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Background: CHIP is a U-box E3 ubiquitin ligase that facilitates the proteasomal degradation of many client proteins.
Results:Ca2�/S100 proteins directly interact with CHIP and suppress the ubiquitination and degradation of the client proteins.
Conclusion:We have identified S100 proteins as novel Ca2�-dependent regulators of the CHIP-proteasome pathway.
Significance: This is the first indication that S100 proteins form a link between Ca2� signal transduction and the CHIP-
proteasome pathway.

The U-box E3 ubiquitin ligase CHIP (C terminus of Hsc70-
interacting protein) binds Hsp90 and/or Hsp70 via its tetratri-
copeptide repeat (TPR), facilitating ubiquitination of the chap-
erone-bound client proteins. Mechanisms that regulate the
activity of CHIP are, at present, poorly understood. We previ-
ously reported that Ca2�/S100 proteins directly associate with
the TPR proteins, such as Hsp70/Hsp90-organizing protein
(Hop), kinesin light chain, Tom70, FKBP52, CyP40, and protein
phosphatase 5 (PP5), leading to the dissociation of the interac-
tions of the TPR proteins with their target proteins. Therefore,
we have hypothesized that Ca2�/S100 proteins can interact with
CHIP and regulate its function. GST pulldown assays indicated
that Ca2�/S100A2 and S100P bind to the TPR domain and lead
to interference with the interactions of CHIP with Hsp70,
Hsp90, HSF1, and Smad1. In vitro ubiquitination assays indi-
cated that Ca2�/S100A2 and S100P are efficient and specific
inhibitors of CHIP-mediated ubiquitination of Hsp70, Hsp90,
HSF1, and Smad1. Overexpression of S100A2 and S100P sup-
pressed CHIP-chaperone complex-dependent mutant p53
ubiquitination and degradation in Hep3B cells. The association
of the S100 proteins with CHIP provides a Ca2�-dependent reg-
ulatory mechanism for the ubiquitination and degradation of
intracellular proteins by the CHIP-proteasome pathway.

Ca2� signaling plays a pivotal role in regulating various cel-
lular responses, including cell metabolism, cytoskeletal dynam-
ics, the cell cycle, gene expression, neurotransmission, and
intracellular signal transduction processes (1, 2). The signal-
induced change in the intracellular freeCa2� concentration has
been portrayed as a switch through a class of Ca2� sensor pro-
teins containing a specific Ca2� binding motif called the EF-
hand (3). Among such proteins, it is well known that calmodu-

lin (CaM),2 as the prototypical Ca2� sensor, is involved inmany
aspects of Ca2� regulation systems in various cell types (4). The
S100 proteins, as evolutionary latecomers, occur only in verte-
brates. The S100 protein family is composed of at least 25mem-
bers that share two EF-hand motifs and 25–65% amino acid
sequence identitywith amolecularmass of 10–12 kDa (5). S100
proteins are proposed to have intracellular and extracellular
roles in the regulation of many cellular processes such as cell
motility, cell cycle progression, transcription, protein phosphor-
ylation, and tumor progression or suppression (5–10). How-
ever, the precise intracellular roles of the S100 proteins are not
fully understood because the target proteins of individual S100
proteins have not been completely identified.
We have recently reported that S100A2 and S100A6 interact

with the tetratricopeptide repeat (TPR) domains of Hsp70/
Hsp90-organizing protein (Hop), kinesin light chain (KLC),
and Tom70 in a Ca2�-dependent manner, leading to the disso-
ciation of the Hsp90-Hop-Hsp70, KLC-JIP1, and Tom70-Hsps
interactions both in vitro and in vivo (11). Ca2�/S100A1 and
S100A2 bind to the TPR domains of FK506-binding protein 52
(FKBP52) and cyclophilin 40 (CyP40) and lead to the inhibition
of the FKBP52-Hsp90 and CyP40-Hsp90 interactions (12). In
addition, Ca2�/S100A1, S100A2, S100A6, and S100B bind to
theTPRdomains of protein phosphatase 5 (PP5) and lead to the
inhibition of the PP5-Hsp90 interaction (13). TPRs are loosely
conserved, 34-amino acid helix-turn-helix sequence motifs
that have been shown to mediate protein-protein interactions.
This property enables TPR-containing proteins towork as scaf-
fold proteins and allows them to be involved in a variety of
cellular functions (14–17).
The C terminus of Hsc70-interacting protein (CHIP) was

originally identified as a novel TPR-containing protein by
means of screening a human heart cDNA library with a frag-
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ment coding for three TPR domains of CyP40 (18). CHIP also
contains a U-box domain for accepting an E2 ubiquitin-conju-
gating enzyme (e.g.UbcH5) and functions as a multisubunit E3
ubiquitin ligase complex (19–21). Thus, CHIP functions as
both a co-chaperone and an E3 ubiquitin ligase and serves as a
molecular link between cellular protein folding and degrada-
tion. For selective ubiquitination, the proper selection of target
proteins by E3 ligase is essential (22, 23). The TPR domain of
CHIP plays a central role in the selection of target proteins. In
the case of chaperone-dependent ubiquitination, CHIP associ-
ates with the molecular chaperones Hsp70/Hsc70 and Hsp90
through the TPR domain and ubiquitinates chaperone-bound
target proteins. For instance, GR (24), tumor suppresser p53
(25), ErbB-2 (26), CYP2E1 (27), and CYP3A4 (28) are ubiquiti-
nated by CHIP-Hsp90 and CHIP-Hsc70 complexes, leading to
proteasomal degradation. Alternatively, the TPR domain of
CHIP directly interacts with some target proteins and conju-
gates of ubiquitin. It has been reported that HSF1 (29) and
Smad1 (30, 31) are ubiquitinated by CHIP independent of
chaperones.
Because S100 proteins interact with TPR motifs (11–13), we

explored the potential for S100 proteins to regulate CHIP func-
tions.We found that S100A2 and S100P interactwithCHIP and
inhibit the ubiquitination of Hsp70, Hsp90, HSF1, and Smad1.
In addition, we found that S100A2 and S100P suppress ubiq-
uitination and degradation of mutant p53 in intact cells in a
Ca2�-dependent manner; thus, free intracellular Ca2� tran-
siently regulates the ubiquitination and proteasomal degrada-
tion of intracellular proteins.

EXPERIMENTAL PROCEDURES

Antibodies—The following antibodies were used in this
study: anti-Smad1 (R&D Systems), anti-S100A2 (R&D Sys-
tems), anti-S100P (R&D Systems), anti-S100A12 (R&D Sys-
tems), anti-HSF1 (StressGen Biotechnologies), anti-Hsp70
(StressGen Biotechnologies), anti-Hsp90 (StressGen Biotech-
nologies), anti-�-actin (Santa Cruz Biotechnology), anti-CHIP
(Santa Cruz Biotechnology), anti-CHIP (clone EPR4448, Epito-
mics Inc.), anti-S100A6 (Epitomics Inc.), anti-UbcH5 (Boston
Biochem), anti-FLAG (Sigma Aldrich), anti-p53 (clone DO-1,
Santa Cruz Biotechnology), and anti-ubiquitin (clone FK2,
BIOMOL International).
Plasmids—pET16b-Hsp70, pET16b-Hsp90, pET11a-CaM,

pET11a-S100s, and pME18S-S100s plasmids were previously
described (11, 12). Human CHIP cDNA was purchased from
Open Biosystems and subcloned into pGEX4T2, pQE80L, and
pME18S. CHIP deletionmutants (TPR, residues 1–197; U-box,
residues 198–303) and point mutants (K30A, H260Q, and
P269A) were cloned into pGEX4T2. Smad1 and UbcH5a were
amplified by PCR from a human cDNA library and cloned into
pQE80L. pcDNA3.1-HSF1 was kindly provided by Dr. Hideaki
Itoh (Akita University) and subcloned into pPROExHTb.
Human p53 from a cDNA library was cloned into pME18S-
FLAG, and FLAG-p53R175H was generated by inverse PCR.
Preparation of Recombinant Proteins—All recombinant pro-

teins were produced in Escherichia coli strain BL21 (DE3) or
BL21 (DE3) CodonPlus-RIL (Novagen). S100 proteins
(S100A1, S100A2, S100A4, S100A6, S100A10, S100A11,

S100A12, S100B, and S100P) were expressed in a tag-free fash-
ion and prepared as described previously (32, 33). CaM was
prepared as described by N. Hayashi et al. (34). Glutathione
S-transferase (GST) fusions (CHIP and its derivatives) were
purified using glutathione-Sepharose 4B (GE Healthcare)
according to the manufacturer’s instructions. His-tagged pro-
teins (Hsp90, Hsp70, HSF1, Smad1, UbcH5a, and CHIP) were
purified by nickel-nitrilotriacetic acid-agarose (Qiagen)
according to the protocols of manufacturer.
GSTPulldownAssay—To assess the binding of S100 proteins

to CHIP, the Ca2�-binding proteins (S100 proteins or CaM: 20
�g each), GST-CHIP (20 �g), and glutathione-Sepharose 4B
(30 �l) were mixed in Buffer A (20 mM Tris-HCl, pH 7.5, 150
mM NaCl, and 0.02% Tween 20) in the presence of 1 mM CaCl2
or EGTA. The reactionmixtures (200�l) were incubated for 60
min at 25 °C. After the resin was washed three times with 1.0ml
of Buffer A, the resin was boiled in SDS-sample buffer (30 �l).
The eluted samples were subjected to Tricine-SDS-PAGE and
visualized by Coomassie Blue staining.
To examine the effects of the S100 proteins on the interac-

tions of CHIP with its client proteins (Hsp90, Hsp70, Smad1,
HSF1, andUbcH5a), GST-CHIP (20�g), S100 proteins (20�g),
appropriate client proteins (20–40 �g), and glutathione-Sep-
harose 4B (30 �l) were mixed in Buffer A with 1 mM CaCl2 or
EGTA. The eluted samples were subjected to SDS-PAGE, and
bound client proteins were visualized by Western blotting
using appropriate antibodies.
In Vitro Ubiquitination Assay—In vitro ubiquitination assays

were performed according to the method of Murata et al. (35).
The reaction mixture (40 �l) containing 0.1 �M E1 (BIOMOL
International), 2.4�MUbcH5a, 4�MHis6-tagged CHIP, and 25
�M ubiquitin (BIOMOL International) in a reaction buffer (20
mM Tris-HCl, pH 7.5, 20 mM KCl, 5 mM dithiothreitol, 5 mM

MgCl2, and 5 mM ATP) with 1 mM CaCl2 or EGTA was incu-
bated for 2 h at 30 °C. The additional proteins used are
described in the figure legends. The reaction was terminated by
the addition of SDS sample buffer (40�l) and boiled for 5min at
95 °C. The samples were analyzed by Western blotting with
appropriate antibodies.
Cell Culture and Transfection—Huh-7 and Hep3B cells were

incubated in Dulbecco’s modified Eagle’s medium (Sigma), and
MKN-45 cells were incubated in RPMI 1640 medium (Sigma).
Both media were supplemented with 10% fetal bovine serum
(Invitrogen). Cells were cultured at 37 °C under a 5% CO2
humidified atmosphere. Transient transfections were per-
formed using Lipofectamine LTX and Plus reagent (Invitrogen)
according to the manufacturer’s instructions.
Immunoprecipitation and Western Blotting—Cells were

washed once with PBS and lysed in a buffer consisting of 50mM

Tris-HCl (pH 7.5), 150 mM NaCl, and 0.5% Nonidet P-40 with
protease inhibitor mixture (Roche Applied Science). Lysates
were then sonicated and centrifuged at 14,000 rpm for 10 min.
For immunoprecipitation, 200 �g of cell extract was incubated
with 5�g of antibody and 30�l of proteinG-Sepharose beads in
the presence of 1 mM CaCl2 or EGTA for 1 h at room temper-
ature. The beads were washed three times in buffer A with 1
mmCaCl2 or EGTA.The sampleswere resolved by SDS-PAGE,
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generally using Tris-Tricine gels, and were detected by West-
ern blotting.
In Vivo Ubiquitination Assay—In vivo ubiquitination assays

were performed as described by Urushitani et al. (36). Hep3B
cells (35-mm dishes) were transiently transfected with FLAG-
p53R175H (0.3 �g), CHIP (0.1 �g), and S100s (S100A2 or
S100P or S100A12, 0.2 �g). The total amount of DNAwas kept
constant at 0.6�g/dish by the addition of pME18S. After 2 days,
the transfected cells were treated with or without 1 �MA23187
for 6 h. After the incubation, the cells were lysed with 0.5 ml of
radioimmune precipitation buffer (20 mM Tris-HCl, pH 8.0,
150 mM NaCl, 2 mM EDTA, 1% Nonidet-P40, 0.1% SDS, 0.5%
sodium deoxycholate). Cell lysates were incubated with anti-
FLAG antibody and protein G-Sepharose (GE Healthcare)
overnight at 4 °C. The beads were washed four times in radio-
immune precipitation buffer and eluted in SDS sample buffer
by boiling for 5 min. Ubiquitination of FLAG-p53R175H was
evaluated byWestern blotting with an anti-ubiquitin antibody.
In Vivo Degradation Assay—In vivo degradation assays were

performed as described by Esser et al. (25). Hep3B cells (35-mm
dish) were transiently transfected with FLAG-p53R175H (0.3
�g), CHIP (0.1 �g), and S100A2 or S100P or S100A12 (0.2 �g
each). The total amount of DNA was kept constant at 0.6
�g/dish by the addition of pME18S. After 24 h, the cells were
treated with cycloheximide (60 �g/ml), with or without 1 �M

A23187. Cell lysates were prepared at time points 0, 3, and 6 h,
and p53R175H levels were determined by Western blotting.

RESULTS

Interaction of CHIPwith S100 Proteins—Previously, we dem-
onstrated that S100A1, S100A2, and S100A6 interact with the
TPR domains of Hop, Tom70, KLC, CyP40, FKBP52, and PP5
in a Ca2�-dependentmanner (11–13). To examine the hypoth-
esis that S100 proteins interact with CHIP, we tested whether
CHIP directly binds S100 proteins in vitro by GST pulldown
assays in the presence of 1 mM CaCl2 or EGTA. Both GST-
CHIP andS100proteinswere expressed in bacteria andpurified
to near homogeneity (Fig. 1A). As shown in Fig. 1B, S100A2,
S100A6, and S100P strongly bound to immobilized GST-CHIP
in a Ca2�-dependent manner. In contrast, S100A1, S100A4,
S100A10, S100A11, S100A12, S100B, and CaM did not bind to
GST-CHIP. For semiquantitative evaluation of S100 protein
binding to GST-CHIP, a fixed amount of GST-CHIP (20 �g)
was mixed with increasing amounts of S100 proteins (5, 10, 20,
and 40 �g), and then pulldown was carried out (Fig. 1, C–E).
The percentage of binding of S100A2 (24.4%), S100A6 (16.2%),
and S100P (19.8%) has shown that S100 proteins adequately
bound to GST-CHIP under the same condition as the experi-
ment in Fig. 1B.
To further confirm the interaction of CHIP with S100A2 in

cultured cells, co-immunoprecipitation experiments were per-
formedwithHuh-7 lysates, which contained endogenousCHIP
and S100A2. For the detection of the interaction of CHIP with
S100A6 and S100P, MKN-45 cells were used. When the cell
lysates were subjected to co-immunoprecipitation with anti-
CHIP monoclonal antibody, endogenous CHIP was precipi-
tated in the presence of either Ca2� or EGTA (Fig. 1, F and G).
In the presence of Ca2�, S100A2, S100A6, and S100P were co-

precipitated with endogenous CHIP. Small amounts of S100A2
and S100A6 were precipitated with CHIP in the presence of
EGTA. These results demonstrate that S100A2, S100A6, and
S100P bind to CHIP in a Ca2�-dependent manner in cultured
cells.
Interaction Sites for S100 Proteins Are Located in Both the

TPR and the U-box Domains of CHIP—CHIP consists of two
structural and functional domains, an N-terminal TPR domain
and a C-terminal U-box domain for E2 enzyme binding. The
domain structure ofCHIP is shown in Fig. 2A. To determine the
S100 binding domain inCHIP,we prepared truncationmutants
(i.e. TPR and U-box) and assessed them for their interaction
with the S100 proteins. As shown in Fig. 2,B andC, S100A2 and
S100A6 equally bound to the TPR andU-box domains of CHIP.
In contrast, S100P preferentially interacted with TPR and
slightly bound to U-box (Fig. 2D). These S100 proteins did not
bind to immobilized GST. The results suggest that S100A2,
S100A6, and S100P bound to both TPR and U-box domains
with different affinities.
CHIPLys-30 andPro-269Are Involved in theCHIP-S100Pro-

tein Interactions—To further explore the interaction between
CHIP and S100 proteins, we investigated whether S100 pro-
teins bind to the same Hsp70/Hsp90 and E2 ligase acceptor
sites on CHIP. Introducing a K30A mutation into the CHIP
TPR domain renders CHIP unable to bind Hsp70 and Hsp90
(26). H260Q mutation and P269A mutation in the U-box
render CHIP unable to bind its cognate E2 ligase and therefore
to be inactive as an E3 ligase (19, 26).
We assessed the interaction between CHIP-K30A, -H260Q,

and -P269A mutants and S100 proteins (S100A2, S100A6, and
S100P) by GST pulldown assays. As shown in Fig. 3, A–C, the
binding of the S100 proteins was decreased in CHIP-K30A and
CHIP-P269A. In contrast, the binding of the S100 proteins to
CHIP-H260Q mutant was unchanged. These results suggest
that Lys-30 and Pro-269 in CHIP are involved in the interaction
with the S100 proteins. To confirm the binding of Hsp70 and
Hsp90 to the CHIPmutants, similar GST pulldown assays were
performed using bacterial expressed Hsp90 and Hsp70. As
expected, K30A failed to interact withHsp70 andHsp90 (Fig. 3,
D and E). Because CHIP-P269A slightly decreased binding to
Hsp70 and Hsp90, we presumed that Pro-269 contributes to
Hsps binding. Based on these results, we speculated that S100
proteins bind to CHIP through the same sites for Hsps binding.
S100A2and S100P InterferewithTPR-mediatedCHIP-Client

Protein Interactions—Because the S100 proteins and Hsp70/
Hsp90 bind to the same domain of CHIP, we investigated
whether the S100 proteins and Hsp70/Hsp90 compete in bind-
ing to CHIP. GST-CHIP was immobilized on an affinity resin
and incubatedwith purified S100 proteins andHsp70/Hsp90 in
the presence of 1 mMCaCl2 or EGTA.Western blots were used
to visually assess the displacement of the Hsp70/Hsp90 bind-
ings by the S100 proteins (Fig. 4, A and B). In the presence of
EGTA, the addition of purified S100 proteins to the binding
reactions did not affect the amount of Hsp70 retained on
immobilized GST-CHIP (Fig. 4A, lanes 1, 3, 5, 7, and 9). In the
presence of CaCl2, the addition of S100A2 and S100P strongly
reduced the amount of Hsp70 retained on immobilized GST-
CHIP (Fig. 4A, lanes 4 and 8), whereas S100A6 exerted slight
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inhibitory effects (Fig. 4A, lane 6). No clear competition was
observed with S100A12 as a negative control (Fig. 4A, lane 12).
Similarly, S100A2 and S100P strongly interfered with the bind-
ing of Hsp90 to CHIP in a Ca2�-dependent manner, and
S100A6 exerted slight inhibitory effects (Fig. 4B).
To ascertain whether the S100 proteins generally inhibit

CHIP-client protein interactions or specifically compete with
Hsp70/Hsp90 binding to CHIP, we examined the effects of
S100 proteins on the binding of HSF1 and Smad1 to CHIP. It

has been reported that these client proteins directly bind to the
TPR domain of CHIP. As shown in Fig. 4,C andD, S100A2 and
S100P effectively disrupted the CHIP-Smad1 and CHIP-HSF1
interactions in a Ca2�-dependent manner. No clear competi-
tionwas observedwith S100A6 and S100A12. Because the S100
proteins also bound to the U-box domain (Figs. 2 and 3), we
tested whether S100 proteins interfere with the CHIP-UbcH5a
interaction. As shown in Fig. 4E, none of the four S100 proteins
influenced the CHIP-UbcH5a interaction. These results sug-
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gest that S100A2 and S100P bind to the TPR domain of CHIP
and inhibit the interactions of CHIP with Hsp70, Hsp90, HSF1,
and Smad1 in a Ca2�-dependent manner.
S100A2 and S100P Suppress CHIP-mediated Ubiquitination—

Next, we asked whether the association of S100 proteins with
CHIP affected ubiquitination using a previously established in
vitro assay (35). Because S100A6 only weakly inhibited the
interactions of CHIPwith its client proteins (Fig. 4), we focused
on the effect of S100A2 and S100P on theCHIP-mediated ubiq-
uitination. In this assay, CHIP mediated the ubiquitination of
Hsp70 and Hsp90 in the presence of the ubiquitin-activating
enzyme E1 and the ubiquitin-conjugating E2 enzyme UbcH5a.
At first, we tested whether Ca2� itself affected the CHIP-de-
pendent ubiquitination ofHsp70 andHsp90.As shown in Fig. 5,
the levels of CHIP-mediated ubiquitination of Hsp70 (Fig. 5A,
lanes 1–4) andHsp90 (Fig. 5B, lanes 1–4) did not change in the
presence or absence of Ca2�. The addition of purified S100A2
and S100P effectively inhibited the CHIP-mediated ubiquitina-
tion of Hsp70 (Fig. 5A, lanes 5–8) and Hsp90 (Fig. 5B, lanes
5–8) in a Ca2�-dependent fashion. S100A12, as a negative con-
trol, did not affect the ubiquitination (Fig. 5, A and B, lanes 9
and 10). Similarly, we conducted in vitro ubiquitination assays
with Smad1 andHSF1 as client proteins. As is shown in Fig. 5,C
and D, the CHIP-mediated ubiquitination of Smad1 and HSF1
was strongly suppressed by S100A2 and S100P in a Ca2�-de-
pendent manner. These results suggest that S100 proteins
interfere with the interaction of CHIP with Hsp70, Hsp90,
HSF1, and Smad1 in a Ca2�-dependent manner and lead to
inhibition of the ubiquitination of these client proteins.
S100A2 and S100P Are Substrates for the CHIP E3 Ligase—

Because S100 proteins bind to the TPR domain of CHIP (Fig. 2)
in a Ca2�-dependent manner, we tested whether S100 proteins
are substrates of CHIP (Fig. 6). Purified S100A2, S100P, and
S100A12 were subjected to in vitro ubiquitination assays with
or without CHIP and CaCl2. The ubiquitinated proteins were
analyzed by Western blotting with appropriate anti-S100 anti-
bodies (left panels) and anti-ubiquitin antibodies (right panels).

As shown in Fig. 6, A and B (left panels), ubiquitination of
S100A2 and S100P was detected as high molecular mass bands
by Western blotting in the presence of both CHIP and CaCl2.
To further confirm the ubiquitination of the S100 proteins, we
analyzed the same samples with anti-ubiquitin antibody. Ubiq-
uitin-conjugated S100A2 and S100P were detected in the pres-
ence of both CHIP and CaCl2 as indicated with asterisks (Fig. 6,
A and B, right panels). For S100A12, which did not associate
with CHIP, ubiquitin conjugates were not detected (Fig. 6C, left
and right panels). These data suggest that CHIP induces the
ubiquitination of S100A2 and S100P in a Ca2�-dependent
fashion.
S100A2 and S100P Suppress the Chaperone-assisted Ubiq-

uitination of Mutant p53 in Vivo—Through binding to the
molecular chaperones, CHIP mediates the ubiquitination of
chaperone-bound client proteins. For instance, mutant p53
(p53R175H) can have ubiquitination induced by the CHIP-
chaperone complex (25). To study the cellular role of S100 pro-
teins in the CHIP-mediated ubiquitination of client proteins,
we performed in vivo ubiquitination experiments (Fig. 7). We
co-transfected Hep3B cells (a p53-deficient cell line) with
FLAG-p53R175H and CHIP with or without S100 proteins.
The transfected cells were treated with or without ionophore
A23187 (1 �M) for 6 h and immunoprecipitated with an anti-
FLAG antibody from the total cell extracts. Western blotting
showed that FLAG-p53R175H was equally precipitated in all
samples (Fig. 7A, upper panel, lanes 1–10). To assess the levels
of ubiquitin conjugations, the FLAG-p53R175H precipitates
were analyzed by Western blotting with anti-ubiquitin anti-
body (Fig. 7A, uppermost panel) and quantified by densitome-
try (Fig. 7B). As shown in Fig. 7,A andB (lanes 1–4), transfected
CHIP indeed induced p53R175Hubiquitination inHep3B cells.
The levels of the CHIP-mediated p53R175H ubiquitination did
not change with A23187 treatment (Fig. 7, A and B, lanes 3 and
4). Overexpression of S100A2 itself had no clear effect on the
ubiquitination level of p53R175H (Fig. 7,A and B, lane 5); how-
ever, A23187 treatment caused a significant decrease in the

FIGURE 2. Interactions of S100 proteins with CHIP and its deletion mutants. A, schematic diagrams depict a series of CHIP deletion mutants, and a summary
of their interaction with S100 proteins is also listed on the right. The numbering refers to amino acid positions in CHIP. B–D, GST-CHIP, -TPR, -U-box, and control
GST were assayed for S100A2 (B), S100A6 (C), and S100P (D) binding with 1 mM CaCl2. The assay was performed as described in the legend for Fig. 1.
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ubiquitination level (Fig. 7,A andB, lane 6). Similarly, elevation
of S100P levels in Hep3B cells had no clear effect on p53R175H
ubiquitination (Fig. 7, A and B, lane 7), whereas A23187 treat-
ment markedly decreased p53R175H ubiquitination (Fig. 7, A
and B, lane 8). In S100A12-overexpressing cells, A23187 treat-
ment did not affect the p53R175H ubiquitination (Fig. 7, A and
B, lanes 9 and 10). To ensure the validity of the above experi-
ments, we further analyzed the FLAG-p53R175H precipitates
by Western blotting with anti-p53 antibody. As shown in Fig.
7C, S100A2 and S100P indeed suppressed the CHIP-mediated
ubiquitination of p53R175H in a Ca2�-dependent manner.
These results indicate that S100A2 and S100P suppress the
CHIP-mediated ubiquitination of p53R175H in a Ca2�-depen-
dent manner.
S100A2 and S100A6 Suppress the Chaperone-assisted Degra-

dation of Mutant p53—Next, we investigated the effect of the
S100 proteins on p53R175H degradation (Fig. 8). We tran-
siently co-transfected Hep3B cells with FLAG-p53R175H and
CHIP with or without the S100 proteins and treated them with

or without A23187 (1 �M). To estimate p53R175H levels, cell
lysates were analyzed by Western blotting using anti-FLAG
antibody (left panels) and quantified by a densitometric analysis
(right panels). With elevation of the cellular levels of CHIP in
Hep3B cells, a significant decrease of p53R175H levels was
observed according to incubation time. In S100A2- (Fig. 8A)

FIGURE 3. Interactions of CHIP point mutants with S100 proteins, Hsp70
and Hsp90. A–E, upper panel, GST pulldown assays were performed using
GST-CHIP (WT) and its point mutants (K30A, H260Q, and P269A). GST-CHIPs or
GST (20 �g each) were mixed with 20 �g of S100A2 (A), S100A6 (B), S100P
(C), Hsp70 (D), and 40 �g Hsp90 (E). The experiments were performed as
described in the legend for Fig. 1. The samples were subjected to SDS-PAGE
and visualized by Coomassie Brilliant Blue staining. Lower panel, the gels were
scanned, and arbitrary densitometric values were obtained for S100 proteins
and Hsps. The binding level of these proteins to GST-CHIP (lane 1) was desig-
nated as 100% (control), and the relative binding levels (percentage of con-
trol) were plotted. The error bars represent the S.E. with n � 3.

FIGURE 4. Effects of S100 proteins on the CHIP-client protein interactions
in vitro. A–E, upper panel, GST-CHIP (20 �g), S100 proteins (20 �g each) and
appropriate client proteins were mixed with glutathione-Sepharose 4B in the
presence of CaCl2 or EGTA. Control assay (CHIP�) was conducted using GST
(20 �g). S100 proteins used were as follows: S100A2, S100A6, S100P,
S100A12, and control (�). The client proteins were as follows: purified 20 �g
of Hsp70 (A), 40 �g of Hsp90 (B), 20 �g of Smad1 (C), 20 �g of HSF1 (D), and 20
�g of UbcH5a (E). Details of the GST pulldown assay are described under
“Experimental Procedures.” The resulting samples were subjected to SDS-
PAGE and visualized by Western blotting (WB) using the indicated antibodies.
Lower panel, the binding levels of these client proteins to CHIP without S100
proteins (lane 1) were designated as 100% (Control), and the relative binding
levels (% of Control) were plotted. The error bars represent the S.E. with n � 3.
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and S100P- (Fig. 8B) overexpressing cells without A23187
treatment, p53R175H levels were unchanged. However, the
A23187 treatment suppressed the CHIP-mediated degradation
of p53R175H. Co-transfection with S100A12 did not affect the
rate of p53R175H degradation (Fig. 8C). These results suggest
that S100A2 and S100P inhibit the CHIP-mediated ubiquitina-
tion and proteasomal degradation of p53R175H in Hep3B cells
in a Ca2�-dependent manner.

DISCUSSION

CHIP has been shown to regulate Hsp70/Hsp90 function in
part by regulating the ubiquitin-proteasome pathway and
determining whether proteins enter the folding pathway or the
degradation pathway. CHIP is implicated in various neurode-
generative diseases and cancers and is characterized by playing

a crucial role in the protein quality control system (37–39). For
example, CHIP can facilitate the chaperone-dependent degra-
dation of a number of neurodegenerative proteins (36, 40–43)
and oncogenic proteins (44–47). To date, a linkage between
intracellular signal transduction pathways and the CHIP-pro-
teasome pathway has not been demonstrated. Here, we report
the identification of S100 proteins, a class of intracellular Ca2�

signaling proteins, as CHIP-interacting proteins and provide
evidence that they can regulate the ubiquitination and protea-
some-dependent degradation of CHIP client proteins.
TPR proteins are involved in many protein-protein interac-

tions (14–17); in particular, several co-chaperones, including
Hop (48), Tom70 (49), CyP40 (50), FKBP52 (51), and PP5 (52),
interact with Hsp70 or Hsp90 through TPR domains. Based on
recent work on co-chaperones, we have postulated the exist-
ence of a S100-TPR pathway in which S100 proteins are Ca2�-
dependent regulators of the chaperone/co-chaperone interac-

FIGURE 5. Effects of S100 proteins on CHIP-mediated ubiquitination in
vitro. To test the effects of S100 proteins (S100s) on CHIP-mediated ubiquiti-
nation, in vitro ubiquitination assays were performed in the presence of 1 mM

CaCl2 (�) or EGTA (�). The assay details are as described under “Experimental
Procedures.” S100 proteins (12.5 �M) used were as follows: S100A2, S100P,
S100A12, and control (�). The client proteins were as follows: A–D, purified 2
�M Hsp70 (A), 2 �M Hsp90 (B), 1.2 �M Smad1 (C), and 2 �M HSF1 (D). The
samples were analyzed by Western blotting (WB) with the indicated antibod-
ies. An arrowhead indicates unmodified Hsp70, Hsp90, Smad1, and HSF1.
Ubiquitylated client proteins with a high molecular mass are shown as (Ub)n-
Hsp70, (Ub)n-Hsp90, (Ub)n-Smad1, and (Ub)n-HSF1. The data shown in each
panel are representative of three independent experiments.

FIGURE 6. S100 protein itself is ubiquitinated by CHIP in a Ca2�-depen-
dent manner. A–C, purified 10 �M S100A2 (A), S100P (B), and S100A12
(C) were subjected to in vitro ubiquitination assays with (�) or without (�) 1
mM CaCl2 (Ca2�) and CHIP. The details are described under “Experimental
Procedures.” The samples were analyzed by Western blotting (WB) with anti-
specific S100 antibodies (left panel) and anti-ubiquitin antibody (right panel)
as indicated. Asterisks indicate significant ubiquitin conjugates of S100 pro-
teins. Unmodified S100A2, S100P, and S100A12 are indicated by arrows.
Ubiquitylated S100 proteins are shown as (Ub)n-S100A2 and (Ub)n-S100P.
The data shown in each panel are representative of three independent exper-
iments. (Ub)n-S100A2, ubiquitylated S100A2; (Ub)n-S100P, ubiquitylated
S100P.
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tion (11–13). To further explore the relationship between S100
proteins and TPR proteins, we have focused on CHIP. In vitro
binding studies and in vivo co-immunoprecipitation experi-
ments showed that S100A2, S100A6, and S100P directly inter-
act with CHIP in a Ca2�-dependent manner (Fig. 1). The
attachments of polyubiquitin chains to S100A2 and S100P fur-
ther indicated a direct interaction between CHIP and the S100
proteins (Fig. 6). In vitro binding studies using truncation
mutants demonstrated that S100A2, S100A6, and S100P bound
to both TPR and U-box domains with different affinities (Fig.
2). We studied the effect of S100 proteins on the interaction of
CHIP with TPR-mediated client proteins (Hsp70, Hsp90,

Smad1, andHSF1) and aU-box-mediated protein (UbcH5a). In
vitro competition assays showed that S100A2 and S100P Ca2�-
dependently inhibited the interaction of CHIP with Hsp70,
Hsp90, HSF1, and Smad1; however, Ca2�/S100A6 slightly
affected the interaction of these client proteins with CHIP (Fig.
4). We tested the effect of the S100 protein on the CHIP-
UbcH5a interaction; however, no S100 proteins (including
S100A6) had an influence on the interactions. The functional
role of S100A6 in the CHIP machinery is unclear at present.
From these results, we conclude that S100A2 and S100P inter-
fere with the interaction of CHIPwith the TPR-mediated client
proteins in a Ca2�-dependent manner.
The C-terminal regions of Hsp70 and Hsp90, both of which

terminate with the amino acid sequence EEVD, are involved in
the interaction with the CHIP-TPR domains. Crystallographic
studies (PDB no. 2C2L) have shown that the C terminus of the
Hsp90 peptide makes polar interactions with basic amino acid
Lys-30 on the surface of theCHIPTPRdomain (53) and that the
K30Amutation abolishes the CHIP-Hsp70/Hsp90 interactions
(26). We showed that the bindings of the S100 proteins and
Hsp70/Hsp90 to CHIP K30A were decreased (Fig. 3). Because
S100A2 and S100P disrupted the CHIP-Hsp70/Hsp90 interac-
tion, we speculated that these S100 proteins and Hsp70/Hsp90
compete with each other for CHIP interaction. Consistent with
this hypothesis, Hsp70/Hsc70 and Smad1 compete for CHIP at
Lys-30 (30). In the complex of the CHIP U-box and the E2
enzyme, the motif SPA (residues 94–96 of UbcH5a) makes a
hydrogen bond with the carbonyl group of Pro-269 and van der
Waals contacts with His-260 (54, 55).We showed that S100A2,
S100A6, and S100P also bound to the U-box (Fig. 2), and the
binding affinities of the S100 proteins and Hsp70/Hsp90 to
CHIP P269A (but not to H260Q) were reduced (Fig. 3). We
have assumed that Pro-269 contributes to the interaction of the
S100 proteins and Hsps with CHIP-U-box. Consistent with the
present results, Ballinger et al. (18) suggested that the TPR
domain of CHIP is necessary, but not sufficient, for binding
with Hsp70. Collectively, we conclude that the S100 proteins
and Hsps compete at identical sites (i.e. Lys-30 and Pro-269).
For selective ubiquitination, the proper selection of target

proteins by ubiquitin ligase is essential (22, 23). The TPR
domain of CHIP plays a critical role as an adaptor for Hsp70/
Hsp90 binding and as a client selector. We studied the effect of
S100 proteins on the ubiquitination of Hsp70, Hsp90, HSF1,
and Smad1 (Fig. 5). In accordance with in vitro competition
assays, S100A2 and S100P strongly inhibited the ubiquitination
of these proteins in vitro in a Ca2�-dependent manner. These
results indicate that S100 proteins can modulate the ubiquitin-
ligase function of CHIP by competing with the binding of CHIP
and its client proteins.
HSF1 is a major transactivator of heat shock genes in

response to stress and mediates cell protection against various
harmful conditions (56). Smad1 is a member of the transform-
ing growth factor � (TGF-�) superfamily signaling pathway
that regulates many important biological processes, including
cell growth, differentiation, apoptosis, and specification of
developmental fate (57). S100 proteins such as S100A2 and
S100P couldmodulate the cellular levels of these client proteins
by CHIP and may exert influence on their biological processes.

FIGURE 7. Ca2�/S100 proteins suppress the CHIP-mediated ubiquitina-
tion of mutant p53 in vivo. A, Hep3B cells were transiently transfected with
(�) or without (�) FLAG-p53R175H, CHIP, S100A2, S100P, and S100A12. The
transfected components of each dish are indicated on the top panels. Trans-
fected Hep3B cells were treated with (�) or without (�) 1 �M A23187 for 6 h.
Cell lysates were immunoprecipitated (IP) with anti-FLAG antibody. Details
are described under “Experimental Procedures.” Lysates and immunoprecipi-
tated proteins were detected by Western blotting (WB) with the indicated
antibodies. Molecular mass markers are indicated on the right. B, the ubiquiti-
nation levels of p53R175H with A23187 (gray) or without A23187 (black) are
plotted. The error bars represent the S.E. with n � 3. C, immunoprecipitated
proteins were detected by Western blotting (WB) with anti-p53 antibody.
Molecular mass markers are indicated on the right.
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p53 missense mutant proteins commonly show increased
stability when compared with wild-type p53, which is thought
to depend on the inability ofmutant p53 to induce the ubiquitin
ligase MDM2. However, Muller et al. (58) demonstrated a
major role for CHIP in the degradation of unfolded p53
mutants, with little or no roles for CHIP in degrading wild-type
p53. The CHIP-Hsp70 complex promotes the ubiquitination of
Hsp70-bound p53R175H. In cultured cells, overexpression of
S100A2 and S100PwithA23187 treatment showed a significant
decrease of CHIP-mediated p53R175H ubiquitination (Fig. 7).
Experiments using the cycloheximide chase assay further con-
firmed that S100A2 and S100P indeed suppressed CHIP-de-
pendent degradation of p53R175H in vivo by A23187 stimula-
tion (Fig. 8). These observations indicate that increased
intracellular Ca2� stimulated the binding of S100 proteins to
CHIP, disrupted the CHIP-Hsp70 interaction, and led to sup-
pression of the ubiquitination and degradation of p53R175H in
vivo.
Our results strongly suggest that the S100 proteins can

modulate CHIP-mediated ubiquitination and proteasomal
degradation through the regulation of CHIP and its client

protein interactions in response to intracellular Ca2� signal-
ing. Considering the potent protein quality control effect of
CHIP, it is not surprising that its activity is highly regulated.
Several regulators of CHIP activity have already been
described. For example, the Hsp70 nucleotide exchange fac-
tors BAG-1, BAG-2, and HspBP1 have been shown to regu-
late the degradation of polypeptides bound by the chaper-
one. BAG-1 interacts with the proteasome through its
ubiquitin-like (UBL) domain and thus mediates the docking
of a CHIP-chaperone complex at the proteasome, facilitating
proteasomal degradation (59). In contrast, BAG-2 and
HspBP1 suppress CHIP-mediated ubiquitination and degra-
dation by distinct mechanisms; BAG-2 abrogates CHIP-E2
cooperation (60, 61), whereas HspBP1 seems to induce a
conformational change in CHIP-chaperone complexes and
shields Hsc70-bound client proteins from the ubiquitin
attachment site of CHIP (62). Thus, S100A2 and S100P pres-
ent an entirely new mechanism for the regulation of the
CHIP-proteasome pathway. In conclusion, we have identi-
fied S100A2 and S100P as novel Ca2�-dependent regulators
of the CHIP-proteasome pathway.

FIGURE 8. Ca2�/S100 proteins suppress the degradation of mutant p53 by the CHIP-chaperone complex. A–C, left panel, Hep3B cells were transiently
transfected with FLAG-p53R175H, CHIP, S100A2 (A), S100P (B), and S100A12 (C) as indicated. The transfected components of each dish are indicated on the top
panels. The cells were treated with cycloheximide (CHX), with (�) or without (�) A23187. Lysates were prepared at time points 0, 3, and 6 h. The amount of
p53R175H, CHIP, and S100s was analyzed by Western blotting (WB) with the indicated antibodies. Equal amounts of protein were loaded for each time point,
and �-actin served as a loading control. A–C, right panel, the level of p53R175H was quantified. The relative amount of each protein present at t � 0 is expressed
as 100% of the control. The error bars represent the S.E. with n � 3.
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