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Protein phosphatase 5 plays a pivotal role in signal transduction in animal and plant cells, and it was previously shown
that Arabidopsis protein phosphatase 5 (AtPP5) performs multiple enzymatic activities that are mediated by
conformational changes induced by heat shock stress. In addition, transgenic overexpression of AtPP5 gene conferred
enhanced heat shock resistance compared with wild-type plant. However, the molecular mechanism underlying this
enhanced heat shock tolerance through functional and conformational changes upon heat stress is not clear. In this
report, AtPP5 was shown to preferentially interact with its substrate, MDH, under heat stress conditions. In addition, in co-
IP analysis, AtPP5 was observed to form a complex with AtHsp90 in Arabidopsis. These results suggest that AtPP5 may
enhance thermotolerance via forming multi-chaperone complexes under heat shock conditions in Arabidopsis. Finally,
we show that AtPP5 is primarily localized in the cytoplasm of Arabidopsis.

The tetratricopeptide repeat (TPR) was identified and named in
1990, and its name denotes a 34 amino acid sequence that
comprises a repeating structural unit.1,2 The first TPR crystal
structure was solved using the three-TPR domain of protein
phosphatase 5 (PP5). Recently, nuclear localized AtPP5 was
shown to play as a biologically active photoreceptor.3 However,
the principal and functional roles of cytoplasmic AtPP5 are largely
unknown. In previous reports, many TPR-containing proteins
have been shown to exhibit molecular chaperone functions.4-9

However, PP5 has not been shown to display chaperone function
in vitro or in vivo. Recently, we have reported that AtPP5
demonstrated protein phosphatase activity and also protein
chaperon function as a TPR-containing protein.10 The AtPP5
chaperone function acts as a biological drive for survival,
increasing its thermotolerance for protein aggregation protection
and facilitating the refolding of damaged proteins resulting from
heat shock stress.

Heat Shock Treatment Confers Physical Interaction
between AtPP5 and its Substrate MDH

Hsp90-associated proteins, FKBP52, p23 and CHIP, possess
intrinsic chaperone activities that enable them to recognize and

bind nonnative proteins.11-14 These proteins are also known to
possess TPR structural domains that participate in protein-protein
interactions.4-6 TPR-containing AtPP5 has been shown to form a
complex with Hsp90 and has properties similar to FKBP52 and
FKBP51 in mammalian cells.15 In addition, Hsp90-associated
TPR-containing proteins exhibit a holdase chaperone activity.
This study reported here sought to determine whether AtPP5
binds to partially denatured proteins, as some molecular
chaperones have been reported to physically associate with
denatured substrates to inhibit non-productive aggregation. SEC
analysis showed that AtPP5 did not interact with substrate protein
MDH at an incubation temperature of 22°C (Fig. 1A), possibly
because at this temperature MDH remains in its native
conformation. However, when AtPP5 was incubated with
MDH at 42°C for 20min, a significant amount of MDH was
co-eluted with the high molecular weight (HMW) form of AtPP5.
Physical association of AtPP5 with nonnative MDH was verified
by SDS-PAGE, which showed that AtPP5 and MDH subunits
were present in the SEC HMW fraction (Fig. 1B). This protein
interaction was associated with a concomitant decrease in the
amount of free MDH (Fig. 1B). We have further investigated the
interaction of AtPP5 with MDH under heat shock conditions
by using co-immunoprecipitation (co-IP) techniques (Fig. 2C).

*Correspondence to: Sang Yeol Lee and Min Gab Kim; Email: sylee@gnu.ac.kr and mgk1284@gnu.ac.kr
Submitted: 02/09/12; Accepted: 02/14/12
http://dx.doi.org/10.4161/psb.19699

SHORT COMMUNICATION

Plant Signaling & Behavior 7:5, 535–538; May 2012; G 2012 Landes Bioscience

www.landesbioscience.com Plant Signaling & Behavior 535

http://dx.doi.org/10.4161/psb.19699


© 2012 Landes Bioscience.

Do not distribute.

Under normal conditions at 22°C, AtPP5 did not interact with
MDH. However, under heat stress conditions of 42°C for 20min,
AtPP5 was shown to interact with MDH. These results suggest
that AtPP5 preferentially interacts with heat-denatured MDH.

Multiple Chaperone Complex of AtPP5 with AtHsp90

To screen for proteins interacting with AtPP5 in plant cells, co-IP
was performed using protein extract from Arabidopsis suspension
culture cells. Interacting proteins isolated by AtPP5 co-IP were
identified by 2-D PAGE followed by MALDI-TOF analyses. One
of the isolated, putative AtPP5-interacting proteins was identified
as cytosolic heat shock protein 90.2 (AtHsp90.2), which has been
shown to interact with PP5 in mammalian cells.16 TPR domain-
containing proteins involved in the maturation of HSP90
complexes have been well characterized.17 Members of the
HSP90 protein family proteins are found to be associated with
inactive or unstable protein substrates inside the cell. Thus, they
act to prevent aggregation and/or permit rapid activation of their
respective substrates.18,19 PP5 has also been observed to form a
complex with Hsp90 and has properties similar to those of
mammalian FKBP52 and FKBP51.15 In addition, PP5 has been
shown to bind with HSP90 in tomato, and the resultant protein
complex is involved in disease response signaling.20

To confirm the interaction between AtPP5 and AtHsp90.2 in
vitro, co-IP was performed. Intact AtHsp90.2 or AtPP5 was
readily expressed and purified from E. coli. Purified anti-AtPP5 or
anti-AtHsp90.2 antibody was incubated with recombinant AtPP5
and/or AtHsp90.2, respectively. To determine the antibody
specificity, SDS-PAGE and western blot analyses using an anti-
AtPP5 antibody or anti-AtHsp90.2 antibody were performed with
an Arabidopsis suspension culture cell extract. Both AtPP5 and
AtHsp90.2 were specifically co-immunoprecipitated by anti-
AtPP5 antibody but not by pre-immune serum (Fig. 2). These
results confirmed the in vitro interaction of AtPP5 with AtHsp90
in Arabidopsis suspension culture cell extract. Hydrophobic
interaction between a chaperone and its substrate is a major force
that drives the association and binding of these proteins.21 The
functional difference between AtPP5 and AtHsp90.2 seemed to
be derived from differences in their structure and hydrophobicity.
These results suggest that AtPP5 and AtHsp90.2 may form multi-
chaperone complexes under heat shock conditions in Arabidopsis.

Subcellular Localization
of GFP-Tagged AtPP5 Proteins

It has been reported that PP5 is predominately distributed in the
cytoplasm and nucleus of mammalian cells.22 However, the
localization pattern of PP5 in Arabidopsis is largely unknown.
Recently, it was shown that AtPP5 is localized in the nucleus and
it acts on biologically active phytochromes.3 To examine the
subcellular distribution of AtPP5 and determine whether its

Figure 1. Physical association of AtPP5 with MDH by FPLC and Co-IP
analysis. After pre-incubating 20 mM AtPP5 with 10mM MDH for 20min
at either (A) 22°C or (B) 42°C, the mixtures were separated by SEC (upper
panels of A and B). Each fraction was analyzed on SDS-PAGE followed
by silver staining (bottom panels of A and B). (C) In vitro co-IP of AtPP5 and
MDH at 22°C and 42°C. The presence of MDH was detected on western blot
using an anti-MDH antibody. The input lane was loaded with 2%
of the reaction mixture. The arrow (→) indicates the IgG large subunit.
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localization is responsible for its multiple functions, we
constructed a chimeric protein comprising a soluble, modified
green fluorescent protein (smGFP) fused to full-length AtPP5.
smGFP was fused in-frame to the N-terminus of AtPP5 (Fig. 3A).
The resulting construct, smGFP::AtPP5, was transiently expressed
in Arabidopsis protoplasts. Using smGFP as a reporter, we
identified the intracellular localization of AtPP5 in Arabidopsis.
Imaging of the smGFP fluorescence in cells by confocal laser
scanning microscopy showed that AtPP5 is primarily localized in
the cytoplasm (Fig. 3B).
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Figure 3. Subcellular localization of AtPP5 fused with GFP in Arabidopsis
protoplasts. (A) Schematic diagram of plasmid construct for transforming
plant cells for fluorescent confocal microscopy. Expression of the fused
genes was driven by the CaMV 35S promoter (35S Pro) and terminated
by the nopaline synthetase terminator (NOS ter). Arabidopsis protoplasts
were transformed with the resultant constructs and fluorescent images
were obtained 12 to 48 h after transformation. Green and red images
are GFP and RFP fluorescence signals of smGFP::AtPP5 and RFP::NLS,
respectively.
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