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SHORT COMMUNICATION
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Chloroplasts are responsible for biosynthesis of salicylic acid (SA) an important signal molecule in plant immunity.
EDS5 is a homolog of the MATE (multidrug and toxic compound extrusion) family of transporters, and is essential for SA
biosynthesis. It has been speculated that EDS5 would be involved in the export of SA from chloroplasts. However, the
subcellular localization of EDS5 remains largely uncharacterized. We demonstrate here that EDS5 is specifically localized
to the chloroplast envelope membrane in Arabidopsis. In addition, we found that EDS5 is preferentially expressed in
epidermal cells. These findings suggest that EDS5 is responsible for transport of SA from chloroplasts to the cytoplasm

in epidermal cells.

Introduction

Salicylic acid (SA) is a phytohormone that plays a critical role in
plant immunity.! In response to pathogen infection, SA levels
increase drastically within a few hours. SA accumulation leads
to activation of a set of SA-dependent defense responses, includ-
ing differential expression of defense genes, such as pathogen-
related (PR) genes and increases in the levels of phenolics and
phytoalexines,” which limit the growth of virulent pathogens
in susceptible plants. Thus, SA is a central signaling molecule
controlling plant innate immunity.

Chloroplasts play a critical role in SA biosynthesis in plants.?
SA consists of an aromatic ring bearing a hydroxyl group and
originates from chorismate, the end product of the shikimate
pathway in chloroplasts. There are two distinct pathways that
produce SA from chorismate in plants; the isochorismate (IC)
pathway and the phenylalanine ammonia-lyase (PAL) pathway.
It has been shown that the IC pathway plays a central role in
the immunity-related SA biosynthesis in Arabidopsis thaliana,
whereas the PAL pathway is likely responsible for SA biosyn-
thesis in Nicotiana tobacum. In the IC pathway, chorismate
is converted to SA through an IC intermediate by isochoris-
mate synthase (ICS) in chloroplasts. Arabidopsis encodes two
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chloroplast-localized ICSs, ICS1 and ICS2, which are 57% iden-
tical to a bacterial (C. roseus) ICS. IC is subsequently converted
to SA by isochorismate pyruvate lyase (IPL) in bacteria. Plant
enzymes with IPL activity remain to be identified. However, it
has been speculated that chloroplasts would be responsible for
the conversion of IC to SA in Arabidopsis. In agreement, a recent
study revealed that SA is synthesized in chloroplasts, but not in
the cytoplasm, in Arabidopsis.*

Several mutants that are unable to establish defense responses
have been identified through genetic analysis in Arabidopsis. In
addition to ICS1 (Sid2), EDSI1, a protein with homology to
lipases, and another lipase-domain containing protein, PAD4,
are physically-interacting proteins that are required for SA syn-
thesis in response to some pathogens. It has also been shown
that EDS5 is required for SA accumulation.>® EDS5 encodes
an intra-membrane protein homologous to members of the
MATE (multidrug and toxin extrusion) transporter family.”
Plant MATE proteins are involved in detoxification and/or
transport of endogenous secondary metabolites.® It was shown
previously that EDS5-GFP fusion proteins are targeted to
chloroplasts.” Therefore, it is expected that EDS5 is localized
to the chloroplast envelope membrane and may be involved in
transporting SA and/or SA precursors from chloroplasts to the
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EDSS5 is a member of the MATE transporter family and

is predicted to have 11 membrane-spanning domains
corresponding to TMDs 1 to 7 and 9 to 12 in the
NORM protein from V. parahemolyticus (Fig. 1A).5!"
Furthermore, EDS5 has a hydrophilic coil domain and
a putative chloroplast transit peptide at the N termi-

C--

nus. We cloned an £DS5 ¢cDNA and GFP was fused
to the C-terminal end of EDS5 to allow the study of
the subcellular and sub-organellar localization of EDS5
in intact cells. This EDS5-GFP fusion protein was
expressed under the control of a constitutive cauliflower

mosaic virus (CaMV) 35S promoter (35S:ESD5-GFP).

Arabidopsis leaves. Scale bar, 20 pm.

Figure 1. Localization of the EDS5-GFP fusion protein in the chloroplast envelope.
(A) Schematic structure of Arabidopsis EDS5. EDS5 has 12 trans membrane domains
(TMDs) in addition to a putative chloroplast transit peptide (TP) and a coiled-coil
structure at the N-terminal region. (B) Arabidopsis cotyledons transiently express-
ing EDS5-GFP fusion proteins using the FAST technique. (C) Stable expression of
EDS5-GFP fusion proteins driven by the CaMV 35S promoter in Arabidopsis leaves.
GFP fluorescence is specifically detected at the marginal region of chloroplasts in
both transiently and stably expressing plants (B and C). (D) Transient expression of
MSL3-GFP fusion proteins in Arabidopsis cotyledons using the FAST technique. (E)
Stable expression of CAS-GFP fusion proteins driven by the CaMV 35S promoter in

We speculate that EDS5-GFP would be localized to
the chloroplast envelope. In agreement, in the transient
expression assays using a Fast Agro-mediated Seedling
Transformation (FAST) technique,? the outlines of
chloroplasts exhibited strong green fluorescence in
the cells expressing EDS5-GFP (Fig. 1B). Chloroplast
envelope targeting of EDS5 was further confirmed by
subcellular localization of a GFP fusion protein in stable
transgenic Arabidopsis plants (35S:ESD5-GFP). EDS5-

GFP exhibited circumferential fluorescence with occa-
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Figure 2. Immunoblot analysis of sub-chloroplast localization of EDS5-
GFP. Chloroplasts isolated from 35S:EDS5-GFP plants were subfraction-
ated into thylakoid membranes, stroma and envelope membranes.
Fractions corresponding to 0.0065 mg chlorophyll were subjected to
SDS-PAGE and immunoblotting analysis using anti-GFP (for EDS-GFP),
anti-Tic110 (chloroplast envelope marker), anti-CAS (thylakoid mem-
brane marker) and anti-GS2 (stroma marker) antibodies and anti-rabbit
secondary antibodies. EDS5-GFP fusion proteins are specifically accu-
mulated in the chloroplast envelope membranes.

cytoplasm.' However, a plastid envelope location of Arabidopsis
EDS5 remains uncharacterized. In this study, we show that
EDSS is indeed specifically localized to the envelope membrane
of chloroplasts. Furthermore, we found that EDS5 is preferen-
tially expressed in epidermal cells, suggesting a possible role for
epidermal cells in plant immune responses.
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sional brighter foci (Fig. 1C). The EDS5-GFP fusion

proteins were not targeted to any other organelles. The
localization of EDS5-GFP was similar to that of MSL3-GFP,
which encodes a chloroplast envelope-localized mechano-sensi-
tive channel (Fig. 1D),"” but was not similar to the thylakoid
membrane-localized CAS-GFP, which shows a uniform distri-
bution of GFP fluorescence within the chloroplasts (Fig. 1E)."
These results indicate that EDS5 is localized to the chloroplast
envelope.

To validate the chloroplast envelope location of EDS5, we per-
formed immunoblotting using highly purified chloroplast enve-
lope membranes from transgenic Arabidopsis plants expressing
EDS5-GFP under the control of the 35S promoter (35S:EDS5-
GFP). We prepared envelope membranes from purified intact
chloroplasts via chloroplast lysis in a hypotonic medium followed
by centrifugation on sucrose gradients.”” The yellow color of the
purified envelope fraction indicated that it contained almost
no chlorophyll and, thus, very few contaminating thylakoids.
Indeed, Ticl10, a well-known marker protein of the chloroplast
inner envelope, was detected in the purified envelope fraction,
but the thylakoid membrane-specific protein CAS'*'®" was not
(Fig. 2). Furthermore, neither the envelope nor the thylakoid
membranes were contaminated with stromal proteins, includ-
ing glutamine synthetase2 (GS2) and RuBisCO. Taken together,
these results indicate that the envelope membranes were highly
purified and contained almost no contamination of thylakoid
and stroma proteins, although the thylakoid membranes were
slightly contaminated with envelope membranes. As shown in
Figure 2, the expected 81 kDa band corresponding to EDS5-
GFP fusion protein was detected using anti-GFP antibody in the
purified envelope membranes, and a weak signal was present in
the thylakoid membrane fraction. No signal was detected using
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anti-GFP antibody in non-trans- WT

genic Arabidopsis (data not shown).
Taken together, we conclude that
EDS5-GFP fusion proteins reside
specifically in the chloroplast enve-
lope membranes.

To examine the expression and
localization of EDS5 in Arabidopsis
further, we generated transgenic
Arabidopsis plants expressing EDS5-
GFP driven by its own promoter
(EDSSpmm:EDSS—GFP). As shown
in Figure 3A, bacterial elicitor flg22
activated expression of the EDS5
gene in EDSSPmm:EDSS—GFP plants
within 2 h, although its expres-
sion was significantly higher than
that of the endogenous EDS5 gene,
indicating that the 1500 bp region
of the £DS5 promoter used in the
construct was functional and suffi-
cient for elicitor-induced expression.
As shown in Figure 3C, EDS5-
GFP fusion proteins are localized
in the periphery of chloroplasts in
EDS5 :EDS5-GFP plants, con-

prom

firming chloroplast envelope local-
ization of EDS5. Interestingly,
EDS5 promoter-driven EDS5-GFP
fusion protein accumulated predominantly in the chloroplasts
of epidermal cells, but not in those of mesophyll and stomatal
guard cells (Fig. 3D-G), suggesting that EDS5 gene might be
expressed preferentially in epidermal cells. Similarly, very strong
EDS5-GFP expression was also observed in chloroplasts of the
epidermal cells in the 35S:ESD5-GFP plants (Fig. 3B, H and I).
On the other hand, chloroplasts had weak but significant GFP
fluorescence in 35S:ESD5-GFP mesophyll (Fig. 3I and J) and
guard cells (Fig. 3K), suggesting that the epidermal cell-specific
expression of EDSS5 is regulated at both transcriptional and post-
transcriptional levels.

Discussion

EDS5 encodes a MATE-type transporter, which are widely dis-
tributed in all kingdoms of living organisms, including bacte-
ria, fungi, animals and plants.'™" MATE-type transporters are
responsible for multidrug resistance in both prokaryotes and
eukaryotes through the extrusion of xenobiotics and toxic metab-
olites from cells. Although MATE-type transporters constitute
rather small families in bacteria and animals, they are encoded
by a large family with 58 members in the Arabidopsis genome,*"!
suggesting their crucial roles in detoxification and/or transport
of endogenous secondary metabolites in plants. Phylogenetic
analysis of the MATE-type transporters demonstrates that the
family can be divided into three subfamilies, bacterial (Family 1),
eukaryotic (Family 2), and bacterial and archeatic (Family 3).'"'8
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Figure 3. Preferential expression of EDS5-GFP in the epidermis of Arabidopsis. (A) flg22-induced expres-
sion of EDS5 in wild type and transgenic Arabidopsis plants expressing EDS5-GFP from the EDS5 pro-
moter. Plants were treated with 1 wM flg22 for 2 and 8 h. ACT2 is shown as a control. (B) Overexpression
of EDS5 in 35S:EDS5-GFP transformants. (C-G) Localization of the EDS5-GFP in epidermis cells (C and D),
mesophyll cells (E), the inflorescence stem (F) and guard cells (G) of EDSSPmm:EDSS-GFP transformants.
(H-K) Localization of the EDS5-GFP in epidermis cells (H), mesophyll cells (1), the inflorescence stem (J)
and guard cells (K) of 35S:EDS5-GFP transformants. Scale bar, 20 pm.

Eukaryotic Family 2 is further divided into four subgroups: yeast
and fungi, plants, animals and protozoan MATE subgroups.
Although most plant MATE proteins belong to the plant-spe-
cific subgroup of the Family 2 (Family 2 plant MATE), a small
number of plant MATE proteins (six proteins in Arabidopsis),
including EDS5, form a small subgroup, which belongs to the
bacteria/archea Family 3 (Family 3 plant MATE).”® The Family
3 plant MATE proteins cluster loosely with bacterial proteins.!!
Interestingly, most of the Family 3 plant MATE transporters
have been identified in plastid proteomes or predicted to target
to plastids. Furthermore, we revealed that the Family 3 EDS5 is
localized to the chloroplast envelope (Fig. 1). On the other hand,
the Family 2 plant MATE proteins seem to be localized in other
membranes including vacuoles and plasma membranes (sFigure
1). It is assumed that the Family 3 plant MATE transporters are
derived from bacterial proteins probably through endosymbiotic
gene transfer, and mainly function in plastids to export second-
ary metabolites of plastids. On the other hand, the Family 2 plant
MATE transporters may be responsible for transporting a wide
range of secondary metabolites from the cell or to vacuoles.
Plant MATE proteins are involved in the transport of sec-
ondary metabolites and xenobiotics through an H* exchange
mechanism in various biological processes, such as secondary
metabolites accumulation, aluminum tolerance, iron homeosta-
sis and detoxification of toxic molecules.® On the other hand,
EDS5 is implicated in SA-dependent disease resistance signal-
ing.” It has been suggested that SA is synthesized from chorismate
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by means of chloroplast-localized ICS.>* Furthermore, a recent
study has shown that SA biosynthesis takes place mainly inside
the chloroplasts.* However, transporters involved in the export of
SA from chloroplasts have not been identified. In this study, we
demonstrated that EDSS is localized to the envelope membranes
of chloroplasts. EDS5 is essential for SA biosynthesis and has
been suggested to be involved in SA export from chloroplasts.”
Although no substrates of EDS5 have been established to date,
these facts suggest that SA might be exported from chloroplasts
through EDS5 localized in the chloroplast envelope.

This study further showed that EDS5 is predominantly
expressed in epidermis, but not in mesophyll cells or guard cells
in leaves, based on epidermal cell-specific accumulation of EDS5-
GFP proteins in EDS5  :EDSS5-GFP plants. In fact, EDS5 gene
expression has been reported to be 2.7-fold higher in epidermal
cells of the stem than in the stem overall.”” Epidermal cells might
play a special role in protection and environmental sensing, since
the epidermis is the first boundary between the plant and the
external environment. Indeed highly expressed genes in stem epi-
dermis encode proteins involved in defense against pathogens,
such as the pathogenesis-related proteins (PR-5 and PR-2), the
Leu-rich repeat transmembrane receptor kinase FSL2, defense-
related transcription factors (WRKY18, WRKY33, WRKY75,
CBP60 g).” Since EDS5 is likely essential for SA export from
chloroplasts,”® our findings further suggest the role of epidermal
cells in plant immunity. In addition, EDS5-GFP fusion proteins
accumulated preferentially in epidermal cells in 35S:ESD5-GFP
plants as well, although the CaMV 35S promoter provides strong
constitutive expression in most plants. Thus, the epidermal cell-
specific expression of EDSS is likely due to both transcriptional
and post-transcriptional control.

Materials and Methods

Arabidopsis thaliana wild-type Columbia ecotype and transgenic
plants were germinated and grown on 1/2 strength MS medium
containing 0.8% (w/v)agar at 22°C with 16 h light (80 to 100
pmol m?s')/8 h dark cycles for 1 to 2 weeks. For Chloroplast
sub-fractionation experiments, 7- to 8-wecks-old EDS5-GFP
plants grown on soil with 16 h light (80 to 100 pmol m?s™)/8 h
dark cycles were used.

EDS5 and GFP fusion genes under the control of CaMV
35S promoter were constructed as follows. The full length
EDS5 ¢DNA fragment was ligated in frame with the sGFP
(S65T) fragment. The resulting £DS5 and GFP fusion gene was
transferred into PGWB405 vector. The EDS5 promoter: GFP
expression plasmid was constructed as follows: A 1,500 bp
EDS5 promoter fragment was fused to a promoterless EDS5-
GFP gene and transferred into PGWB405 vector. to give the
EDS5  :EDS5-GFP construct. The resulting constructs were
introduced into Agrobacterium tumefaciens and used to transform
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wild-type Arabidopsis (Col-0) by flower dipping. Kanamycin-
resistant T'1 transformants were then selected and used for fur-
ther analyses. The chimeric gene was also introduced into plant
cells for transient assays by using a Fast Agro-mediated Seedling
Transformation (FAST) technique.'?

Two-week-old WT and EDS5-GFP overexpressing plants were
floated on 1/2 strength MS medium for 1 d (0 h) in the light, and
then treated with 1 wM flg22 for 2 h and 8 h. Total RNA was iso-
lated by using the RNeasy plant mini kit (Qiagen) following the
manufacturer’s instructions. Reactions were performed with fol-
lowing primers: EDS5 forward (5-CCA AAC ACT GGT CGC
AGA AT-3") and reverse (5-TAT GCC TCC AGG CGA AAG
AAG CCG TCG T-3"); ICS1 forward (5'-CGC CTG AGA GAC
TAT TCC AAA G-3") and reverse (5-CCC CGC ATA GAT
CAA TGC CCA-3"); and ACT?2 forward (5-GGC CGA TGG
TGA GGA TAT TCA GCC ACT TG-3') and reverse (5-TCG
ATG GAC CTG ACT CAT CGT ACT CAC TC-3").

Arabidopsis thaliana chloroplasts were isolated by the direct
homogenization method as described (Kikuchi et al., 2009).
Isolated intact chloroplasts were lysed in a hypotonic buffer
(10 mM HEPES-KOH (pH 7.8), 4 mM MgCl,, 0.5% Protease
Inhibitor Cocktail (v/v)] for 5 min on ice. The supernatant was
collected by centrifugation at 3000 x g at 4°C for 5 min. The
pellets containing thylakoids were washed twice in hypotonic
buffer. The supernatant containing envelope was layered over a
sucrose step gradient composed of 1 M and 0.46 M sucrose (in
TE buffer) and sedimented at 70,000 x g at 4°C. The envelope
fraction was collected from the boundary between 1 M and 0.46
M sucrose, diluted with TE buffer and centrifuged at 72,000 g
at 4°C for 30 min. The pellets were suspended in 2x SDS sample
buffer [100 mM Tris, pH 6.8, 4% SDS (w/v), 20% glycerol (w/v),
10% B-mercaptoethanol (v/v)] and centrifuged at 10,0000 g at
4°C for 10 min. Samples were denatured in 2x SDS sample buf-
fer at 37°C for 30 min. Proteins were separated by SDS-PAGE.
GFP, Ticl10, CAS and GS were detected by incubation with the
appropriate primary antibody and then an AP-linked chemilumi-
nescent reagent system.

GFP fluorescence and chlorophyll autofluorescence images
were detected using confocal microscopy.
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