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The transforming growth factor- (TGF-f3) superfamily of
ligands signals along two intracellular pathways, Smad2/3-me-
diated TGF-B/activin pathway and Smad1/5/8-mediated bone
morphogenetic protein pathway. The C terminus of Hsc70-in-
teracting protein (CHIP) serves as an E3 ubiquitin ligase to
mediate the degradation of Smad proteins and many other sig-
naling proteins. However, the molecular mechanism for CHIP-
mediated down-regulation of TGF- signaling remains unclear.
Here we show that the extreme C-terminal sequence of Smadl
plays an indispensable role in its direct association with the tet-
ratricopeptide repeat (TPR) domain of CHIP. Interestingly,
Smadl undergoes CHIP-mediated polyubiquitination in the
absence of molecular chaperones, and phosphorylation of the
C-terminal SXS motif of Smadl enhances the interaction and
ubiquitination. We also found that CHIP preferentially binds to
Smad1/5 and specifically disrupts the core signaling complex of
Smad1/5 and Smad4. We determined the crystal structures of
CHIP-TPR in complex with the phosphorylated/pseudophos-
phorylated Smad1 peptides and with an Hsp70/Hsc70 C-termi-
nal peptide. Structural analyses and subsequent biochemical
studies revealed that the distinct CHIP binding affinities of
Smad1l/5 or Smad2/3 result from the nonconservative hydro-
phobic residues at R-Smad C termini. Unexpectedly, the C-ter-
minal peptides from Smad1 and Hsp70/Hsc70 bind in the same
groove of CHIP-TPR, and heat shock proteins compete with
Smad1l/5 for CHIP interaction and concomitantly suppress,
rather than facilitate, CHIP-mediated Smad ubiquitination.
Thus, we conclude that CHIP inhibits the signaling activities of
Smad1l/5 by recruiting Smad1l/5 from the functional R-/Co-
Smad complex and further promoting the ubiquitination/deg-
radation of Smad1/5 in a chaperone-independent manner.

Transforming growth factor-B (TGE-f) signaling, subdi-
vided into TGF-B/activin pathway and bone morphogenetic
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protein (BMP)? pathway, regulates a variety of essential cellular
responses including cell proliferation, differentiation, apopto-
sis, and specification of developmental fate (1-3). The Smad
family proteins are key components for the intracellular signal-
ing cascade and are classified into three functional groups: the
receptor-regulated Smads (R-Smads), the co-mediator Smads
(Co-Smads), and the inhibitory Smads. Upon ligand binding,
the specific heteromeric transmembrane serine/threonine ki-
nase receptor complexes undergo phosphorylation/activation
and subsequently phosphorylate the two Ser residues in the
C-terminal SXS motif of specific R-Smads, Smad1/5/8 for BMP
pathway and Smad2/3 for TGEF-f/activin signaling. The acti-
vated R-Smads then associate with Co-Smad, Smad4. The het-
eromeric complexes translocate into the nucleus, where they
bind to DNA directly or indirectly to regulate the transcription
of specific genes. The inhibitory Smads (Smad6/7) play an
opposing role by counteracting the effects of R-Smads (4).

Dysfunction of TGF-f3 signaling is associated with many
types of human cancer (5, 6). Different regulatory mechanisms
are involved in controlling the TGF-3 pathway, especially via
down-regulating the Smad proteins. Recent studies have shown
that Smad proteins constantly shuttle between the cytoplasm
and nucleus, and the exported R-Smads are dephosphorylated
by specific R-Smad phosphatases (7-10). In addition, Smad
proteins are subjected to proteasomal degradation by various
classes of E3 ubiquitin ligases (11-13). Smad ubiquitination
regulatory factor (Smurf) of the homologous to the E6-AP C
terminus (HECT) family provides the first link between TGE-
signaling and the ubiquitination system, which induces the deg-
radation of not only Smad proteins but also activated receptors
and transcriptional co-repressors (14—16). In a yeast two-hy-
brid screen, the C terminus of Hsc70-interacting protein
(CHIP) was isolated as a Smadl-interacting protein and was
shown to induce Smad1 degradation (17).

CHIP is highly conserved across species and plays a crucial
role in the protein quality control system (18 -20). CHIP com-
prises three domains, an N-terminal tetratricopeptide repeat
(TPR) domain, a C-terminal Ubox domain, and an intervening
coiled-coil region. The TPR domain of CHIP interacts with the

2The abbreviations used are: BMP, bone morphogenetic protein; CHIP, C
terminus of Hsc70-interacting protein; R-Smad, receptor-regulated
Smads; Co-Smad, co-mediator Smad; TPR, tetratricopeptide repeat;
MH1, Mad homology 1; MH2, Mad homology 2; Bistris propane, 1,3-
bis[tris(hydroxymethyl)methylamino]propane.

JOURNAL OF BIOLOGICAL CHEMISTRY 15883


http://www.jbc.org/cgi/content/full/M110.201814/DC1
http://www.pdb.org/pdb/explore/explore.do?structureId=3Q4A
http://www.pdb.org/pdb/explore/explore.do?structureId=3Q47
http://www.pdb.org/pdb/explore/explore.do?structureId=3Q49

CHIP-mediated Repression of Smad1/5

molecular chaperones Hsc70/Hsp70 and Hsp90, as CHIP was
originally identified as a co-chaperone in protein folding (21).
In addition, CHIP has the Ubox-dependent ubiquitin ligase
activity and triggers degradation of chaperone client proteins
by the proteasome while abrogating their folding. For instance,
CHIP can facilitate the chaperone-dependent degradation of a
number of signature proteins involved in neurodegenerative
diseases (22). Accumulated evidence has also linked CHIP to
tumor development, as several oncogenic proteins are its sub-
strates (23-26). A recent study observed that expression of
CHIP suppressed tumor cell growth and metastasis in breast
cancer, suggesting that CHIP may as well have a role in control-
ling tumor progression (27). Therefore, CHIP acts as a link
between the folding-refolding machinery and the degradation
pathway and might help the development of innovative thera-
peutic interventions for neurodegenerative disorders and
cancers.

In addition to target Smadl for degradation, CHIP was also
found to mediate ubiquitination of other R- and Co-Smad pro-
teins (17, 28, 29). However, the molecular mechanism for CHIP
to regulate Smad activity is unclear. In particular, it is vital to
understand how Smad proteins are recognized by CHIP and
how the binding of CHIP to Smads suppresses TGF-f signaling.
To address these questions, we carried out structural and func-
tional analyses. We found that CHIP ubiquitinates Smad1/5,
which depends on the direct interaction between the TPR
domain of CHIP and the extreme C-terminal signature
sequence ISSVS of Smadl/5. The crystal structures of CHIP-
TPR in complexes with the phosphorylated or pseudophosphor-
ylated Smadl C-terminal peptides and with an Hsc70/Hsp70
peptide revealed that the three peptides bind into the same
groove on CHIP-TPR, and subsequent competition experi-
ments showed that the molecular chaperones antagonize
CHIP-mediated Smad1 ubiquitination. Remarkably, the C-ter-
minal hydrophobic residues are not conserved among Smads,
which are the determinants for the distinct binding affinities of
CHIP to different Smad proteins. Moreover, CHIP competes
with Co-Smad Smad4 for Smadl binding and, therefore, dis-
rupts the crucial R-/Co-Smad complex. Together, our data sug-
gest that CHIP plays important roles in down-regulating
Smad1/5 activity via sequestering Smad1/5 from the core sig-
naling complex, further mediating its ubiquitination in a chap-
erone-independent manner.

EXPERIMENTAL PROCEDURES

Constructs, Mutagenesis, and Protein Purification—Plasmids
of human Smad proteins were provided by Dr Sheng-Cai Lin
(Xiamen University). Fragments, mutants, and chimeric pro-
teins of Smads and CHIP were generated by PCR-based strate-
gies and inserted into pET21b or pGEX4T vectors with a C-ter-
minal His, tag or N-terminal GST tag. The authenticity of each
construct was confirmed by nucleotide sequencing. All pro-
teins, overexpressed in Escherichia coli strain BL21(DE3) at
room temperature, were first isolated over nickel-nitrilotri-
acetic acid columns (Qiagen) or glutathione-Sepharose col-
umns (GE Healthcare) and further purified by anion exchange
and gel filtration chromatography (Source-15Q and Superdex-
200, GE Healthcare). The affinity tag was proteolytically
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removed from the fusion proteins when indicated. The identi-
ties of all proteins were confirmed by mass spectroscopy.
Detailed procedures for protein purification are summarized
in supplemental Table S1. Hsp70/Hsc70-C peptide (NH**-
GPTIEEVD-COO™), Hsp90-C peptide (NH*"-SRMEEVD-
COO7), and pseudophosphorylated Smadl-DVD peptide
(NH?*-SPHNPISDVD-COO™) were synthesized by Beijing
Scilight Biotechnology LLC. The phosphorylated Smadl
peptide (NH?>*-SPHNPISpSVpS-COO ™) was synthesized by
Shanghai GL Biochem Ltd.

Gel Filtration Assays—Size exclusion chromatography using
a Superdex 200 10/300 column on an AKTA FPLC (GE Health-
care) was carried out to assess the interaction between CHIP
and Smad proteins at 4 °C. All protein samples were incubated
at 4 °C for at least 30 min to allow equilibrium to be reached.
The column was equilibrated with the buffer containing 10 mm
Tris-HCI, pH 8.0, 150 mm NaCl, and 2 mum dithiothreitol (DTT)
at a flow rate of 0.5 ml/min and calibrated with molecular mass
standards. All fractions were collected at 0.5 ml each, and ali-
quots of relevant fractions were subjected to SDS-PAGE fol-
lowed by Coomassie Blue staining.

GST-mediated Pulldown Assays—GST-mediated pulldown
assay was carried out to assess the interaction between CHIP
and Smad proteins at 4 °C. The experiments were initiated with
the binding of 0.4 mg of recombinant GST-tagged Smad pro-
teins to 0.2 ml of glutathione-Sepharose 4B resin (GE Health-
care). To remove excess unbound Smad or other contaminants,
the resin was washed 5 times with 1.0 ml of buffer containing 25
mM Tris-HCI, pH 8.0, 150 mm NaCl, and 2 mm DTT. Then, 0.6
mg of non-tagged CHIP was allowed to flow through the resin
(GE Healthcare). After extensive washing, the bound proteins
were eluted with 5 mm reduced glutathione. Samples were sub-
jected to SDS-PAGE, and proteins were visualized by Coomas-
sie Blue staining.

Plasmids, Cell Culture, Transfection, and Co-immuno-
precipitation—pCS2"-FLAG-Smads and pCDNA-HA-CHIP
were generated according to standard molecular techniques
and subjected to DNA sequencing. HEK293T cells were main-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 10% fetal bovine serum (HyClone), 100
pg/ml penicillin, and 100 ug/ml streptomycin at 37 °C in a
humidified, 5% CO, incubator. Cells were co-transfected with
FLAG-tagged Smadand HA-tagged CHIP using VigoFect (Vigo-
rous) according to the manufacturer’s instructions and lysed at
48 h after transfection in a buffer containing 20 mm Tris-HCI,
pH 7.4, 150 mm NaCl, 0.5% Nonidet P-40, 25 mMm sodium fluo-
ride, 2 mMm sodium orthovanadate, 1 mm EDTA, and protease
inhibitors. The lysates were incubated on ice for 10 min and
then centrifuged at 13,000 rpm for 10 min at 4 °C. The super-
natants were immunoprecipitated with mouse monoclonal
anti-FLAG antibody (Sigma) and protein A/G plus agarose
(Santa-Cruz Biotechnology) and rotated overnight at 4 °C.
After spinning and washing 3 times with the lysis buffer, the
beads were mixed with 2X SDS sample buffer, boiled, and
subjected to 12% SDS-PAGE. The samples were transferred to
PVDF membranes (Millipore) and immunoblotted with
anti-HA and anti-FLAG antibodies (Sigma).
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TABLE 1
Data collection and refinement statistics

CHIP-mediated Repression of Smad1/5

CHIP-TPR in complex with

Phosphorylated Smad1 peptide

Smad1-DVD peptide Hsp70/Hsc70-C peptide

Data collection”

Space group P2,2,2 P2,2,2 P2,2,2
Cell dimensions

a,b,c(A) 46.1,77.4, 36.5 46.0,77.4, 36.1 46.0,78.0, 37.3

a, By (%) . 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (A) 50.0-1.54 (1.57-1.54)" 99.0-1.70 (1.73-1.70) 50.0-1.54 (1.57-1.54)
R, oo 5.3(17.1) 7.2 (26.5) 6.2 (19.5)
o (1) 57.7 (11.8) 41.1 (6.9) 52.2 (11.2)
Completeness (%) 99.4(97.9) 97.0 (82.4) 99.8 (99.7)
Redundancy 7.7(7.1) 7.1(5.5) 7.5 (6.6)

Refinement

Resolution (A) 33.0-1.54 32.7-1.7 33.7-1.54
No. reflections 19,797 14,183 20,035
R, o/ Riyee 16.8/20.8 17.3/19.2 16.8/20.7
No. atoms

Protein 1,114 1,118 1,121

Water 185 167 198
B-factors

Protein 18.6 22.1 17.8

Water 31.5 36.8 27.2
R.m.s. deviations

Bond lengths (A) 0.01 0.01 0.01

Bond angles (°) 1.03 1.14 0.87

Ramachandran plot

Most favored 115 (93.5%)

Additionally allowed 8 (6.5%)
Generously allowed 0 (0.0%)
Disallowed 0 (0.0%)

115 (93.5%) 114 (91.9%)

8 (6.5%) 10 (8.1%)
0 (0.0%) 0 (0.0%)
0 (0.0%) 0 (0.0%)

“ All data sets were collected from single crystals.
?Values in parentheses are for the highest resolution shell.

Ubiquitination Assays—The ubiquitination assay was per-
formed according to the method of Li et al. (29) with modifica-
tion. The reaction mixture (20 ul) containing 5 um GST-tagged
Smad proteins, 0.1 um E1, 2.5 um UbcH5a, 5 um CHIP, and 2
pg/ul ubiquitin in the ATP regenerating system was incubated
for 4 h at 30 °C. The ATP regenerating system contains 50 mm
Tris-HCl, pH 7.4,100 mM NaCl, 5mM DTT, 1 mm ATP (Sigma),
10 mm creatine phosphate (Fluka), 4 mm magnesium acetate
(Sigma), and 10 unit/ml creatine kinase (Sigma). Samples were
analyzed by SDS-PAGE and then subjected to immunoblot
with anti-GST antibody.

Crystallization, Data Collection, and Structure Deter-
mination—Crystals of CHIP-TPR in complex with phosphory-
lated Smadl peptide were grown by the hanging-drop vapor
diffusion method by mixing the protein/peptide complex (~7
mg/ml) with an equal volume of reservoir solution containing
100 mm Bistris propane, pH 7.0, 40% polyethylene glycol
monomethyl ether 2000, 1% polyethylene glycol monomethyl
ether 550, and 50 mM magnesium acetate at 21 °C. Crystals of
CHIP-TPR in complex with pseudophosphorylated Smad1l-
DVD peptide appeared after 2—3 days with a reservoir solution
containing 100 mm Bistris propane, pH 7.0, 41% polyethylene
glycol monomethyl ether 2000, 50 mm magnesium acetate, and
50 mm proline. Crystals of CHIP-TPR in complex with Hsp70/
Hsc70 peptide were obtained with a reservoir solution contain-
ing 100 mwm Bistris propane, pH 7.0, 40% polyethylene glycol
monomethyl ether 2000, and 3% (w/v) xylitol. The crystals were
cryoprotected in the reservoir solutions supplemented with 5%
glycerol and flash-frozen under cold nitrogen stream at 100 K.
The diffraction data were collected at 0.97924 A at beamline
17U at Shanghai Synchrotron Radiation Facility and processed
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using the HKL2000 (30). The structures were solved by molec-
ular replacement using Phaser with the structure of mouse
CHIP bound to Hsp90 peptide (PDB code 2C2L) as search
model (31). Standard refinement was performed with the pro-
grams Phenix (32) and Coot (33). The data processing and
refinement statistics were summarized in Table 1. All structural
representations were prepared using PyMOL. The atomic
coordinates and structure factors have been deposited with the
Protein Data Bank under accession codes 3Q4A for the com-
plex of CHIP-TPR and phosphorylated Smad1l peptide, 3Q47
for that of CHIP-TPR and pseudophosphorylated Smad1-DVD
peptide, and 3Q49 for that of CHIP-TPR and Hsp70/Hsc70-C
peptide.

RESULTS

The C-terminal SXS Motif of Smadl Is Indispensable for
CHIP-Smadl Interaction—CHIP was linked to the TGF- sig-
naling as a Smad1l-interacting protein (17). To identify domains
responsible for the Smadl-CHIP interaction, we performed
GST-mediated pulldown assays using various CHIP fragments
and GST-tagged full-length Smadl. The results showed that
Smad1 binds to full-length CHIP and the TPR domain (CHIP-
TPR) but not to other isolated domains, indicating that CHIP-
TPR is necessary and sufficient for the interaction of CHIP with
Smadl (Fig. 14). Smad proteins are highly conserved within the
N-terminal Mad homology 1 (MH1) domain and the C-termi-
nal MH2 domain. As shown in Fig. 1B, the MH2 domain of
Smad1 (Smad1-MH2) is able to sufficiently interact with CHIP-
TPR. These data demonstrate that the CHIP-Smad1 interac-
tion is mainly mediated by CHIP-TPR and Smadl-MH2
domains, which is consistent with a previous study (17).
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FIGURE 1. Determination of domains required for CHIP-Smad1 interaction. A, identification of the Smad1 binding domain on CHIP is shown. Glutathione
beads immobilized with wild type GST-Smad1 were used to pull down CHIP mutants. Schematic diagrams on the top depict the CHIP proteins used, and a
summary for their interaction with Smad1 is also listed on the right. The middle panel is the electrophoretic pattern of CHIP and Smad1 proteins after GST
pulldown assays. The protein amounts of CHIP mutants used are shown at the bottom. The asterisk indicates the GST contaminant. CC, coiled-coil. B, shown is
the determination of the Smad1 sequence critical for CHIP binding. The GST-mediated pulldown assays were carried out with various GST-tagged Smad1

fragments and CHIP-TPR. The panels are arranged as in panel A.

To analyze the interaction of Smadl with CHIP using gel
filtration assays, we initially generated a C-terminal His,-
tagged protein, Smadl-MH2-His, (Fig. 2, A and B). Surpris-
ingly, this fusion protein failed to interact with CHIP, suggest-
ing that the C terminus of Smadl may play a vital role in the
interaction with CHIP (Fig. 2C). We then truncated 11 residues
at the C terminus as these residues are flexible in the structures
of Smad-MH2 domains (34, 35). As expected, this mutant,
Smad1-MH2(AC11), failed to bind to CHIP-TPR. We also gen-
erated a series of C-terminal truncation mutants in the back-
ground of Smadl-MH2, and none of the mutants interacted
with CHIP-TPR (Fig. 2B). Notably, deletion of the very last Ser
residue of Smad1 abrogates its ability to bind to CHIP-TPR (Fig.
2C). These results clearly demonstrate that the extreme C ter-
minus of Smad1 is indispensable for the formation of the CHIP-
Smad1 complex.

CHIP Prefers to Bind to and Ubiquitinate Phospho-Smadl—
Smadl carries the characteristic C-terminal SXS motif com-
mon to all R-Smads, and the phosphorylation of the two serine
residues is crucial for the intracellular signal transduction. To
assess the significance of the two Ser residues, we generated
three mutants by replacing the SVS motif of Smadl with DVD,
EVE, and AVA and examined their affinities to CHIP (Fig. 2, B
and C). Mutant Smad1-MH2(AVA), where both polar Ser res-
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idues were substituted by hydrophobic alanine, barely retained
any affinity to CHIP-TPR, demonstrating the importance of
these serine residues. By contrast, the DVD and EVE mutants,
where the Ser side chains were replaced with Asp or Glu to
mimic the structural and electrostatic properties of phospho-
Ser, appeared to interact with CHIP-TPR even more strongly
than the wild type Smad1-MH2. To verify the importance of the
SXS motif, we generated various mutations on the C terminus
of full-length Smadl and examined their effect on the CHIP-
Smad1 interaction. Consistently, the wild type Smad1 protein
was co-immunoprecipitated by CHIP, whereas the mutants
AC1 and AVA failed to bind to CHIP (Fig. 2D). Notably, the
pseudophospho-Smad1(DVD) mutant pulled down more
CHIP than the wild type protein. To compare their affinities,
we then performed a competitive binding assay between the
unphosphorylated Smad1 and its pseudophosphorylated DVD
mutant. When the pre-equilibrated, stoichiometric mixture of
CHIP-TPR, Smadl-MH2, and Smadl-MH2(DVD) was sub-
jected to the size exclusion chromatography and subsequent
SDS-PAGE analysis, the wild type Smad1-MH2 protein was
separated from the complex of the DVD mutant and CHIP-
TPR, indicating that the pseudophosphorylated Smad mu-
tant has higher affinity to CHIP than the wild type Smadl
(Fig. 2E).
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FIGURE 2. Smad1 C-terminal sequence plays a crucial role in CHIP interaction and CHIP-mediated ubiquitination. A, shown is alignment of the C-terminal
sequences from human R-Smads, Co-Smad, and heat shock proteins. The phosphorylatable Ser residues in the C-terminal SXS motif of R-Smads are shown in green,
and the critical hydrophobic residues differentiate BMP R-Smads from TGF- R-Smads and Co-Smad, highlighted in red. B, shown is a schematic illustration of
Smad1-MH2 proteins used. A summary for their CHIP interaction and CHIP-mediated ubiquitination results is also listed. C, representative results for size exclusion
chromatography analyzing the interaction between Smad1-MH2 mutants and CHIP-TPR are shown. The fractions of CHIP-TPR alone and Smad1-MH2 alone are shown
as the top two panels followed by the fractions of protein mixtures. D, co-immunoprecipitation (IP) assays for the interaction between CHIP and Smad1 is shown.
HEK293T cells were co-transfected with 2 ug of FLAG-Smad1 and 1 pg of HA-CHIP plasmids as indicated. Lysates were subjected to anti-FLAG immunoprecipitation
followed by anti-HA immunoblotting (IB). E, competition between wild type Smad1 and pseudophosphorylated Smad1(DVD) for CHIP binding is shown. The pre-
equilibrated mixture of the three proteins was subjected to size exclusion chromatography. Mutant Smad1-L-MH2(DVD) was used to distinguish the pseudophos-
phorylated Smad1 form wild type Smad1-MH2 on SDS-PAGE. Molecular weights (kDa) were indicated. F, shown is in vitro CHIP-mediated ubiquitination of Smad
proteins in the presence of recombinant E1, E2 (UbcH5a), ubiquitin, and ATP regenerating system. Smads here and in subsequent ubiquitination assays are all used as
GST fusion proteins so that they can be conveniently immunoblotted with anti-GST antibody.

We next performed in vitro ubiquitination assays with
recombinant Smadl and CHIP proteins. Both full-length
Smad1 and Smad1l-MH2 domain were polyubiquitinated in the
presence of CHIP (Fig. 2F). Remarkably, the ability of the C-ter-
minal Smad1 mutants undergoing polyubiquitination was cor-
related precisely with their respective affinity to CHIP (Fig. 2B).
No significant polyuibiquitination was observed when the
interactive C terminus of Smadl was depleted. For instance,
Smad1-MH2(AC1) exhibited little polyubiquitination. Impor-
tantly, the pseudophosphorylated DVD and EVE mutants
displayed an enhanced CHIP-mediated ubiquitination due
to stronger affinities to CHIP, whereas mutant Smadl-
MH2(AVA) that barely associated with CHIP was less ubiquiti-
nated (Fig. 2F). Together, these results demonstrate that the
C-terminal SXS motif of Smad1 is strictly required for CHIP
binding and CHIP-mediated ubiquitination and that the C-ter-
minal phosphorylation of Smad1 can promote the interaction
and ubiquitination.
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Crystal Structures of CHIP-TPR in Complex with Two Smadl
C-terminal Peptides—To elucidate the molecular mechanism
of CHIP-Smadl interaction, we synthesized several Smadl
C-terminal peptides and determined the crystal structures of
CHIP-TPR in complex with a double-phosphorylated Smadl
peptide and with a pseudophosphorylated Smad1-DVD pep-
tide (Fig. 3, A and B, and Table 1). CHIP-TPR contains three
TPR motifs, each folding into a typical helix-turn-helix pattern
and a seventh helix packing against the third TPR (supplemen-
tal Fig. S1). The Smad1 peptides nestle into a groove on the
concave surface of CHIP-TPR, resulting in the burial of an
approximate 1000 A2 of exposed surface area.

In the complex of CHIP-TPR with phosphorylated Smad1
peptide, the last six residues and the covalently bound phos-
phates on Ser-463 and Ser-465 are well resolved in the electron
density (supplemental Fig. S2). The last phosphorylated Ser res-
idue of Smadl, phospho-Ser-465, plays a central role in the
complex formation by nucleating a mass of hydrophilic inter-
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A 90°

FIGURE 3. Smad1 C-terminal peptides bind to CHIP-TPR. A, shown is the crystal structure of CHIP-TPR in complex with phosphorylated Smad1 peptide. The
two views of the structure are related by a 90° rotation around a vertical axis. The Smad1 peptide is shown as cyan sticks. In the left panel, CHIP-TPR is shown in
surface representation and colored according to electrostatic potential (positive, blue; negative, red). The yellow arrows indicate the hydrophobic pockets on
CHIP-TPR accommodating lle-461 and Val-464 of Smad1. In the right panel, CHIP-TPR is colored in slate, and the a-helices are labeled a1 to a7 from the N to C
termini. B, shown is a schematic representation of CHIP-TPR (orange) in complex with pseudophosphorylated Smad1(DVD) peptide (yellow). C, hydrogen bond
networks at the interface of CHIP-TPR and Smad1 phosphopeptide are shown. The residues on CHIP-TPR are highlighted in magentas sticks. Hydrogen bonds
among oxygen (red) and nitrogen (blue) atoms and water molecules (red) are indicated by blue dashed lines. D, van der Waals contacts between CHIP-TPR and

Smad1 phosphopeptide are shown. The Smad1 peptide is shown as a cyan ribbon, and the hydrophobic residues are highlighted in gray sticks.

actions (Fig. 3C). The phosphate group donates two hydrogen
bonds to Lys-96 on Helix a5 and three water-mediated hydro-
gen bonds to Thr-65 and Asn-66 from Helix a3 of CHIP. More-
over, the carboxylate of phospho-Ser-465 directly coordinates
with three residues, Lys-31 and Asn-35 from Helix al and
Asn-66 on Helix a3 of CHIP, which is reminiscent of the “two
carboxylate clamp” mechanism observed in other TPR-peptide
complexes (36 —38). In contrast, the phosphate group of phos-
pho-Ser-463 makes no observable interaction with CHIP, and
only its carbonyl group forms one intermolecular hydrogen
bond with Lys-96 (Fig. 3C). The last phospho-Ser residue of
Smadl, particularly the phosphate group and the free car-
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boxylate at the very C terminus, might be the most signifi-
cant contributor(s) to the specific recognition of Smadl by
CHIP. These structural analyses are consistent with the
biochemical data that deletion of the very last Ser-465
(Smad1-MH2-AC1) and the blockage of the free carboxylate
(Smad1-MH2-His,) completely abolished formation of the
Smad1-CHIP complex (Fig. 2C). Therefore, CHIP-TPR most
likely recognizes the pSXpS or (D/E)X(D/E) motif at the
extreme C terminus of a protein.

In addition to the hydrophilic contacts, the Smadl C-termi-
nal tail makes massive van der Waals contacts with CHIP-TPR
(Fig. 3D). Ile-461 penetrates into a hydrophobic pocket formed
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by six residues, Val-95, Lys-96, Phe-99, Phe-100, Phe-132, and
Ile-136 from CHIP-TPR, and Val-464 makes hydrophobic con-
tacts with Phe-38, Tyr-50, and Leu-69 from helices al-a3.
Mutation of Ile-461 or Val-464 to a polar residue abolished the
formation of the CHIP-Smadl complex (data not shown).
Taken together, these results indicate that the last serine in
the SXS motif plays a significant role in the Smad1l-CHIP
interaction and that the hydrophobic residues exert auxiliary
functions.

The pseudophosphorylated DVD peptide of Smadl is sim-
ilarly accommodated via massive hydrophilic and hydropho-
bic contacts (supplemental Fig. S3). It is noteworthy that the
side chain carboxyl group of Asp-465 mimics the phosphate
group of phospho-Ser-465 and mediates similar hydrogen
bonds, which clearly demonstrates that the DVD mutant is a
reliable functional substitute of the phosphorylated Smadl.

Peptides from Smadl and Hsp70/Hsc70 Bind in the Same
Groove of CHIP-TPR—Usually, CHIP mediates the ubiquitina-
tion of client proteins in a chaperone-dependent manner (22—
26). However, CHIP directly binds to Smadl and mediates
Smad1 polyubiquitination in the absence of molecular chaper-
ones Hsp70/Hsc70 and Hsp90. Interestingly, the CHIP-Smad1
structures are readily superposed to the counterparts in the
asymmetric homodimer of full-length CHIP in complex with an
Hsp90 C-terminal peptide (37) (supplemental Fig. S4). More-
over, the peptides from Smadl and Hsp90 bind in the same
groove with essentially the same binding mode. To validate the
binding mode between CHIP and molecular chaperone, we also
determined the complex structure of CHIP-TPR and the C-ter-
minal octopeptide of Hsp70/Hsc70 (Hsp70/Hsc70-C peptide),
which adopts almost identical conformation to the CHIP-
Smadl complexes (Fig. 4, A and B, and Table 1). Strikingly, the
last three amino acids of Hsc70/Hsp70 and Hsp90 are EVD (Fig.
2A), highly conserved with the phosphorylated Smad1 C termi-
nus in terms of both amino acid sequence and structural
characteristics (Fig. 4, C and D). In addition, the mutant
CHIP(K31A), which was incapable to interact with Hsp70/
Hsc70 and Hsp90 (23), barely associated with Smad1 (Fig. 14)
because Lys-31 from CHIP-TPR interacts with the free carbox-
ylate of either Smad1 or heat shock peptides (Figs. 3C and 4C).
These data together raise a possibility that molecular chaper-
ones and Smadl compete with each other for CHIP interaction.

Molecular Chaperones Antagonize CHIP-mediated Smadl
Ubiquitination—To examine whether molecular chaperones
affect CHIP-mediated Smad1 ubiquitination, we first investi-
gated the interaction between Hsp70 and a CHIP-Smadl com-
plex (Fig. 5A). If the molecular chaperone binds to CHIP with-
out disrupting the CHIP-Smad interaction, GST-tagged Hsp70
is expected to pull down the CHIP-Smad1 binary complex and
form a ternary complex. Our results showed that when the pre-
formed complex of CHIP-TPR and Smadl-MH2(DVD) was
applied to the immobilized C-terminal domain of Hsp70 (GST-
Hsp70-CTD, residues 383—641), all Smadl proteins flowed
through the resin (Fig. 54, lane 3), whereas the majority of
CHIP-TPR proteins were retained on column and formed
binary complex with Hsp70 (lane 5). Hsp70-CTD also dis-
rupted the complex of CHIP with wild type Smad1-MH2 (sup-
plemental Fig. S5). These results demonstrate that Smad1 and
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Hsp70 mutually exclude each other from the association with
CHIP. This was further validated by a competition assay with a
synthesized Hsp70/Hsc70-C peptide, which recruited CHIP
from the immobilized CHIP-Smadl (DVD) complex (Fig. 5B).
In consistent with the competitive binding ability, the Hsp70/
Hsc70-C peptide impressively inhibited CHIP-mediated poly-
ubiquitination of Smad1 and its DVD mutant in a dose-depen-
dent manner (Fig. 5C). A Hsp90-C peptide similarly disrupted
the CHIP-Smadl complex and concomitantly suppressed
Smadl ubiquitination (supplemental Fig. S6). Therefore, in
contrast with the previous chaperone-dependent model, we
found that molecular chaperones compete with Smadl for
CHIP interaction, suppress the CHIP-mediated ubiquitination,
and hence, protect Smad1 from futile degradation.

CHIP Fails to Interact with Smad2/3/4—CHIP was previ-
ously reported to interact with both BMP and TGF-3 R-Smads
as well as Co-Smad and further mediate their ubiquitination/
degradation (17, 28, 29). We thus carried out in vitro binding
assays with recombinant proteins of the linker and MH2
domains of other Smads (Fig. 6A4). Unexpectedly, none of the
MH2 domains of Smad2/3/4 (TGF-B R-Smads and Co-Smad),
not even the pseudophosphorylated Smad2(EME) and
Smad3(EVE) mutants, bound to CHIP (Fig. 6B, lanes 1-6). In
addition, all MH1 domains of the R- and co-mediator Smads
failed to interact with CHIP (Fig. 6B, lanes 7—11). Co-immuno-
precipitation assays with full-length Smad proteins confirmed
that only Smad1/5, but not Smad2/3/4, can interact with CHIP
(Fig. 6C). Consistently, little if any CHIP-mediated polyubiq-
uitination was observed for recombinant MH2 domains of
Smad2/3/4 and their pseudophosphorylated mutants, in great
contrast with the evident polyubiquitination of CHIP-interac-
tive Smad5-MH2 (Fig. 6D). Therefore, we conclude that CHIP
only interacts with and mediates the ubiquitination of Smad1/5
but not Smad2/3/4-.

Because the SXS motif of Smadl is indispensable for its inter-
action with CHIP, it is reasonable that Co-Smad Smad4, which
lacks the SXS motif unique to R-Smad proteins, failed to asso-
ciate with CHIP. Indeed, when a C-terminal pentapeptide of
ISSVS from BMP R-Smads Smad1/5/8 was added to the C ter-
minus of Smad4, the mutant Smad4-L-MH2(ISSVS) did bind to
CHIP (Fig. 6E, lane 5). However, the fact that neither of the
TGEF-B R-Smads, Smad2/3, exhibited any CHIP affinity sug-
gests that there must be other determinant(s) in addition to the
SXS motif. By carefully analyzing the C-terminal sequences, we
found that the most prominent difference appears at the fifth
position from the C-terminal end, which is a hydrophobic Ile/
Met in Smad1/5/8 and heat shock proteins but a polar Cys in
Smad2/3 (Fig. 2A). Structurally, the side chain of cysteine is
unlike to fulfill the massive hydrophobic interactions observed
in the CHIP-Smadl and CHIP-Hsp complexes (Figs. 3D and
4D). We swapped this residue in Smadl, -2, and -3. Indeed, the
Smad3 mutant bearing the Cys to Ile mutation, Smad3-L-
MH2(ISSVS), formed a complex with CHIP, whereas the cor-
responding Smadl mutant CSSVS did not interact with CHIP
(Fig. 6E, lanes 4 and I). Unexpectedly, the ISSMS mutant of
Smad2 barely interacted with CHIP; only when Met-466, the
last residue but one, was additionally replaced with valine (the
fixed amino acid appears in all other R-Smads and heat shock
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FIGURE 4. CHIP-TPR interacts with Hsp70/Hsc70 peptide. A, shown is a schematic representation of CHIP-TPR (forest) in complex with the Hsp70/Hsc70-C
peptide (lemon). B, superposition of the three complex structures of CHIP-TPR with Smad1 and Hsp70 peptides is shown. The molecules are colored the same
asinFigs.3,Aand B, and 4A, respectively. Cand D, hydrophilic (C) and hydrophobic (D) contacts between CHIP-TPR and the Hsp70/Hsc70-C peptide are shown.

The two views were oriented same as the ones in Fig. 3, Cand D, respectively.

proteins) did the Smad2 double mutant ISSVS gain reasonable
affinity to CHIP (Fig. 6E, lanes 2 and 3). As shown in the left
panel of Fig. 3A, the hydrophobic groove on CHIP-TPR for this
Val residue is shallow and unlikely to accommodate the bulky
side chain of Met-466 in Smad2. We also generated Smad4
mutants with added CSSMS, CSSVS, and ISSMS tails, and only
the ISSMS mutant of Smad4-L-MH2 exhibited weak affinity to
CHIP as expected (Fig. 6E, lanes 6—38). Moreover, Western
blotting analysis verified that the FLAG-Smad proteins/mu-
tants containing the C-terminal ISSVS pentapeptide coimmu-
noprecipitated with CHIP (Fig. 6F). Importantly, the polyubiq-
uitination levels of these C-terminal mutants were highly
correlated with their affinities to CHIP (Fig. 6G). All Smad2/3/4
mutants terminating with the signature sequence ISSVS of
BMP R-Smads underwent CHIP-mediated polyubiquitination,
whereas those with Cys and/or Met at the fifth and second
positions from the C-terminal end displayed little ubiquitin

15890 JOURNAL OF BIOLOGICAL CHEMISTRY

modification. These data together with the Smad1-CHIP struc-
tures clearly indicate that the C-terminal hydrophobic residues
play a role in the distinct CHIP affinities of R-Smads.

CHIP Disrupts the Functional R-/Co-Smad Complexes—For-
mation of hetero-complexes between Co-Smad and R-Smads is
vital for canonical TGF-f signal transduction, which depends
on the specific phosphorylation of the R-Smad SXS motif. We
attempted to examine the role of CHIP in R-/Co-Smad com-
plexes as the SXS motif of Smad1/5 is required for both CHIP-
Smad and R-Smad-Co-Smad interactions. To address this
issue, we prepared and characterized a complex between pseu-
dophosphorylated Smadl-MH2(DVD) and Smad4-L-MH2
and then carried out competition assays between this complex
and wild type CHIP or its missense mutants (Fig. 7A). The wild
type CHIP did disrupt the Smadl-Smad4 complex and con-
comitantly formed a binary complex with Smad1-MH2(DVD).
On the contrary, neither the CHIP-ATPR fragment nor
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CHIP(K31A) mutant had any impact on the interaction
between Smadl and Smad4. These results demonstrate that an
intact TPR domain of CHIP is indispensable for the recruit-
ment of Smadl from the Smadl-Smad4 complex. The hetero-
meric complex of Smad2-MH2(DMD) and Smad4-L-MH2 was
subjected to a similar competition assay, and CHIP had no
effect on the Smad2-Smad4 interaction because of its incapa-
bility to recognize Smad2 (Fig. 7B). Taken together, our struc-
tural and biochemical results suggest that CHIP competes with
Smad4 for the binding to specific R-Smads Smad1/5, disrupts
the R-/Co-Smad complex, and further mediates the ubiquitina-
tion of Smad1/5 in a chaperone-independent manner.

DISCUSSION

Because of the important role of TGF-B/BMP signaling in a
diverse set of essential cellular processes and the development
of various human diseases, understanding the regulatory mech-
anisms of Smad proteins might provide new therapeutic ave-
nues for human diseases. Here we reported an extensive struc-
tural and biochemical study of CHIP-mediated negative
regulation of Smad proteins. The CHIP-Smadl interaction is
mediated by the TPR domain of CHIP and the C-terminal
sequence of Smadl. Phosphorylation of the Ser residues in the
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SXS motif can improve the Smad1-CHIP affinity and subse-
quently promote the polyubiquitination level of Smad1 in vitro,
consistent with the cellular evidence that CHIP preferentially
mediates the degradation of phosphorylated Smadl and Smad5
(29). In addition, structural analyses revealed that the last phos-
pho-Ser residue, in particular the covalently bound phosphate
and the free carboxylate, contributes a great mass of the hydro-
philic interactions between CHIP and Smad (Fig. 3).

The R-Smad proteins mediating the intracellular signal
transduction can be classified into two subfamilies, Smad1/5/8
mainly mediating BMP signal and Smad2/3 for TGEF- signal-
ing. These R-Smad proteins are highly conserved within each
subfamily but exhibit relative differences between subfamilies.
In addition, activities of BMP and TGF- R-Smads may be reg-
ulated via different molecular mechanisms (39, 40). Recently,
the ubiquitin ligase Nedd4L was shown to selectively target
activated Smad2/3 to destruction and, hence, specifically limit
the TGF-B signaling (41). We found that CHIP failed to bind to
and ubiquitinate either Co-Smad Smad4 or TGF-B R-Smads
Smad2/3 independently of the C-terminal phosphorylation.
Therefore, CHIP may be an E3 ligase specifically responsible for
BMP R-Smads Smad1/5/8 due to the sequence discrimination
at their extreme C termini (Fig. 6). Of a particular note, we did
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FIGURE 7. CHIP disrupts the Smad1-Smad4 complex but not the Smad2-
Smad4 complex. A, CHIP disrupts Smad1-Smad4 complex. The wild type
CHIP protein or its missense mutants was mixed with the pre-formed com-
plexes of pseudophosphorylated Smad1 and Smad4, and the mixture was
analyzed by size exclusion chromatography. B, CHIP fails to disrupt Smad2-
Smad4 complex. Gel filtration assay was performed for the mixture of wild
type CHIP and the preformed complex of Smad2-MH2(DMD) and Smad4-L-
MH2.

not exclude the possibility of CHIP participating indirectly in
the down-regulation of Smad2/3/4. For instance, the transcrip-
tional co-activator SRC-3, a direct target of CHIP-medicated
polyubiquitination, was found to enhance Smad?2 expression. It
is possible that CHIP might down-regulate Smad2 levels
through targeting SRC-3 for degradation (27).

The Smad sequence recognized by CHIP consists of a mini-
mum of five amino acids, ® , X(pS/D/E)P(pS/D/E), where ®
can be any hydrophobic residue including the bulky Met, and
@5 would be restricted to relatively small hydrophobic amino
acids such as Val, Leu, or Ile. This consensus sequence may
occur in numerous proteins. However, the structural and bio-
chemical data indicated that this sequence should be located at

CHIP-mediated Repression of Smad1/5

the extreme C terminus of a protein, which largely limits the
number of potential interaction proteins of CHIP. Notably, this
C-terminal motif of R-Smads is required not only for CHIP
interaction but also for the formation of hetero-complexes
between Co-Smad and phosphorylated R-Smads, the central
event of TGF-B/BMP signaling. Our data showed that CHIP
competes directly with Smad4 for Smad1l binding but fails to
disrupt the active complex of Smad2 and Smad4, consistent
with its specific recognition of Smadl (Fig. 7). Although the
disruption of R-/Co-Smad heterocomplexes has been used by
many other negative regulators, such as I-Smads, MAN1, and
Ski/SnoN, to terminate/suppress TGF-B/BMP signal (12), this
is to our knowledge the first evidence of a direct competitor for
the specific C-terminal SXS motif of R-Smads. Because this
negative regulation only requires the TPR domain of CHIP,
further investigation on other TPR domain-containing pro-
teins (supplemental Fig. S1) that have been proved or suggested
to bind to an extreme C-terminal ‘@, X(pS/D/E)®y(pS/D/E)
motif may lead to the discovery of new regulators of Smad pro-
teins (36).

Unexpectedly, we found that CHIP targets Smad proteins for
polyubiquitination in the absence of heat shock proteins,
inconsistent with the conventional function of CHIP as a chap-
erone-dependent E3 ubiquitin ligase. In addition, the same
groove on the concave surface of CHIP-TPR accommodates the
C-terminal peptides from both Smadl and molecular chaper-
ons. The structure-based conjecture that Smad and chaperone
may compete for CHIP interaction was validated by the com-
petition assay and by the dose-dependent inhibition of CHIP-
mediated Smad1 ubiquitination by Hsc70/Hsp70 peptide (Fig.
5). Therefore, in the regulation of TGF-B/BMP signaling,
molecular chaperones, rather than assist CHIP-mediated ubiq-
uitination, protect R-Smads from futile degradation. This
observation is reminiscent of the chaperone-independent deg-
radation of base excision repair proteins by CHIP (42). How-
ever, the base excision repair proteins do not have the C-termi-
nal ®,X(pS/D/E)®,(pS/D/E) motif, suggesting that the base
excision repair proteins, unlike Smad1/5 and molecular chap-
erones, might employ a distinct mode to associate with CHIP.

Our study confirmed the interaction of CHIP with Smadl/
5/8, implying a role of CHIP in embryonic development. In a
CHIP depletion mouse model, a severe phenotype of early
death was observed, as the mouse suffered from an inability of
degradation of misfolded proteins and dysfunction of the qual-
ity control machinery (43). The role of CHIP in maximal myo-
cardial protection was reported (44), whereas Smadl also
showed a role in protection of cardiomyocytes from ischemia-
reperfusion injury (45). However, the physiological relevance in
heart disease remains unclear as CHIP regulates degradation of

FIGURE 6. CHIP specifically targets Smad1/5 but not Smad2/3/4. A, shown are schematic diagrams of Smad mutants. The results of the CHIP binding and
ubiquitination assays are summarized. B, interactions between the MH1 and MH2 domains of Smad2, -3, -4, and -5 and CHIP. The GST-mediated pulldown
assays were carried out using full-length CHIP and various GST-tagged Smad proteins as indicated. C, co-immunoprecipitation (/P) assays detecting the
interactions between full-length Smad proteins and CHIP are shown. HEK293T cells were co-transfected with 2 ug of FLAG-Smad1-5 and 1 ug of HA-CHIP
plasmids as indicated. After immunoprecipitation with anti-FLAG antibody for Smad proteins, immunoblotting (/B) was carried out using anti-HA and anti-
FLAG antibodies for CHIP and Smad, respectively. D, CHIP-mediated ubiquitination of Smad2, -3, -4, and -5 proteins is shown. Pseudophosphorylation of
Smad2/3 exhibited little if any effect on both interaction and ubiquitination. E, interactions between the chimeric Smad-MH2 fragments and CHIP analyzed by
GST-mediated pulldown assay are shown. F, interactions between full-length Smad proteins and CHIP determined by coimmunoprecipitation analyses are
shown. G, CHIP-mediated ubiquitination of chimeric Smad proteins correlated precisely with their interaction abilities.
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Smadl. We expected that CHIP may also play a role in osteo-
blast differentiation, which is regulated by Smad1 (46). Indeed,
CHIP has been demonstrated to regulate osteoblast differenti-
ation through negative regulation of Runx2, an important fac-
tor in response to BMP signaling (47).

In summary, our data reveal the importance of the specific
C-terminal ®, X(pS/D/E)®;(pS/D/E) sequence of a protein in
the interaction with CHIP-TPR and suggest important roles of
CHIP in suppressing specific R-Smad activity. Upon ligand
binding, CHIP preferentially binds to the phosphorylated
Smad1/5/8, competitively disrupts the functional R-/Co-Smad
complexes, and thus down-regulates the intracellular TGF-3/
BMP signaling. This effect of CHIP is independent of the E3
ligase activity of the Ubox domain. The CHIP-associated
Smad1/5/8 are then targeted to polyubiquitination and subse-
quent degradation to terminate the TGF-3/BMP signal trans-
duction, for which both the TPR and Ubox domains of CHIP
are indispensable. On the other hand, the molecular chaper-
ones antagonize the effects of CHIP by inhibiting the CHIP-
mediated R-Smad polyubiquitination and by freeing Smad1/
5/8 from CHIP-sequestration. Thus, CHIP suppresses the
TGE-B/BMP signaling, whereas the molecular chaperones res-
cue the TGF-B/BMP signaling in contradiction to the conven-
tional model.
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