second Met codon, and their respective protein prod-
ucts are suggested to be cytoplasmic (Nakamura et al.,
2001; Okada et al., 2008; Phillips et al., 2008). However,
all localization studies of the IPI gene products were
based on C-terminal fusions of IPI sequences to GFP,
which may mask C-terminal targeting signals (Tian
et al., 2004).

In this study we present evidence that previous
localizations of IPI versions to the cytosol likely
resulted from mislocalization due to GFP fusion de-
sign. Internal GFP fusions of Arabidopsis IPI enzymes
confirm that the long versions encoded by the full IPI
gene ORFs are targeted to chloroplasts/mitochondria,

Figure 1. Scheme of plant isoprenoid biosynthetic pathways. The MEP
pathway is localized to the plastid; the MVA pathway is referred to as
cytosolic and is localized partially in the ER compartment. We note that
the mitochondrial branch of isoprenoid biosynthesis is not illustrated in
the figure. GlyAld-3P, Glyceraldehyde-3-P; DXP, 1-deoxy-D-xylulose-5-P.
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and demonstrate that the short versions that start from
the second Met codon of the gene ORF are localized to
peroxisomes. A bioinformatic survey of Arabidopsis
MVA pathway enzyme sequences implies that addi-
tional enzymes of this pathway may be localized to
peroxisomes, suggesting that part of the MVA path-
way is compartmentalized in the peroxisomes. The
results offer a mechanistic explanation for substrate
channeling in the MVA pathway.

SUBCELLULAR LOCALIZATION OF IPI ISOFORMS

We examined the predicted subcellular localization
of the long and short isoforms of Arabidopsis IPI1 and
IPI2 by bioinformatic tools (Table I). While IPI-long
versions (starting from the first Met codon) are pre-
dicted by several algorithms to be localized to plastids
and/or mitochondria, IPI-short versions (starting from
the second Met codon) are predicted to be localized to
peroxisomes by a C-terminal peroxisomal targeting
signal (peroxisomal targeting signal 1 [PTS1]; Elgersma
et al., 1996; Emanuelsson et al., 2003; see Fig. 2).
This peroxisomal prediction is limited to two algo-
rithms, since most motif-based localization predictors
do not cover the peroxisomal option (Table I). Thus,
bioinformatic targeting predictions of IPI-long iso-
forms conform to the previous experimental localiza-
tions to chloroplasts and/or mitochondria, while
bioinformatic targeting predictions of the IPI-short
isoforms to peroxisomes are in disagreement with
the previous experimental localization to the cytosol

(Nakamura et al., 2001; Okada et al., 2008; Phillips
et al., 2008). This discrepancy between the bioinfor-
matic prediction and the experimental localizations
of the short IPI isoforms prompted us to investigate
the localization of Arabidopsis IPI gene products in
greater depth. We note that all previous localization
experiments were conducted using C-terminal fusions
to GFP, which would mask putative C-terminal PTS1
peroxisomal targeting sequences. Thus, it is possible
that the cytosolic localizations obtained in previous
experiments are mislocalizations due to the GFP
fusion design.

To obtain GFP-fusion-based localizations without
masking N- and C-terminal potential targeting
signals, we designed internal GFP fusions within
Arabidopsis IPI1 versions (Fig. 3). The internal GFP
fusion approach follows recent work for fluorescent
tagging of full-length proteins in Arabidopsis (Tian
et al., 2004). Considerations regarding the location
of the internal GFP fusions include: (1) the default
criteria of about 10 amino acids upstream from the C
terminus, unless specific protein features suggest
otherwise (Tian et al., 2004); (2) a protein region that
is distant from the catalytic site and that is not likely
to affect the native folding (i.e. based on the three-
dimensional structure of human [Homo sapiens] IPI
PDB no. 2icj); and (3) a protein region that is hydro-
philic. Chimeric internal fusion genes, IPI1-long:GFP
and IPI1-short:GFP, were generated by insertion of
sequences encoding GFP within the IPI1 ORF (Fig. 3).
Chimeric genes were transiently expressed under
control of the cauliflower mosaic virus (CaMV) 35S

Figure 2. Alignment of Arabidopsis IPP
isomerase deduced amino acid sequences.
AtIPI1 and AtIPI2 represent Arabidopsis IPP
isomerase 1 and IPP isomerase 2, respec-
tively. Identical amino acids are gray
shadowed. Asterisks denote the first Met
amino acids of the ORFs of long and short
IPI transcripts, previously described by
Phillips et al. (2008) and prevalent in the
EST databases. Putative PTS1 peroxisomal-
targeting motif {HKL} appears in bold black
and is underlined.

Table I. Bioinformatic predictions for the subcellular localization of IPI protein versions

NR, Nonrelevant due to lack of software possibilities to allow for prediction of either peroxisome or plastid/
mitochondria targeting.

Program IPI1-Long Prediction IPI1-Short Prediction IPI2-Long Prediction IPI2-Short Prediction

iPSORT Plastid NR Plastid NR
MultiLoc Plastid NR (other) Plastid NR (other)
Predotar Plastid NR (other) Mitochondria NR (other)
TargetP Plastid NR (other) Plastid/mitochondria NR (other)
PTS1 predictor NR Peroxisome NR Peroxisome
PeroxiP NR Peroxisome NR Peroxisome

Peroxisomal Localization of Arabidopsis IPP Isomerases

Plant Physiol. Vol. 148, 2008 1221



Figure 3. Localization of Arabidopsis IPI1 versions by transient expression of IPI1-GFP fusions in tobacco protoplasts. A, The full-
length ORF of IPI1 encoded by the long transcript (starting from the first Met codon) was fused internally with GFP as
schematically shown and as described in the methods. The construct was transiently transformed into tobacco protoplasts, which
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promoter in tobacco mesophyll protoplasts. Confocal
laser scanning microscopy was used to determine the
localization pattern of the expressed proteins in cor-
relation to localization standards.

Figure 3A demonstrates the localization of IPI1-
long:GFP to plastids in a representative cell. The green
fluorescence of GFP (Fig. 3A, section 1) and the red
fluorescence of chlorophyll (section 2) entirely over-
lap (section 4). This result is in agreement with the
bioinformatic predictions of the protein encoded by
the full-length ORF (IPI1-long) to plastids (Table I) and
with previous experimental localizations (Okada et al.,
2008; Phillips et al., 2008). We note that the green
fluorescence is also evident in stromules, which are
plastid-associated stroma-filled tubules (Fig. 3A, sec-
tion 1). We also note occasional colocalization of IPI1-
long:GFP to chloroplasts and mitochondria (data not
shown), suggesting that IPI1-long may be dual local-
ized (chloroplast/mitochondria) albeit at much higher
efficiency to the chloroplast.

Figure 3B demonstrates the localization of IPI1-
short:GFP to peroxisomes in a representative cell.
The green fluorescence of GFP (Fig. 3B, section 1)
and the red fluorescence of the peroxisomal marker
Cherry-PTS1 (Avisar et al., 2008; section 2) entirely
overlap (section 4). This result, documenting localiza-
tion of a dedicated plant MVA pathway enzyme to
peroxisomes, is in agreement with bioinformatic pre-
dictions for the protein encoded by the ORF starting
with the second Met codon (IPI1-short; Table I), and
also with extensive results demonstrating the locali-
zation of the mammalian IPI to peroxisomes (Paton
et al., 1997; Kovacs et al., 2007).

Figure 3C shows the apparent mislocalization of
IPI1-short to the cytosol when fused N terminally to
GFP. We note that GFP fluorescence is also seen in the
nucleus, which is likely the result of the well-known
diffusion of relatively small GFP fusions through the

nuclear pore complex (Kohler, 1998). Thus, it appears
that the C-terminal PTS1 signal is insufficient to target
IPI1-short to peroxisomes on its own, and that essen-
tial N-terminal signals are masked when constructing
N-terminal fusions.

Recent extensive work suggests that the function of
the two Arabidopsis IPIs, IPI1 and IPI2, is partly
redundant, since single homozygous mutants of each
had no major morphological or chemical difference
from wild-type plants, while the double mutant was
severely growth impaired or lethal (Okada et al., 2008;
Phillips et al., 2008). Indeed the organ-specific expres-
sion profile of the two genes is similar, although ex-
pression levels are somewhat different (Okada et al.,
2008; Phillips et al., 2008). Thus, it was of much interest
to determine whether the long and short isoforms of
the two genes overlap also at the level of subcellular
localization. We therefore designed internal GFP fu-
sions within Arabidopsis IPI2 long and short versions
(IPI2-long:GFP and IPI2-short:GFP), similar to the de-
sign for IPI1 versions. Chimeric IPI2-GFP genes were
transiently expressed in tobacco mesophyll proto-
plasts and localization of the products was studied
by confocal microscopy, in correlation to localization
standards (Fig. 4).

Figure 4A demonstrates the localization of IPI2-
long:GFP to mitochondria in a representative cell, in
correlation to the mitochondrial marker MitoTracker
(Invitrogen). The green fluorescence of GFP (Fig. 4A,
section 1) and the red fluorescence of the MitoTracker
(section 2) entirely overlap (section 4). We note that the
green fluorescence signal is also apparent weakly in
plastids in many of the cells (data not shown), sug-
gesting that IPI2-long may be dual localized (mito-
chondria/chloroplast) albeit at much higher efficiency
to the mitochondria. These results are in agreement
with the bioinformatic predictions of the protein en-
coded by the full-length ORF (IPI2-long) to mitochondria

Figure 3. (Continued .)
were visualized using a laser scanning confocal microscope. A representative protoplast is visually presented as follows: section
1, green fluorescence corresponds to GFP; section 2, red fluorescence corresponds to chlorophyll; section 3, bright-field image;
section 4, confocal image recorded simultaneously for green and red fluorescence (i.e. GFP and chlorophyll fluorescence
overlaid). B, The ORF of IPI1 encoded by the short transcript (starting from the second Met codon) was fused internally with GFP
as schematically shown and as described in the methods. The construct was transiently transformed into tobacco protoplasts,
which were visualized using a laser scanning confocal microscope. A representative protoplast is visually presented as follows:
section 1, green fluorescence corresponds to GFP; section 2, red fluorescence corresponds to peroxisome marker Cherry-PTS1
(Avisar et al., 2008); section 3, bright-field image; section 4, confocal image recorded simultaneously for GFP (green
fluorescence), Cherry-PTS1 (red fluorescence), and chlorophyll fluorescence (coded blue, overlaid). C, The ORF of IPI1 encoded
by the short transcript (starting from the second Met codon) was fused N terminally to GFP as schematically shown and as
described in the methods. The construct was transiently transformed into tobacco protoplasts, which were visualized using a
laser scanning confocal microscope. A representative protoplast is visually presented as follows: section 1, green fluorescence
corresponds to GFP; section 2, red fluorescence corresponds to peroxisome marker Cherry-PTS1 (Avisar et al., 2008); section 3,
bright-field image; section 4, confocal image recorded simultaneously for GFP (green fluorescence), Cherry-PTS1 (red
fluorescence), and chlorophyll fluorescence (coded blue, overlaid). Schematic representation of the constructs are as follows:
p35S (purple box) designates CaMV 35S promoter; term (purple box) designates CaMV 35S terminator; GFP (green box)
designates the ORF of the green fluorescent protein; IPI1 long and IPI1 short designate the ORF of Arabidopsis IPI1 starting from
the first or second Met codon, respectively (blue box). Boxed sequence blowup shows amino acid residues flanking the GFP
sequence; residues in bold are Arabidopsis IPI1 sequences; residues in italic are protein spacer sequences. 10 Ala bridge
designates a spacer of 10 Ala residues between the GFP and IPI1 sequences.
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and plastids (Table I) and with previous experimen-
tal localizations of IPI2-long to mitochondria (Okada
et al., 2008; Phillips et al., 2008).

Figure 4B demonstrates the localization of IPI2-
short:GFP to peroxisomes in a representative cell. The
green fluorescence of GFP (Fig. 4B, section 1) and the

red fluorescence of the peroxisomal marker Cherry-
PTS1 (Avisar et al., 2008, section 2) entirely overlap
(section 4). This result is in agreement with bioinfor-
matic predictions for the protein encoded by the ORF
starting with the second Met codon (IPI2-short; Ta-
ble I), and also with extensive results demonstrating

Figure 4. Localization of Arabidopsis IPI2 versions by transient expression of IPI2-GFP fusions in tobacco protoplasts. A, The full-
length ORF of IPI2 encoded by the long transcript (starting from the first Met codon) was fused internally with GFP as
schematically shown and as described in the methods. The construct was transiently transformed into tobacco protoplasts, which
were visualized using a laser scanning confocal microscope. A representative protoplast is visually presented as follows: section
1, green fluorescence corresponds to GFP; section 2, red fluorescence corresponds to the mitochondria marker MitoTracker
(Invitrogen); section 3, bright-field image; section 4, confocal image recorded simultaneously for GFP (green fluorescence),
MitoTracker (red fluorescence), and chlorophyll fluorescence (coded blue, overlaid). B, The ORF of IPI2 encoded by the short
transcript (starting from the second Met codon) was fused internally with GFP as schematically shown and as described in the
methods. The construct was transiently transformed into tobacco protoplasts, which were visualized using a laser scanning
confocal microscope. A representative protoplast is visually presented as follows: section 1, green fluorescence corresponds to
GFP; section 2, red fluorescence corresponds to peroxisome marker Cherry-PTS1 (Avisar et al., 2008); section 3, bright-field
image; section 4, confocal image recorded simultaneously for GFP (green fluorescence), Cherry-PTS1 (red fluorescence), and
chlorophyll fluorescence (coded blue, overlaid). Schematic representation of the constructs are as follows: p35S (purple box)
designates CaMV 35S promoter; term (purple box) designates CaMV 35S terminator; GFP (green box) designates the ORF of the
green fluorescent protein; IPI2 long and IPI2 short designate the ORF of Arabidopsis IPI2 starting from the first or second Met
codon, respectively (blue box). Boxed sequence blowup shows amino acid residues flanking the GFP sequence; residues in bold
are Arabidopsis IPI2 sequences; residues in italic are protein spacer sequences.
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the localization of the mammalian IPI to peroxi-
somes (Paton et al., 1997; Kovacs et al., 2007). Thus,
our data shows that the short versions of IPI are both
localized exclusively to peroxisomes. The overlap in
expression and subcellular localization of the short
versions explains why the single gene mutants are
not impaired in sterol biosynthesis (Phillips et al.,
2008). However, the overlap in subcellular localiza-
tion of the long IPI versions is only partial. Our data
suggests that both Arabidopsis long versions are
dual localized to plastids and mitochondria, albeit
at different efficiencies. While IPI1 is predominantly
plastidic, IPI2 is predominantly mitochondrial. Never-
theless, it appears that this partial overlap is sufficient
for complementation of function evident in the single
IPI gene mutant plants (Okada et al., 2008; Phillips
et al., 2008).

BIOINFORMATIC EVIDENCE FOR PEROXISOMAL
LOCALIZATION OF ADDITIONAL PLANT MVA
PATHWAY ENZYMES

The peroxisomal localization of Arabidopsis IPI1-
short and IPI2-short versions motivated us to seek
evidence for the potential localization of additional
plant MVA pathway enzymes to peroxisomes. De-
duced amino acid sequences of the Arabidopsis MVA
pathway enzymes were analyzed for the existence of
consensus signals for PTS and their similarity to the
previously described consensus sequences of their
respective human MVA pathway enzymes (Kovacs
et al., 2007). The analysis was done based on the cur-
rently characterized classes of peptide signals for per-
oxisomal targeting. The first characterized PTS (PTS1) is

a tripeptide with the consensus sequence (S/A/C)(K/
H/R)(L/M) found at the extreme C terminus of many
peroxisomal proteins (Gould et al., 1987; Elgersma et al.,
1996). The second PTS (PTS2) is a nine-amino-acid
consensus sequence (R/K)(L/V/I)(X5)(H/Q)(L/A)
that can be found at variable distances from the N
terminus (Swinkels et al., 1991; Gietl et al., 1994;
Tsukamoto et al., 1994). Although these consensus
sequences have been defined, there is evidence that
the targeting information may consist of a structural
or charge-based motif (Flynn et al., 1998). Moreover,
there are continuous additions/modifications to the
consensus sequences for PTS1 and PTS2 motifs and it
was recently demonstrated that functional PTS2 can
be located at an internal position of the protein
(Reumann et al., 2007).

We identified PTS1-like C-terminal motifs in the de-
duced amino acid sequences of Arabidopsis acetoacetyl-
CoA thiolase, which was recently shown by proteomic
analysis to reside in the peroxisome (Reumann et al.,
2007), and of Arabidopsis IPIs (Table II). In both cases,
the corresponding mammalian MVA pathway en-
zymes contain a PTS1 motif (Table II). PTS2-like motifs
were found in Arabidopsis 3-hydroxy-3-methylglutaryl
(HMG)-CoA synthase, mevalonate kinase, and meval-
onate diphosphate decarboxylase (Table II). The cor-
responding mammalian MVA pathway enzymes
contain similar PTS2 motifs at similar positions relative
to their respective N terminus. We note that mamma-
lian IPIs present a special case by containing both PTS1
and PTS2 motifs (Table II). It is likely that Arabidopsis
IPI similarly requires both C-and N-terminal signals for
peroxisomal targeting, since both C-terminal and
N-terminal GFP fusions to Arabidopsis IPI-short were
apparently mislocalized to the cytosol (Okada et al.,

Table II. Sequences of putative PTS motifs in MVA pathway enzymes

At, A. thaliana; Hs, H. sapiens; *, no consensus PTS1 motif; **, no consensus PTS2 motif.

Protein Name PTS1 Motif Organism Accession No.

Acetoacetyl-CoA thiolase SAL At NM_124146
QKL Hs NM_000019

Phosphomevalonate kinase * At NM_102927
SRL Hs BC007694

IPP isomerase HKL At (IPI1) NM_121649
HKL At (IPI2) NM_111146
YRM Hs AF271720

PTS2 Motif

HMG-CoA synthase SIKTFLMQL At NM_117251
SVKTNLMQL Hs BC000297

Mevalonate kinase KIILAGEHA At NM_180753
KVILHGEHA Hs M88468

Mevalonate-PP decarboxylase SVTLDPDHL At NM_129427
SVTLHQDQL Hs U49260

IPP isomerase ** At (IPI1) NM_121649
** At (IPI2) NM_111146
HLDKQQVQL Hs AF271720

Consensus PTS1 (S/C/A)(K/R/H)(L/M)
Consensus PTS2 (R/K)(L/V/I)X5(H/Q)(L/A)
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2008; Fig. 3C). However, we do not detect an obvious
PTS2 consensus sequence in the Arabidopsis IPI de-
duced amino acid sequence. We note that FPP synthase
bears no clear PTS motifs in Arabidopsis as well as in
mammals, but was localized to peroxisomes in mam-
mals (Krisans et al., 1994; Kovacs et al., 2007). Thus, the
comparison of deduced amino acid sequences of MVA
pathway enzymes reveals high conservation of PTS
motifs between mammals and plants.

We present evidence for compartmentalization of
part of the plant MVA pathway to the peroxisomes: (1)
The enzymes IPI1 and IPI2 (short isoforms) from
Arabidopsis were experimentally localized to the per-
oxisome (this work); (2) most of the Arabidopsis MVA
pathway enzymes were found to contain PTS-like
motifs, which are very similar in sequence and posi-
tion to their mammalian counterparts (this work); (3) a
strong body of evidence locates most of the mamma-
lian MVA pathway enzymes to peroxisomes (for re-
view, see Kovacs et al., 2002, 2007); (4) one plant MVA
pathway-related enzyme (acetoacetyl-CoA thiolase)
was detected in a proteomic study of Arabidopsis
peroxisomes (Reumann et al., 2007). Other enzymes
were likely not identified by this proteomic study due
to low constitutive expression of the enzymes in the
healthy plant material (i.e. plants not exposed to
pathogens or elicitors) that was used. Similarly, most
of the mammalian MVA pathway enzymes were not
detected in peroxisomal proteomic studies. Detection
of the first two mammalian MVA pathway peroxi-
somal enzymes (HMG-CoA synthase and HMG-CoA
lyase) in a proteomic study was only recently de-
scribed (Mi et al., 2007). (5) We note that previous
molecular/biochemical findings regarding the plant
MVA pathway do not preclude compartmentalization
to the peroxisome. Recent elegant feeding experiments
using radiolabeled mevalonate show that sterols are de-
rived solely from MVA-pathway-derived IPP/DMAPP
(Phillips et al., 2008). However, since mevalonate feed-
ing at the cellular level is not compartment specific,
this experimental setup could not distinguish between
a cytosolic versus peroxisomal location of the MVA
pathway.

Based on the results and the arguments raised above
we suggest a new model for compartmentalization of
the plant MVA pathway in three cellular compart-
ments: cytosol, ER, and peroxisome (Fig. 5). The model
resembles that proposed for mammals, but includes
the sesquiterpene biosynthesis branch absent from
mammalian organisms. Beyond constituting a new
perspective on the plant MVA pathway, the model
provides a mechanistic explanation for channeling of
substrates toward sterol biosynthesis (but not sesqui-
terpenes) in healthy plants via compartmentalization.
According to the proposed model, FPP is produced in
the peroxisome and is usually destined for sterol
biosynthesis via squalene synthase, located in the ER
(Busquets et al., 2008), similar to mammals. Therefore,
in most tissues of healthy plants, the vast majority of
FPP synthesized is not available for catalysis by ses-

quiterpene synthases that are located in the cytoplasm.
However, exposure of plants to pathogens (or elicitors)
results in enhanced flux of the MVA pathway (Vogeli
and Chappell, 1988), and apparently the FPP surplus is
directed to the cytoplasm, where it becomes available
for catalysis by sesquiterpene synthases.

Figure 5. Scheme of suggested plant MVA pathway, partly compart-
mentalized in the peroxisomes. Enzymes highlighted by light-gray
background were experimentally localized in both mammals and
plants (including this work); enzymes highlighted by black background
were experimentally localized only in mammals. The putatively cyto-
solic sesquiterpene synthases are indicated for reference purposes.
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Sequence data from this article can be found in the GenBank/EMBL

data libraries under accession numbers NM_121649 and NM_111146 (the

Arabidopsis IPI1 and IPI2 genes, respectively).
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The following materials are available in the online version of this article.

Supplemental Materials and Methods S1. A supplemental Materials and

Methods section.
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