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Plastid proteins that are encoded by the nuclear genome and synthesized in the cytosol undergo posttranslational targeting to
plastids. Ankyrin repeat protein 2A (AKR2A) and AKR2B were recently shown to be involved in the targeting of proteins to
the plastid outer envelope. However, it remains unknown whether other factors are involved in this process. In this study, we
investigated a factor involved in AKR2A-mediated protein targeting to chloroplasts in Arabidopsis (Arabidopsis thaliana).
Hsp17.8, a member of the class I (CI) cytosolic small heat shock proteins (sHsps), was identified in interactions with AKR2A.
The interaction between Hsp17.8 and AKR2A was further confirmed by coimmunoprecipitation experiments. The carboxyl-
terminal ankyrin repeat domain of AKR2A was responsible for AKR2A binding to Hsp17.8. Other CI cytosolic sHsps also
interact with AKR2A to varying degrees. Additionally, Hsp17.8 binds to chloroplasts in vitro and enhances AKR2A binding to
chloroplasts. HSP17.8 was expressed under normal growth conditions, and its expression increased after heat shock. Hsp17.8
exists as a dimer under normal physiological conditions, and it is converted to high oligomeric complexes, ranging from 240
kD to greater than 480 kD, after heat shock. High levels of Hsp17.8 together with AKR2A resulted in increased plastid targeting
of Outer Envelope Protein7 (OEP7), a plastid outer envelope protein expressed as a green fluorescent protein fusion protein. In
contrast, artificial microRNA suppression of HSP17.8 and closely related CI cytosolic sHSPs in protoplasts resulted in a
reduction of OEP7:green fluorescent protein targeting to plastids. Based on these data, we propose that Hsp17.8 functions as an
AKR2A cofactor in targeting membrane proteins to plastid outer membranes under normal physiological conditions.

In living organisms, high temperatures can damage
various cellular processes. In particular, heat stress
conditions can result in the denaturing of proteins that
form highly cytotoxic nonspecific aggregates (Sharma
et al., 2009). Thus, all organisms have evolved mech-
anisms to protect the cell under such stresses. One
well-known response to heat stress is the production
of a large number of proteins (Liberek et al., 2008).
Among these is a group of proteins ranging between
15 and 45 kD. These proteins are characterized by
an a-crystallin domain of approximately 90 amino
acids flanked by a short C-terminal extension and an
N-terminal arm of variable length (Sun et al., 2002;

Sun andMacRae, 2005; Basha et al., 2006). Called small
heat shock proteins (sHsps), these proteins possess
chaperone activity, preventing heat stress-induced de-
natured proteins from forming nonspecific aggregates
(Kirschner et al., 2000; Eyles and Gierasch, 2010). In
addition to heat stress, sHsps are also induced by
various abiotic and oxidative stresses (Sato and Yokoya,
2008).

These sHsps are found ubiquitously in all kingdoms
of life, yet their number within an organism varies
from two in Escherichia coli to 19 in Arabidopsis
(Arabidopsis thaliana; Scharf et al., 2001). In general,
the number of sHsps appears to be higher in plants.
sHsps are classified into multiple subgroups based
on sequence homology and subcellular localization
(Scharf et al., 2001). For example, the 19 Arabidopsis
sHsps are divided into 12 subgroups (Scharf et al.,
2001; Sun et al., 2002; Siddique et al., 2008). Among
them, seven classes, class I (CI) to CVII, contain sHsps
localized in the cytoplasm and/or nucleus. In addi-
tion, sHsps are found in organelles, including plastids,
mitochondria, peroxisomes, and the endoplasmic re-
ticulum.With the exception of themitochondrial Hsp22
in Drosophila melanogaster, these organellar sHsps are
unique to plants.

In their native state, the majority of sHsps exist
as large oligomers ranging from 12 to greater than
32 subunits (Lee et al., 1995, 1997; Helm et al., 1997;

1 This work was supported by grants from National Research
Foundation (grant no. 20110000025) and the World Class Universi-
ties program (grant no. R31–10105), Ministry of Education, Science,
and Technology, and from Cooperative Research Program for Agri-
culture Science and Technology Development (project no. PJ007974),
Rural Development Administration, Korea, to E.-J.S.

* Corresponding author; e-mail ihhwang@postech.ac.kr.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
Inhwan Hwang (ihhwang@postech.ac.kr).

[W] The online version of this article contains Web-only data.
[OA] Open Access articles can be viewed online without a sub-

scription.
www.plantphysiol.org/cgi/doi/10.1104/pp.111.178681

132 Plant Physiology�, September 2011, Vol. 157, pp. 132–146, www.plantphysiol.org � 2011 American Society of Plant Biologists. All Rights Reserved.



Stengel et al., 2010). As with larger Hsps, such as Hsp70
and Hsp40, sHsps display chaperone activity but are
independent of ATP. Thus, the sHsp working mecha-
nism differs from that of ATP-dependent Hsps (Lee
et al., 1997; Lee and Vierling, 2000; van Montfort et al.,
2001; Nakamoto and Vı́gh, 2007). sHsps do not directly
facilitate the folding of heat-induced unfolded/dena-
tured proteins. Instead, the sHsps capture denatured
proteins, forming stable complexes that prevent irre-
versible aggregation. Subsequently, under favorable
conditions, proteins captured by sHsps are released
and refolded by ATP-dependent chaperone systems
(Lee et al., 1997; Lee and Vierling, 2000). Although
much information has been published, the exact mech-
anism of sHsps is not fully understood. In particular,
the in vivo substrates of individual sHsps have not been
identified. In most cases, sHsp chaperone activity is
demonstrated using three artificial substrates: lucifer-
ase, malate dehydrogenase, and citrate synthase (Lee
et al., 1997). The identification of in vivo substrates
is crucial to understanding the physiological roles of
sHsps (Basha et al., 2004). In addition to acting as
molecular chaperones for unfolded proteins, sHsps
have been reported to interact with lipids and to func-
tion in membrane quality control (Coucheney et al.,
2005; Chowdary et al., 2007; Nakamoto and Vı́gh, 2007;
Balogi et al., 2008). These findings expand the physio-
logical roles of sHsps.
In plant cells, a large number of proteins are targeted

posttranslationally to various chloroplast locations.
Multiple pathways are involved depending on the final
chloroplast location (Bruce, 2000; Dhanoa et al., 2010).
Chloroplast interior proteins use transit peptides lo-
cated at the N terminus as signal sequences. These
transit peptides are recognized by Toc/Tic receptors on
the chloroplast envelope (Agne and Kessler, 2009). The
plastid proteins transit through the cytoplasm as un-
folded proteins. Since the unfolded proteins are highly
prone to the formation of nonspecific aggregates, the
cytosolic levels of plastid precursors are tightly con-
trolled by Hsc70-4, a member of the Hsp70 family (Lee
et al., 2009). Outer envelope membrane proteins con-
taining an N-terminal transmembrane domain (TMD)
also need a chloroplast targeting signal. The TMD and
its C-terminal-flanking positive region (CPR) function
as the targeting signals of these proteins (Lee et al., 2001,
2004b). In this targeting pathway, AKR2A and AKR2B
recognize the chloroplast outer membrane protein-
targeting signals and deliver them to the chloroplast
outer membranes (Bae et al., 2008).
To investigate the chloroplast outer membrane protein-

targetingmechanism,we screened forAKR2A-interacting
proteins using a protein pull-down approach. This
resulted in the identification of Hsp17.8, a member of
CI sHsps. Here, we demonstrate that Hsp17.8 interacts
with both AKR2A and chloroplasts and enhances the
chloroplast binding of AKR2A. Furthermore, higher
levels of Hsp17.8 together with AKR2A enhance the
targeting efficiency of membrane proteins to chlo-
roplasts, whereas the suppression of HSP17.8 and

closely related CI cytosolic sHSP genes using artificial
microRNA (amiRNA) decreases the targeting effi-
ciency of chloroplast membrane proteins.

RESULTS

Hsp17.8 Interacts with AKR2A

To gain insight into the molecular mechanism of
protein targeting to chloroplast outer membranes, we
identified proteins that interact with AKR2A. We gen-
erated a glutathione S-transferase (GST) fusion protein
construct (GST:AKR2A) and expressed it in E. coli. GST:
AKR2A and GST alone were purified from E. coli
extracts. Purified GST:AKR2A was rather unstable and
produced many degradation products (Fig. 1A). Puri-
fied GST:AKR2A was incubated with total soluble
protein extracts of leaf tissues. Subsequently, proteins
bound to GST:AKR2Awere precipitated and analyzed
using two-dimensional SDS-PAGE. As a control, GST
alone was also included in the protein pull-down
experiments. Figure 1B shows the two-dimensional
images of proteins present in GST:AKR2A and GST
control precipitates. Both samples yielded large num-
bers of proteins. The GST:AKR2A-specific proteins
were identified and subjected to matrix-assisted laser-
desorption ionization time of flight (MALDI-TOF)
analysis for identification. Among these, one protein
was identified as Hsp17.8, a protein belonging to the
CI sHsps (Scharf et al., 2001; Sun et al., 2002; Basha
et al., 2010). Other proteins identified in pull-down
experiments are listed in Supplemental Table S1.

To confirm the interaction between Hsp17.8 and
AKR2A, we generated a GST:Hsp17.8 fusion protein
and expressed it in E. coli. Purified GST:Hsp17.8 was
incubated with His-tagged AKR2A. GST alone and His:
GFP were used as negative controls in the protein pull-
down experiments. Proteins bound to GST:Hsp17.8 or
the GST control were precipitated and subjected to
western-blot analysis using anti-His antibody. GST:
Hsp17.8 specifically precipitated His:AKR2A (Fig. 2A),
confirming that Hsp17.8 interacts with AKR2A.

To confirm that Hsp17.8 interacts with AKR2A in
vivo, we performed coimmunoprecipitation experi-
ments using protein extracts from protoplasts express-
ing the two proteins (Kirschner et al., 2000; Jin et al.,
2001; Kim et al., 2001). At the same time, to rule out the
possibility that the large GST domain at the N termi-
nus of GST:Hsp17.8 contributes to the interaction, we
tagged Hsp17.8 with a small-epitope hemagglutinin
(HA) consisting of only nine amino acid residues at
the C terminus (Hsp17.8:HA). HSP17.8:HA, together
with T7-tagged AKR2A (T7:AKR2A) or the empty ex-
pression vector R6, was cotransformed into proto-
plasts. Protoplast protein extracts were subjected to
immunoprecipitation using anti-T7 antibody. The im-
munoprecipitates were analyzed by western blotting
using anti-T7 and anti-HA antibodies. Hsp17.8:HA
was detected only in the pellet fraction from extracts
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containing both Hsp17.8:HA and T7:AKR2A (Fig. 2B),
confirming that Hsp17.8 interacts with AKR2A in
vivo. In addition, protein extracts from nontrans-
formed protoplasts did not show any bands, thus
confirming the specificity of antibody.

To further characterize the interaction between
AKR2A and Hsp17.8, we defined the domain of
AKR2A responsible for the interaction with Hsp17.8.
In a previous study, we demonstrated that the
N-terminal domain of AKR2A is involved in the
binding of the targeting signal, TMD, plus the CPR
flanking to the TMD in chloroplast outer envelope
membrane proteins (Bae et al., 2008). Various AKR2A
deletion mutants were generated (Fig. 3A) and ex-
pressed in E. coli as His-tagged proteins. Purified
proteins were used for protein pull-down experiments
with GST:Hsp17.8. The AKR2A C-terminal ankyrin
repeat domain was sufficient for the Hsp17.8 interac-
tion (Fig. 3B, left panel). To specifically define the
minimal domain involved in the interaction, various
ankryin repeat domain deletions were generated (Fig.

3A) and expressed as His-tagged fusion proteins.
Again, deletion mutants were purified and used for
protein pull-down experiments with GST:Hsp17.8 in
vitro. Among these mutants, those missing the first and
last ankyrin repeats displayed GST:Hsp17.8 binding
(Fig. 3B, middle panel). These results indicate that the
first and last ankyrin repeats are dispensable, while the
central two ankyrin repeats are sufficient for the inter-
action between AKR2A and Hsp17.8. To confirm this
idea, a new construct, His:Ank(244–309), that contained
the two central ankyrin repeats was expressed in E. coli
and used in protein pull-down experiments. Indeed,
His:Ank(244–309) bound to GST:Hsp17.8 (Fig. 3B, right
panel), confirming that the central two ankyrin repeats
are sufficient for the interaction.

AKR2A Binds to Other CI Cytosolic sHsps to
Varying Degrees

The Arabidopsis genome encodes 19 sHsps (Sup-
plemental Fig. S1; Scharf et al., 2001; Sun et al., 2002;

Figure 1. Identification of Hsp17.8 by GST:AKR2A-mediated protein pull down in vitro. A, Purification of GST:AKR2A and GST
alone. GST:AKR2A and GST alone were purified from E. coli extracts using glutathione agarose, and purified proteins were
separated by SDS-PAGE and stainedwith Coomassie blue or detectedwith anti-GSTantibody. Note that purified GST:AKR2Awas
rather unstable and produced many degradation products. B, GST:AKR2A immobilized onto glutathione agarose beads was
incubated with total soluble protein extracts from leaf tissues, and proteins were precipitated with the beads. As a control, GST
alone was included. Precipitates and GST:AKR2 (left panel) purified from E. coli extracts were analyzed using two-dimensional
gel electrophoresis and stained with Coomassie blue. GST:AKR2A-specific spots were excised and subjected to MALDI-TOF
analysis for identification. Approximately 50 mg of bead-bound GST (alone or as a fusion protein: GST:AKR2A) was used for pull-
down assay. The protein spots indicated by arrowheads were subjected to MALDI-TOF analysis. Those that were identified are
numbered and listed in Supplemental Table S1.

Kim et al.

134 Plant Physiol. Vol. 157, 2011



Siddique et al., 2008; Basha et al., 2010). Six of these
sHsps, including Hsp17.8, belong to the CI cytosolic
sHsps subgroup. To investigate whether AKR2A has
any binding specificity among sHsps, protein pull-
down experiments were performed with three addi-
tional CI cytosolic sHsps (Hsp17.4, Hsp17.6A, and
Hsp18.1) together with peroxisomal Hsp15.7 as a

negative control (Siddique et al., 2008). These sHsps
were expressed as GST fusion proteins in E. coli. GST-
fused sHsps immobilized to glutathione agarose beads
were incubated with His:AKR2A. Proteins bound to
the glutathione agarose beads were precipitated, and
the precipitates were analyzed by western blotting
using anti-His antibody. GST alone and His:GFP were

Figure 2. Hsp17.8 interacts with AKR2A in vitro and in vivo. A, Interaction of Hsp17.8 with AKR2A in vitro. His:AKR2A and
GST:Hsp17.8 were expressed in E. coli. Purified proteins (1 mg of His:AKR2A and 3 mg of GST:Hsp17.8) from E. coli extracts were
incubated in the indicated combinations, and proteins were precipitated with glutathione agarose beads. The precipitates were
separated by SDS-PAGE and analyzed by western blotting using anti-His antibody. In addition, the membrane was stained with
Coomassie blue. As controls, His:GFPalone or GSTalone was included in the analysis. B, Interaction of Hsp17.8 with AKR2A in
vivo.HSP17.8:HAwas transformed into protoplasts together with T7:AKR2A or the empty expression vector R6. Protein extracts
were subjected to immunoprecipitation with anti-T7 antibody. The precipitates were analyzed by western blotting using anti-T7
and anti-HA antibodies. IB, Immunoblot; IP, immunoprecipitates; NT, protein extracts from nontransformed protoplasts; Total
(5%), 5% of total protein extracts used for western-blot analysis.

Figure 3. The ankyrin repeat domain is involved
in the Hsp17.8 interaction. A, Schemes of various
constructs. The N-terminal PEST and C-terminal
ankyrin repeats are indicated. The AKR2A do-
mains used for the His-tagging constructs are
indicated, with the amino acid positions in pa-
rentheses. B, In vitro pull-down experiments of
AKR2A deletion mutants with Hsp17.8. GST:
Hsp17.8 and His-tagged AKR2A constructs were
expressed in E. coli and purified using affinity
columns. Glutathione agarose beads with immo-
bilized GST:Hsp17.8 (3 mg) were incubated with
various His:AKR2 proteins (1 mg) at 4�C for 3 h.
Proteins were precipitated with glutathione aga-
rose beads. As a control, GSTalone was included.
The precipitates were separated by SDS-PAGE
and analyzed by western blotting using anti-His
antibody.
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included as negative controls. Among the sHsps
tested, all three CI sHsps (Hsp17.4, Hsp18.1, and
Hsp17.6A) displayed an interaction with AKR2A
(Fig. 4). However, the amount of proteins detected in
the pellets varied significantly depending on the indi-
vidual CI sHsp: the AKR2A binding to Hsp17.4 was
comparable to that of Hsp17.8, whereas Hsp18.1 and
Hsp17.6A showed moderate and weak AKR2A bind-
ing, respectively. In contrast, peroxisomal Hsp15.7,
used as a negative control, did not show any detect-
able level of AKR2A interaction. In the negative con-
trol samples, GST-tagged sHsps or GST alone did not
show any binding to His:GFP or His:AKR2A, respec-
tively, confirming the specificity of interactions be-
tween AKR2A and cytosolic sHsps. These results
strongly suggest that AKR2A displays differential
binding to members of CI cytosolic sHsps. In addition,
these results are consistent with an AKR2A function in
the cytosol (Bae et al., 2008).

Hsp17.8 Increases the Amount of AKR2A Proteins That
Bind to Chloroplasts

To gain insight into the Hsp17.8 physiological role,
we first examined whether Hsp17.8 affects AKR2A
binding to chloroplasts (Bae et al., 2008). We per-
formed in vitro chloroplast binding experiments using
His:AKR2A in the presence of His:Hsp17.8. Purified
His:AKR2A and His:Hsp17.8 (Fig. 5A) were incubated
with intact chloroplasts (Li and Chen, 1996; Tu and Li,
2000). The protein-chloroplast mixtures were subjected
to low-speed centrifugation, so that only chloroplasts

and proteins bound to chloroplasts were precipitated.
Proteins in the pellet fraction were analyzed by west-
ern blotting using anti-His antibody. His:GFP was
included as a negative control. In the presence of
His:Hsp17.8, the amount of His:AKR2A bound to
chloroplasts was increased approximately 142% com-
pared with incubation without His:Hsp17.8 (Fig. 5B).
This result indicates that Hsp17.8 enhances AKR2A
binding to chloroplasts. His:GFP, used as a negative
control, was not detected in the pellets. The level of
endogenous chlorophyll a/b-binding proteins, used as
a loading control, was equal among the samples,
confirming that equal chloroplast amounts were used
in the binding experiments.

Figure 5A contains additional interesting data: the
coprecipitation of His:Hsp17.8 with chloroplasts. When
His:Hsp17.8 alone was incubated with intact chloro-
plasts in vitro, His:Hsp17.8 coprecipitated with chloro-
plasts (Fig. 5A, lane His:Hsp17.8). These data strongly
suggest that His:Hsp17.8 interacts directly with chloro-
plasts. Furthermore, similar to His:AKR2A, the amount
of His:Hsp17.8 that copurified with chloroplasts in-
creased 138% when incubated with His:AKR2A. This
result raised the possibility that Hsp17.8 binds to both
AKR2A and chloroplasts. This interaction between
Hsp17.8 and AKR2A may facilitate the binding of
both of these proteins to chloroplasts.

To further confirm that Hsp17.8 enhances His:
AKR2A binding to chloroplasts, varying amounts of
His:Hsp17.8 were incubated with a fixed quantity of
His:AKR2A. The protein-chloroplast incubation mix-
tures were subjected to low-speed centrifugation to
precipitate only chloroplasts and proteins bound to
chloroplasts. The pelleted fractions were analyzed by
western blotting using anti-His antibody. The amount
of His:AKR2A that coprecipitated with chloroplasts
increased gradually with increasing concentrations of
His:Hsp17.8 (Fig. 5, C and D). The large subunit of the
Rubisco complex, used as a loading control, confirmed
equal loading.

Hsp17.8 Exists as a Dimer under Normal Physiological
Conditions and in Association with Chloroplasts

sHsps are large oligomers that contain 12 to more
than 32 subunits (Lee et al., 1995, 1997; Helm et al., 1997;
Stengel et al., 2010). In heat shock, sHsps form large
complexes with unfolded proteins (Haslbeck et al.,
2005). sHsps recognize the hydrophobic segments of
unfolded proteins with no specificity (Nakamoto and
Vı́gh, 2007). In contrast, Hsp17.8 specifically recognizes
the C-terminal ankyrin repeat domain of AKR2A (Fig.
3B). The ankyrin repeat, a 33-residue sequence domain,
is a very common protein-protein interaction motif
(Mosavi et al., 2004). To gain insights into the interaction
between AKR2A and Hsp17.8, we examined the olig-
omeric state of Hsp17.8 under normal physiological
conditions using blue-native (BN)-PAGE (Kikuchi et al.,
2006). Protein extracts from protoplasts transformed
with HSP17.8:HA were separated by BN-PAGE and

Figure 4. AKR2A displays differential binding to members of CI
cytosolic sHsps. Various sHsps, four CI cytosolic sHsps and one
peroxisomal sHsp, were expressed in E. coli as GST fusion proteins.
GST-tagged sHsps (3 mg) or GST alone (3 mg) immobilized onto
glutathione agarose beads were incubated with His:AKR2A or His:
GFP (1 mg), and proteins were precipitated with the beads. The pre-
cipitates were analyzed by western blotting using anti-His antibody.
Subsequently, the membrane was stained with Coomassie blue.
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subjected to western-blot analysis using anti-HA
antibody. Hsp17.8 was detected as a strong band at
a molecular mass of 40 kD and as bands of lower
intensity at high-molecular-mass positions (Fig. 6A).
The 40-kD band implies that Hsp17.8 exists as a
dimer under normal physiological conditions. Pro-
tein extracts from untransformed protoplasts did not
show any signals, confirming the specificity of the
antibody. In addition, upon heat shock, the Hsp17.8:
HA dimer was converted to high-molecular-mass
complexes ranging in size from 240 kD to greater
than 480 kD, indicating that Hsp17.8 proteins can be
converted to large oligomeric forms, as observed with
other sHsps (Lee et al., 1995, 1997; Helm et al., 1997;
Stengel et al., 2010).

Next, we examined the oligomeric state of Hsp17.8
when it is associated with chloroplasts. Intact chloro-
plasts were purified from protoplasts transformed
with HSP17.8:HA, and proteins that copurified with
chloroplasts were separated by BN-PAGE and sub-
jected to western-blot analysis with anti-HA antibody.
Again, Hsp17.8:HA was detected at 40 kD (Fig. 6B),
indicating that Hsp17.8 binds to chloroplasts as a
dimer. To further examine the biochemical properties
of Hsp17.8, His:Hsp17.8 purified from E. coli extracts
was analyzed by BN-PAGE and detected by anti-
His antibody. His:Hsp17.8 was detected principally
at 40 kD and secondarily at 480 kD, indicating that
purified His:Hsp17.8 exists as a dimer under normal
conditions.

Figure 5. Hsp17.8 increases the amount of AKR2A proteins bound to chloroplasts. A and B, The effect of Hsp17.8 on the AKR2A
binding to chloroplasts. A, His-tagged AKR2A or Hsp17.8 recombinant proteins were expressed in E. coli and purified using a
nickel-nitrilotriacetic acid agarose affinity column (left panel). Purified recombinant proteins (2 mg) were incubated with intact
chloroplasts purified from protoplasts. His:GFP (2 mg) was included as a control. After incubation on ice, chloroplasts were
pelleted and proteins from the pellet fraction were analyzed by western blotting using anti-His antibody. As a control, 10% of
total proteins (10%) was included in the western blotting. Subsequently, the blot was stained with Coomassie blue and
chlorophyll a/b-binding protein (Cab) was used as a loading control. CH, Extracts from chloroplasts. B, To quantify the binding,
the intensity of His:AKR2A and His:HSP17.8 was quantified using software equipped on the LAS3000 and is presented as relative
values to the controls (His:AKR2A alone or His:HSP17.8 alone). AKR2A, His:AKR2A; HSP17.8, His:HSP17.8. The asterisk
denotes a statistically significant difference compared with His:AKR2A alone (P , 0.01; n = 3). Error bars represent SE (n = 3).
C and D, The effect of Hsp17.8 concentrations on AKR2A binding to chloroplasts. C, Varying amounts of His:Hsp17.8 were
incubated with a fixed amount of His:AKR2A (2 mg) and purified chloroplasts. Chloroplast-bound proteins were pelleted by low-
speed centrifugation. His:GFPwas used as a negative control for His:AKR2A. Pelleted proteins were analyzed bywestern blotting
using anti-His antibody. Total proteins (10%) were included in the western-blot analysis. RbcL, Large subunit of the Rubisco
complex, used as a loading control. D, To quantify binding, His:AKR2A intensity was measured and is presented as relative
values to the control, His:Hsp17.8 (0 mg).
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HSP17.8 Is Expressed under Normal Growth Conditions

without Heat Shock

AKR2A is thought to mediate the targeting of mem-
brane proteins to chloroplast outer envelopes (Bae
et al., 2008). If Hsp17.8 plays a role in targeting
membrane proteins to chloroplasts but not in the
heat shock response, HSP17.8 should be expressed
under normal growth conditions. Accordingly, we
tested whether HSP17.8 is expressed under normal
physiological conditions. Total RNAs from Arabidop-
sis seedlings treated with or without heat shock were
used in semiquantitative reverse transcription (RT)-
PCR. For comparison, five CI cytosolic sHSP genes
were included in the analysis. In a previous study
(Siddique et al., 2008), expression of HSP17.6C was
examined by RT-PCR, which showed that HSP17.6C
transcripts are not present under normal growth con-
ditions but increased to high levels upon heat shock at
40�C. Consistent with the previous study, HSP17.6C
was not detected in total RNA obtained from seedlings
without heat shock under the semiquantitative RT-
PCR condition (Fig. 7). Similarly, two other isoforms,
HSP17.4 and HSP17.6A, were expressed at very low
level without heat shock, thus being undetectable
under the semiquantitative RT-PCR condition we
used. By contrast, transcripts of three sHSP genes,
HSP17.8, HSP18.1, and HSP17.6B, were detected in

total RNA obtained from seedlings without heat
shock under the same semiquantitative RT-PCR con-
dition: HSP17.8 and HSP18.1 were expressed at
moderate levels and HSP17.6B was expressed at a
low level, indicating that certain isoforms, including
HSP17.8, were expressed under normal growth con-
ditions. Similarly, without heat shock, certain sHSP
isoforms are expressed ubiquitously in all tissues,
whereas others are expressed in a tissue-specific
manner (Siddique et al., 2008). Hsp18.1 also inter-
acted with AKR2A (Fig. 4), raising the possibility
that Hsp18.1 may also work together with AKR2A in
targeting membrane proteins to chloroplast outer
membranes under physiological conditions. In addi-
tion, all six CI cytosolic sHSPs, including HSP17.8,
were highly induced upon heat shock, and the de-
gree of induction of HSP17.8 was comparable to that
of HSP17.6C, indicating that Hsp17.8 may also func-
tion as a chaperone under heat stress conditions.

Since the results shown in Figures 4 and 5 strongly
suggested that Hsp17.8 may work together with
AKR2A, we compared the transcript level of AKR2A
with that of HSP17.8 by semiquantitative RT-PCR
analysis. The expression of AKR2A was not affected
by heat shock treatment. Under normal growth con-
ditions, the transcript level of AKR2 was higher than
that of HSP17.8, suggesting that the AKR2A protein
level would be higher than the Hsp17.8 protein level if

Figure 6. Hsp17.8 exists as dimers at normal physiological conditions and in association with chloroplasts. A and B, BN-
polyacrylamide gel analysis of Hsp17.8:HA. A, Protein extracts from protoplasts transformed with HSP17.8:HA were separated
by BN-PAGE using a 4% to 16% gradient gel and analyzed by western blotting using anti-HA antibody. In addition, protein
extracts from protoplasts subjected to heat shock at 42�C for 30 min were included in the analysis. The membrane was stained
with Coomassie blue. NT, Extracts from nontransformed protoplasts; N, normal condition; H, heat shock condition. B, Intact
chloroplasts were purified from protoplasts transformed with HSP17.8:HA, and proteins that copurified with chloroplasts were
separated by BN-PAGE and analyzed by western blotting using anti-HA antibody. The membrane was stained with Coomassie
blue. NT, Protein extracts from nontransformed protoplasts; CH, proteins from purified chloroplasts. C, Dimer formation of His:
Hsp17.8 in E. coli extracts. His:Hsp17.8 purified from E. coli extracts was separated by BN-PAGE and analyzed by western
blotting using anti-His antibody.
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the transcripts of the two genes are translated into
proteins with the same efficiency. However, it is pos-
sible that the difference in the transcript levels be-
tween the two genes can be compensated by other
mechanisms, such as a difference in the stability of the
two proteins. Indeed, a PESTsequence is located in the
N-terminal region of AKR2A (Bae et al., 2008). The
PESTsequence, which is rich in Pro (P), Glu (E), Ser (S),
and Thr (T), serves to target proteins for degradation
and is associated with proteins that have a short
intracellular half-life (Rogers et al., 1986). This obser-
vation raised the possibility that AKR2A may be a
short-lived protein. Accordingly, we examined the
half-lives of the two proteins. Protoplasts transformed
with AKR2A:HA or HSP17.8:HA were treated with
cycloheximide, an inhibitor of translation, 24 h after
transformation. Subsequently, protein extracts were
prepared at various time points after cycloheximide
treatment and analyzed by western blotting using
anti-HA antibody. The half-lives of AKR2A:HA and
Hsp17.8:HA were approximately 3 h and over 6 h,
respectively (Fig. 8), indicating that Hsp17.8 is much
more stable than AKR2A. These results suggest that
the low transcript level of HSP17.8 can be compen-
sated by the longer half-life of the Hsp17.8 protein.

Coexpression of Hsp17.8:HA and AKR2A Increases the

Targeting Efficiency of Outer Envelope Protein7:GFP
to Chloroplasts

We examined the role of Hsp17.8 in AKR2A-
mediated protein targeting to chloroplasts. In previous
studies, it was shown that Outer Envelope Protein7
(OEP7) expressed as a GFP fusion protein (OEP7:GFP)
is targeted to chloroplast outer membranes and that
AKR2A mediates its targeting (Lee et al., 2001; Bae
et al., 2008). Since sHsps are known to possess chaperone
activity (Kirschner et al., 2000; Eyles and Gierasch,
2010), we first examined whether Hsp17.8 has any
effect on the level of OEP7:GFP. In protoplasts, OEP7:
GFP was cotransformed with HA:AKR2A, HSP17.8:
HA, or both (HA:AKR2A plus HSP17.8:HA). The total
plasmid amounts introduced into protoplasts were
adjusted using the empty expression vector R6. Coex-
pression with AKR2A or Hsp17.8:HA individually did
not affect the OEP7:GFP levels. However, in proto-
plasts transformed with three plasmids, OEP7:GFP,
HA:AKR2A, and HSP17.8:HA, the amount of OEP7:
GFP was increased to 143% compared with transfor-
mation with OEP7:GFP alone (Fig. 9, A and B). These
results suggest that a portion of OEP7:GFP is subject
to proteolytic degradation in protoplasts and that
coexpression of both proteins, HA:AKR2A and
Hsp17.8:HA, prevents OEP7:GFP degradation (Fig. 9,
C and D).

To gain insights into the mechanism responsible
for the higher OEP7:GFP levels when OEP7:GFP is
coexpressed with both HA:AKR2A and Hsp17.8:HA,
we examined the chloroplast-targeting efficiency of
OEP7:GFP following the coexpression of both Hsp17.8
and AKR2A. Chloroplasts were purified from trans-
formed protoplasts, and the amount of copurified
OEP7:GFP was measured by western-blot analysis
using anti-GFP antibody. When coexpressed with
both HA:AKR2A and Hsp17.8:HA, the targeting effi-
ciency of OEP7:GFP was increased to 132% compared
with OEP7:GFP alone (Fig. 9, A and B). However,

Figure 7. Semiquantitative RT-PCR analysis of sHSPs and AKR2A
transcript levels with or without heat shock. A, Total RNAs from
10-d-old Arabidopsis whole seedlings that had been treated with or
without heat shock at 40�C for 1 h were analyzed by semiquantitative
RT-PCR using gene-specific primers. Actin2was included as an internal
control. The PCR was performed at 94�C for 30 s, 57�C for 30 s, and
72�C for 30 s for 25 cycles. The PCR products were separated on
agarose gels. N, Normal condition; H, heat shock condition. B, To
quantify the induction of gene expression by heat shock, PCR band
intensity was quantified by software on the LAS3000, and the ratio of
gene expression under the heat shock condition to that under the
normal condition was expressed at the log values. Error bars represent
SE (n = 3).

Figure 8. Analysis of the half-life of Hsp17.8 and AKR2A in proto-
plasts. Protoplasts transformed with HSP17.8:HA or AKR2A:HA were
treated with cycloheximide 24 h after transformation and then
harvested at the time points indicated. Protein extracts from the
transformed protoplasts were analyzed by western blotting using anti-
HA antibody. To obtain the half-life of these proteins, the intensity of
the protein bands was quantified using software on the LAS3000. NT,
Extracts from nontransformed protoplasts; Cab, chlorophyll a/b-binding
protein.
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coexpression with HA:AKR2A or Hsp17.8:HA sepa-
rately did not affect the OEP7:GFP levels targeted to
chloroplasts, indicating that both Hsp17.8 and AKR2A
are required to increase the amount of OEP7:GFP
targeted to chloroplasts. These results imply that the
OEP7:GFP levels in protoplasts are greater than the
endogenous capacity of the chloroplast-targeting ma-
chinery and that excess amounts of OEP7:GFP are
subject to degradation. However, higher levels of both
AKR2A and Hsp17.8 may be able to handle the excess
amount of OEP7:GFP in chloroplast targeting. This in
turn results in the higher levels of OEP7:GFP targeting
to chloroplasts. To test this possibility, we examined
whether a portion of OEP7:GFP was subject to proteo-
lytic degradation. Transformed protoplasts were treated
with MG132, an inhibitor of the 26S proteasome (Lee
and Goldberg, 1998), and OEP7:GFP protein levels
were measured by western-blot analysis using anti-
GFP antibody. Upon MG132 treatment, the OEP7:GFP
levels in protoplasts transformedwithOEP7:GFP alone
or together with HA:AKR2A or HSP17.8:HA were ele-
vated to those obtained from protoplasts transformed
with all three constructs, OEP7:GFP, HA:AKR2A, and
HSP17.8:HA (Fig. 9, C andD), confirming that a portion
of OEP7:GFP was subjected to proteolytic degradation
in protoplasts. Taken together, these results suggest
that higher levels of both Hsp17.8 and AKR2A are

necessary to prevent the degradation of OEP7:GFP and
to increase the targeting efficiency of OEP7:GFP to
chloroplasts.

Suppression of CI Cytosolic sHSP Transcript Levels by
sHSP-CI amiRNA Reduces OEP7:GFP Chloroplast
Targeting Efficiency

To further confirm the role of Hsp17.8 in protein
targeting to chloroplast outer membranes, we investi-
gated whether decreased Hsp17.8 levels have any
detrimental effects on membrane protein-targeting
efficiency to the chloroplast outer membranes. Since
an hsp17.8 mutant was not available, we employed an
amiRNA approach (Ossowski et al., 2008). This ap-
proach was recently used to successfully lower target
protein levels in protoplasts (Kim and Somers, 2010).
Because six CI cytosolic sHsps show high degrees of
sequence similarity (Supplemental Fig. S2; Sun et al.,
2001) and four of them interact to varying degrees with
AKR2A, we suppressed the transcript levels of all
six CI sHSP genes (HSP17.4, HSP17.6A, HSP17.6B,
HSP17.6C, HSP17.8, and HSP18.1) simultaneously.
This was accomplished using a 21-bp fragment
(sHSP-CI amiRNA construct) that contained three to
five base mismatches to all six CI cytosolic sHSP genes
(Supplemental Fig. S3). Protoplasts were transformed

Figure 9. Hsp17.8 increases the targeting effi-
ciency of OEP7:GFP to chloroplasts. A and B, The
effect of Hsp17.8 on OEP7:GFP targeting to chlo-
roplasts. A, Protoplasts were cotransformed with
the indicated constructs, and proteins from the
transformed protoplasts (Total) or from chloro-
plasts purified from transformed protoplasts
(Chloroplast) were analyzed by western blotting
using anti-GFP, anti-HA, and anti-RFP antibodies.
The constructmRFPwas included as a measure of
transformation efficiency and contamination of
cytosolic proteins in purified chloroplasts.. Note
that anti-HA antibody detects both HA:AKR2A
and Hsp17.8:HA. NT, Nontransformed proto-
plasts; RbcL, large subunit of the Rubisco com-
plex, used as a loading control. B, To quantify the
targeting efficiency, the intensity of OEP7:GFP
was measured by software on the LAS3000 and is
presented as relative values to control R6. Aster-
isks denote statistically significant differences
compared with R6 or HSP17.8/R6 (P , 0.01;
n = 3). Error bars represent SE (n = 3). C and D, The
effect of MG132 on the OEP7:GFP level. C,
Transformed protoplasts (as described in A) were
treated with (+) or without (2) MG132. Protein
extracts were analyzed by western blotting using
anti-GFP antibody. D, To quantify the OEP7:GFP
level, the intensity of OEP7:GFP was measured
and is presented as relative values to the control,
R6/(2)MG132. Error bars represent SE (n = 3).
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with the sHSP-CI amiRNA construct or the control
amiRNA vector, and sHSP transcript levels were mea-
sured in protoplast total RNA collected 0 and 24 h
following transformation. Quantitative RT-PCR anal-
ysis was used to measure the levels of four CI cyto-
solic sHSP genes (HSP17.4, HSP17.6A, HSP17.8, and
HSP18.1) and two organellar sHSP genes (plastid
HSP25.3 and mitochondrial HSP23.6). At 0 h, the tran-
script levels of all examined sHSP genes ranged from
85% to 110% compared with the control transformed
with control amiRNA (Fig. 10A, left panel). However,
at 24 h post transformation, the transcript levels of the
four CI cytosolic sHSP genes were reduced by 50% to
55% in comparison with the control amiRNA vector.
The transcript levels of the two organellar sHSP genes
(HSP25.3 and HSP23.6) were not affected (Fig. 10A,
right panel). These results indicate that the sHSP-CI

amiRNA construct specifically lowered CI cytosolic
sHSP transcript levels.

Next, we examined whether lower levels of CI
cytosolic sHSP transcripts reduce OEP7:GFP chloro-
plast targeting efficiency. Dex::OEP7:GFP, a construct
containing OEP7:GFP under the dexamethasone-
inducible promoter (Aoyama and Chua, 1997), was
cotransformed with sHSP-CI amiRNA or control
amiRNA vector into protoplasts. The protoplasts
were treated with dexamethasone 24 h after transfor-
mation and incubated for an additional 12 h. With
these conditions, OEP7:GFP expression began 24 h
after transformation, a time when the transcript levels
of four CI cytosolic sHSP genes were reduced by 50%
to 55% compared with the control. Protoplast protein
extracts were analyzed by western blotting using
anti-GFP antibody. In protoplasts transformed with

Figure 10. Suppression of CI cytosolic sHSP transcript levels decreases the chloroplast-targeting efficiency of OEP7:GFP in
protoplasts. A, Real-time quantitative RT-PCR of various sHSP transcript levels in protoplasts. Protoplasts were transformed with
the sHSP-CI amiRNA construct or control amiRNA vector. Total RNA extracted from the transformed protoplasts at 0 and 24 h
after transformation was subjected to quantitative RT-PCR analysis using gene-specific primers. Quantitative RT-PCR was
performed at 95�C for 15 s and 60�C for 1 min for 40 cycles. Actin8 was used as an internal control for the quantitative RT-PCR.
Error bars represent SE (n = 3). B and C, Effect of sHSP-CI amiRNA on the OEP7:GFP targeting to chloroplasts. B,Dex::OEP7:GFP
was cotransformed into protoplasts together with sHSP-CI amiRNA or the control amiRNA vector. Transformed protoplasts were
treated with dexamethasone 24 h after transformation and incubated for an additional 12 h. Subsequently, protoplasts were
divided into two fractions: one fraction was used to purify chloroplasts by Percoll gradients, and the second fraction was used for
total protein extracts. Proteins from the purified chloroplasts together with total protein extracts from the protoplasts were
analyzed by western blotting using anti-GFP antibody. NT, Nontransformed protoplasts; To, total protein extracts; CH, protein
extracts from purified chloroplasts; Cab, chlorophyll a/b-binding protein, used as a loading control. C, To quantify the targeting
efficiency, the intensity of OEP7:GFP in the chloroplast fractions was measured and is presented as a relative value to that of
control amiRNA vector. The asterisk denotes a statistically significant difference compared with control amiRNA vector (P ,
0.01; n = 3). Error bars represent SE (n = 3).
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the sHSP-CI amiRNA construct, the amount of OEP7:
GFP copurified with chloroplasts was significantly
reduced compared with the control amiRNA (Fig.
10B). When quantified, the targeting efficiency was
reduced to 72% of the control level (Fig. 10C),
confirming that CI cytosolic sHsps play a critical
role in targeting OEP7:GFP to the chloroplasts.

Hsp17.8 Does Not Interact Directly with OEP7 in
the Cytoplasm

To examine further the role of Hsp17.8 in AKR2A-
mediated protein targeting to chloroplast outer mem-
branes, we tested whether Hsp17.8 also binds directly
to proteins targeted to chloroplasts. In a previous
study, the interaction between OEP7 and AKR2A in
vivo was demonstrated using a fusion protein, GFP:
OEP7 (Bae et al., 2008). When the GFP moiety was
fused to the N terminus of OEP7, the fusion protein
GFP:OEP7 was not targeted to chloroplasts but instead
produced aggregates in the cytosol. However, when
GFP:OEP7 was coexpressed with HA:AKR2A in pro-
toplasts, HA:AKR2A prevented aggregate formation
of GFP:OEP7 by binding to the hydrophobic TMD and
the CPR in OEP7. In a similar approach, we tested
whether Hsp17.8 interacts with OEP7. GFP:OEP7 was
introduced into protoplasts together with HA:AKR2A,
HSP17.8:HA, or R6 and the GFP pattern of GFP:OEP7
was examined. As reported previously (Bae et al.,
2008), GFP:OEP7 alone produced a punctate staining
pattern, indicating protein aggregates. In protoplasts
cotransformed with GFP:OEP7 and HA:AKR2A, GFP:
OEP7 produced a diffuse pattern (Fig. 11), indicating
an interaction between AKR2A and OEP7. In contrast,
in protoplasts cotransformed with GFP:OEP7 and
HSP17.8:HA, GFP:OEP7 produced a punctate staining
pattern, indicating protein aggregates. These results
suggested that Hsp17.8 does not bind directly to OEP7.

DISCUSSION

In this study, we demonstrated that Hsp17.8, one of
the CI cytosolic sHsps in Arabidopsis, plays a role in
membrane protein targeting to the chloroplast outer
membrane. This conclusion is based on several lines of
evidence. First, Hsp17.8 binds to both AKR2A and
chloroplasts. Second, Hsp17.8 and AKR2A overex-
pression enhances the targeting efficiency of a mem-
brane protein, OEP7:GFP, to chloroplasts, whereas
decreased levels of Hsp17.8 and closely related CI
cytosolic sHsps reduced the OEP7:GFP targeting effi-
ciency to chloroplasts. In support of a role for Hsp17.8
in protein targeting to chloroplast outer membranes,
HSP17.8 was expressed under normal growth condi-
tions. In addition, under physiological conditions,
Hsp17.8 existed primarily as a dimer in the cytosol
and when it was associated with chloroplasts. Thus,
under normal growth conditions, the Hsp17.8-assisted
targeting of proteins to the chloroplast outer envelope

membrane, as observed in this study, appears to be
different from that observed previously for sHsps in the
heat shock response (Lee et al., 1997; Lee and Vierling,
2000). When acting as chaperones in the heat shock
response, sHsps bind to unfolded proteins in large
complexes, thereby preventing them from forming
nonspecific aggregates (Nakamoto and Vı́gh, 2007).
sHsps may not display any specific binding with their
substrates during these interactions. In fact, heat shock
exposes hydrophobic domains in sHsps, and the pro-
posed binding sites of sHsps are hydrophobic in char-
acter (Haslbeck et al., 2005), suggesting that hydrophobic
interactions form the basis for interactions between
sHsps and unfolded proteins. By contrast, Hsp17.8 rec-
ognizes the ankyrin repeat domain in AKR2A, implying
a specific interaction betweenHsp17.8 and AKR2A. This
idea is supported by the fact that the ankyrin repeat is
one of the most common protein-protein interaction
motifs known (Mosavi et al., 2004). However, we cannot
exclude the possibility that Hsp17.8 also functions as a
chaperone under heat shock conditions, as has been
observed with other sHsps (Lee et al., 1995, 1997; Helm
et al., 1997; Stengel et al., 2010). Indeed, upon heat shock,
the expression of HSP17.8 was strongly induced and
Hsp17.8 was converted to high oligomeric forms with
molecular masses ranging from 240 kD to greater than
480 kD.

In addition to Hsp17.8, various Hsps such as Hsp70
and Hsp90 have been identified to play a role in
protein targeting to chloroplasts (Rial et al., 2000;
Zhang and Glaser, 2002; Qbadou et al., 2006; Lee
et al., 2009). However, the pathway that Hsp17.8 is
involved in differs from those of other larger Hsps.
The interaction of Hsp17.8 with AKR2A strongly sug-
gests that Hsp17.8 is involved in targeting membrane
proteins to chloroplast outer membranes. In contrast,

Figure 11. Hsp17.8 does not bind directly to OEP7 in the cytoplasm.
GFP:OEP7 was introduced into protoplasts together with HA:AKR2A,
HSP17.8:HA, or R6, and the GFP pattern of GFP:OEP7 was examined.
Bottom panels show bright-field images. CH, Chloroplasts. Bars =
20 mm.
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other larger Hsps participate in the import of transit
peptide-containing precursors into chloroplasts (Rial
et al., 2000; Zhang and Glaser, 2002). For example,
cytosolic Hsc70 interacts with the transit peptide of
precursors, thereby keeping them in an unfolded, yet
import-competent, state in the cytosol. Two stromal
Hsps, cpHsc70 and Hsp93, are important for driving
translocation into the stroma (Su and Li, 2010). In addi-
tion,Hsp90 is involved in delivering plastid precursors
to the chloroplast import receptor Toc64 (Qbadou
et al., 2006). Recently, Lee et al. (2009) showed that
Hsc70-4 is indirectly involved in protein targeting to
chloroplasts by controlling precursor levels in the
cytosol. Thus, the role of Hsp17.8 is a novel function
in protein targeting to chloroplasts.
A large number of membrane proteins are targeted to

the outer membrane of chloroplasts after translation in
the cytosol (Li et al., 1991; Hofmann and Theg, 2005). In
this process, AKR2s mediate the targeting by binding to
the targeting signals containing the hydrophobic TMD
and the CPR. However, themechanism bywhich AKR2s
deliver proteins to the chloroplasts from the cytosol is
not fully understood. Hsp17.8 binds both chloroplasts
and AKR2A. AKR2A also has a chloroplast-binding
ability (Bae et al., 2008). However, Hsp17.8 did not
directly bind to chloroplast outer membrane proteins, at
least when we used GFP:OEP7 as substrate. Thus, one
possible scenario is that Hsp17.8 acts as a cofactor of
AKR2s to facilitate the delivery of cargo proteins to
chloroplasts by binding to both chloroplasts and AKR2s.
Moreover, in thisway,Hsp17.8may play a role in solving
the specificity issues of the targeting pathways involving
AKR2s. In addition to chloroplast targeting, AKR2s are
also implicated in the targetingofproteins toperoxisomes
(Shen et al., 2010). Binding of Hsp17.8 to AKR2s may
direct AKR2s to function specifically in the chloroplast-
targeting pathway. Consistent with this hypothesis,
increased levels of Hsp17.8 and AKR2A in protoplasts
resulted in increased OEP7:GFP targeting to chloro-
plasts. In contrast, amiRNA-mediated suppression of
HSP17.8 and other CI cytosolic sHSP genes in proto-
plasts resulted in reduced targeting efficiency. The
identity of the Hsp17.8-binding partner located on the
chloroplast outer membranes is unknown.
The Arabidopsis genome encodes six members of the

CI cytosolic sHsps (Scharf et al., 2001; Sun et al., 2002;
Basha et al., 2010). Thus, an important question for
these CI cytosolic sHsps is whether they are function-
ally diverse. A few of them have been studied at
molecular and biochemical levels. HSP17.6 is induced
significantly by heat stress (Siddique et al., 2008). Fur-
thermore, it interacts with the hydrophobic compound
1,1’-bi(4-anilino)naphthalene-5,5’-disulfonic acid at ele-
vated temperatures, consistent with its role as a chap-
erone for unfolded protein. Indeed, the close homolog
Hsp17.6C has been demonstrated to assist in the folding
of denatured luciferase in vitro (Siddique et al., 2008).
Other CI members (HSP17.4, HSP17.6A, and HSP18.1)
are expressed in petals under normal growth condi-
tions, implying a role in flower development (Dafny-

Yelin et al., 2008). Two CI members, Hsp17.4 and
Hsp17.6A, are also involved in acquired thermotoler-
ance (Dafny-Yelin et al., 2008). Overexpression of
Hsp17.6A enhances osmotolerance (Sun et al., 2001).
Another member, HSP17.4, is induced by salt and
drought stresses (Siddique et al., 2008), implying that
this isoform may be involved in osmotic stress re-
sponses, as observed with Hsp17.6A. Thus, it appears
that the functions of CI cytosolic sHsps overlap while
also allowing for functional divergence. Consistent
with this notion, AKR2A displayed differential binding
affinities to some CI members: strong binding to
Hsp17.8 and Hsp17.4, moderate binding to Hsp18.1,
and weak binding to Hsp17.6. Thus, a subset of CI
cytosolic sHsps may act as AKR2A cofactors and be
involved in protein targeting to chloroplasts. However,
despite their interactions with AKR2A in vitro, Hsp17.4
and Hsp18.1 were not identified in the original screen-
ing. One possibility is that theymay not be expressed at
high levels in leaf tissues under normal growth condi-
tions. Indeed, HSP17.4 was nearly undetectable in leaf
tissues under normal growth conditions. In addition,
HSP18.1was expressed at lower levels than HSP17.8 in
rosette leaves (Arabidopsis eFP browser; http://bar.
utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi), and
these levels may not have been high enough to detect its
binding in protein pull-down assays.

sHsps are involved in diverse cellular defense
responses against many different stresses, including
high-temperature, oxidative, and osmotic stresses
(Sato and Yokoya, 2008). Under nonstress conditions,
sHsps are shown to play important roles in various
stages of development, including flower, seed, and
fruit development (Wehmeyer et al., 1996; Volkov
et al., 2005; Dafny-Yelin et al., 2008). In this study, we
provide evidence for a novel role of one CI cytosolic
sHsp, Hsp17.8, as an AKR2A cofactor involved in
targeting membrane proteins to chloroplasts.

MATERIALS AND METHODS

Growth of Plants

Arabidopsis (Arabidopsis thaliana) plants (ecotype Columbia) were grown

on Murashige and Skoog plates supplemented with 1% Suc in a growth

chamber at 20�C to 22�C under a 16-h/8-h light/dark cycle. Leaf or whole

tissues were harvested from 10-d-old to 3-week-old plants and used imme-

diately for protoplast isolation or total RNA extraction.

Construction of Plasmid DNAs

HSP15.7 (At5g37670), HSP17.4 (At3g46230), HSP17.6A (At1g59860),

HSP17.8 (At1g07400), and HSP18.1 (At5g59720) were PCR isolated from an

Arabidopsis cDNA library using gene-specific primer sets (Supplemental

Table S1). PCR fragments were ligated into pGEX-5X-1 (GE Healthcare) for

GST fusion constructs or pRSET-A (Invitrogen) for His-tagging constructs.

HSP17.8:HA was PCR generated using the primers HSP17.8-HA-F and

HSP17.8-HA-R (Supplemental Table S2).

Full-length AKR2A, various AKR2A deletion mutants, and GFP were

generated through PCR approaches. The primer sets used were as follows:

AKR2A-GST-F and AKR2A-GST/T7/HA-R for GST:AKR2A; AKR2A-His-F
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and AKR2A-His-R for His:AKR2A; AKR2A-His-F and AKR2A(210)-His-R for

His:AKR2A(1–210); Ank(211)-His-F and AKR2A-His-R for His:Ank(211–342);

Ank(211)-His-F and Ank(309)-His-R for His:Ank(211–309); Ank(211)-His-F

and Ank(276)-His-R for His:Ank(211–276); Ank(244)-His-F and AKR2A-His-R

for His:Ank(244–342); Ank(277)-His-F and AKR2A-His-R for His:Ank(277–

342); Ank(244)-His-F and Ank(309)-His-R for His:Ank(244–309); and GFP-

His-F and GFP-His-R for His:GFP. PCR products were ligated into pGEX-5X-1

(GE Healthcare) for GST fusion constructs or pRSET-A (Invitrogen) for His

tagging. To generate N-terminal HA- or T7-tagged or C-terminal HA-tagged

AKR2A, PCR was performed using AKR2A-T7/HA-F and AKR2A-GST/T7/

HA-R for T7:AKR2A or HA:AKR2A and AKR2A-T7/HA-F and AKR2A-HA-R

for AKR2A:HA. The PCR products were ligated into N-terminal HA or T7

tagging or C-terminal HA tagging vectors.

Construction of OEP7:GFP was described previously (Lee et al., 2001). To

construct Dex::OEP7:GFP, OEP7:GFP was PCR amplified using OEP7-

pTA7002-F and GFP-pTA7002-R primers and ligated into the pTA7002 vector.

The sHSP-CI amiRNA construct was designed using Web MicroRNA

Designer 3 (http://wmd3.weigelworld.org). The sHSP-CI amiRNA was pre-

pared by overlapping PCR as described previously (Schwab et al., 2006). The

primer sets used were sHSP-CI-I miR-s, sHSP-CI-II miR-a, sHSP-CI-III miR*s,

and sHSP-CI-IV miR*a, together with two vector primers (amiRNA-A and

amiRNA-B) in the adjacent region that defines the amiRNA foldback. The

resulting PCR fragment, including the full amiRNA foldback, was ligated into

the vector pCsVMV-AmiR. The control amiRNAvector (pCsVMV-AmiR) was

described previously (Kim and Somers, 2010). All PCR products were

sequenced to confirm product accuracy.

Transient Expression of Proteins in Protoplasts

Arabidopsis protoplasts were isolated and transformed as described

previously (Jin et al., 2001). For chemical treatments, transformed protoplasts

were incubated with MG132 (30 mM; Calbiochem), dexamethasone (30 mM;

Sigma), or cycloheximide (50 mM; Sigma).

RNA Extraction, Semiquantitative RT-PCR, and Gene

Expression Analysis

To give heat shock, 10-d-old seedlings grown on Murashige and Skoog

plates were preincubated at 40�C for 15 min and then at 22�C for 2 h.

Subsequently, plants were subjected to a second heat treatment at 40�C for 1 h.

Nonstress control plants were kept at 22�C. Total RNAwas extracted using an

RNAqueous kit (Ambion). TURBO DNase (Ambion) was used to remove any

DNA contamination from the RNA samples, and extracted RNAwas used for

RT into cDNA using the High Capacity cDNA Reverse Transcription kit (AB).

Semiquantitative RT-PCR was performed using ExTaq polymerase (Ta-

kara) at 94�C for 30 s, 57�C for 30 s, and 72�C for 30 s for 25 cycles. The primer

sets used were as follows: HSP17.4-RT-F and HSP17.4-RT-R for HSP17.4;

HSP17.6A-RT-F and HSP17.6A-RT-R for HSP17.6A; HSP17.6B-RT-F and

HSP17.6B-RT-R for HSP17.6B; HSP17.6C-RT-F and HSP17.6C-RT-R for

HSP17.6C; HSP17.8-RT-F and HSP17.8-RT-R for HSP17.8; HSP18.1-RT-F and

HSP18.1-RT-R for HSP18.1; AKR2A-RT-F and AKR2A-RT-R for AKR2A; and

Actin2-RT-F and Actin2-RT-R for Actin2.

Quantitative real-time RT-PCR was performed with a SYBR Green kit (AB)

to detect HSP17.4, HSP17.6A, HSP17.8, HSP18.2, HSP23.6, HSP25.3, and

Actin8. Amplified samples were normalized with Actin8. The primers used

were as follows: HSP17.4-F and HSP17.4-R for HSP17.4; HSP17.6A-F and

HSP17.6A-R for HSP17.6A; HSP17.8-F and HSP17.8-R for HSP17.8; HSP18.1-F

and HSP18.1-R for HSP18.1; HSP23.6-F and HSP23.6-R for HSP23.6; HSP25.3-F

and HSP25.3-R for HSP25.3; and ACT8-F and ACT8-R for Actin8.

Coimmunoprecipitation

For coimmunoprecipitation, protoplasts transformed with expression con-

structs were lysed by sonication in immunoprecipitation buffer (20 mM Tris-

HCl, pH 7.5, 150 mM NaCl, 3 mM MgCl2, 1 mM dithiothreitol (DTT), 1 mM

EDTA, 0.5% Triton X-100, and 13 complete protease inhibitor cocktail

[Roche]). The soluble proteins were prepared by centrifugation at 20,000g

for 10 min. Samples were incubated with 2 mg of anti-T7 monoclonal antibody

(Novagen) for 2 h at 4�C, followed by an additional incubation with 20 mL of

protein A-Sepharose CL-4B beads (Amersham Biosciences) for 2 h at 4�C.
Immunoprecipitates were washed three times with the immunoprecipitation

buffer and subjected to immunoblot analysis with appropriate antibodies.

Recombinant Protein Purification and Protein

Pull-Down Experiments

Escherichia coli BL21 (DE3) cells transformed with various constructs

encoding GST-fused or His-fused recombinant proteins were cultured to an

optical density at 600 nm of approximately 0.6. Induction of the protein was

induced by adding 0.2 to 1 mM isopropyl-b-D-thiogalactoside at 37�C for 3 h.

The GST or GST fusion proteins were bound to Immobilized Glutathione

beads (Thermo Scientific) and washed several times with buffer (50 mM Tris-

HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, and 13 complete

protease inhibitor cocktail [Roche]) for purification. The His-tagged proteins

were bound to nickel-nitrilotriacetic acid agarose beads (Qiagen) and washed

several times with washing buffer (50 mM NaH2PO4, pH 8.0, 300 mM NaCl,

10 mM imidazole, 1% Triton X-100, and 13 complete protease inhibitor cocktail

[Roche]) for purification.

To pull downAKR2A-binding proteins, approximately 50 mg of GST (alone

or as a fusion protein: GST:AKR2A) was bound to 100 mL of glutathione

agarose beads and incubated with 10 mg of total soluble protein extracts for

3 h at 4�C. The beads were then washed several times with 10 mL of washing

buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 3 mM MgCl2, 5 mM EDTA, 1 mM

DTT, 0.5% Triton X-100, 0.1% [v/v] Nonidet P-40, and 13 complete protease

inhibitor cocktail [Roche]). The proteins bound to the beads were eluted and

used for the two-dimensional analysis.

To study the interaction between the sHsps and AKR2A, in vitro protein

pull-down experiments were performed. Briefly, GST alone or GST:sHsps (3

mg) immobilized onto glutathione beads was incubated with His-tagged

recombinant proteins as prey in a binding buffer (20 mM Tris-HCl, pH 7.5, 150

mM NaCl, 3 mM MgCl2, 1 mM DTT, and 0.1% Triton X-100) at 4�C for 3 h. Beads

were washed three times with the binding buffer. Subsequently, SDS-PAGE

sample buffer was added to the beads, boiled, and analyzed by western

blotting using an anti-His antibody.

Chloroplast Isolation and in Vitro
Chloroplast-Binding Experiments

Intact chloroplasts were isolated from protoplasts using standard proce-

dures on a Percoll gradient as described previously (Li and Chen, 1996; Tu and

Li, 2000). Purified His-tagged recombinant proteins (2 mg) such as His:GFP,

His:AKR2, and His:Hsp17.8 were incubated with intact chloroplasts (equiv-

alent to 20 mg of chlorophyll) in 1 mL of binding buffer (50 mM HEPES-KOH,

pH 7.6, 3 mM MgCl2, 330 mM sorbitol, 100 mM NaCl, 1 mM DTT, and 13
complete protease inhibitor cocktail [Roche]) on ice for 30 min. Subsequently,

chloroplasts were pelleted by centrifugation (1,500g) for 5 min at 4�C. The
pellet was washed with binding buffer, boiled with SDS-PAGE sample buffer,

and subjected to western-blot analysis using an anti-His antibody.

BN-PAGE Analysis

The BN-PAGE analysis was performed as described previously (Kikuchi

et al., 2006). Protoplasts were resuspended with the solubilization buffer

(50 mM Bis-Tris-HCl, pH 7.0, 0.5 M aminocarproic acid, 10% [w/v] glycerol,

0.5% n-dodecyl b-D-maltoside, and 13 complete protease inhibitor cocktail

[Roche]), incubated on ice for 10 min, and centrifuged at 20,000g. Insoluble

materials were removed by ultracentrifugation at 100,000g for 10 min, and the

supernatant was supplemented with Coomassie Brilliant Blue G-250 (SERVA).

The samples were loaded on a 4% to 16% gradient gel (Native PAGE Novex

4-16% Bis-Tris Gel; Invitrogen). For BN-PAGE, the cathode tank buffer was

50 mM Tricine/15 mM Bis-Tris, pH 7.0, and 0.02% Coomassie Brilliant Blue

G-250 and the anode tank buffer was 50 mM Bis-Tris, pH 7.0. Western-blot

analysis was performed according to the manufacturer’s instructions using

an anti-HA antibody.

Two-Dimensional Electrophoresis and
MALDI-TOF Analyses

Isoelectric focusing and two-dimensional SDS-PAGE were performed as

described previously (Lee et al., 2004a). Protein samples were applied to

23-cm immobilized pH gradient strips (nonlinear, pH gradient 4–10;

Genomine). For isoelectric focusing, the voltage was linearly increased from

150 to 3,500 V during 3 h for sample entry followed by constant 3,500 V, with

focusing complete after 96 kVh. Prior to the second dimension, strips were
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incubated for 10 min in equilibration buffer (50 mM Tris-Cl, pH 6.8, containing

6 M urea, 2% SDS, and 30% glycerol), first with 1% DTT and second with 2.5%

iodoacetamide. This strips were inserted on 10% to 16% gradient SDS-PAGE

gels (203 24 cm) using the Hoefer DALT 2-D system (Amersham Biosciences).

The two-dimensional gels were silver stained as described previously (Oakley

et al., 1980), but the fixing and sensitization step with glutaraldehyde was

omitted.

The GST:AKR2A-specific protein spots were subjected to MALDI-TOF

analysis for identification. Protein analysis was performed using an Ettan

MALDI-TOF apparatus (Amersham Biosciences), and peptides were evapo-

rated with an N2 laser at 337 nm using a delayed extraction approach. These

peptides were accelerated with a 20-kV injection pulse for TOF analysis. Each

spectrum was the cumulative average of 300 laser shots. The search software

ProFound, developed by The Rockefeller University (http://prowl.rockefeller.

edu/prowl-cgi/profound.exe), was used for protein identification by peptide

mass fingerprinting, and spectra were calibrated with autodigested trypsin ion

peak mass-to-charge ratio (842.510, 2,211.1046) as internal standards.

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

libraries under the following accession numbers: AKR2A (At4g35450), OEP7

(At3g52420),HSP15.7 (At5g37670),HSP17.4 (At3g46230),HSP17.6A (At1g59860),

HSP17.6B (At2g29500), HSP17.6C (At1g53540), HSP17.8 (At1g07400), HSP18.1

(At5g59720), HSP23.6 (At4g25200), and HSP25.3 (At4g27670).
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