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ABSTRACT: Cells must regulate the synthesis and degradation of their proteins to maintain a balance that is
appropriate for their specific growth conditions. Here we present the results of an investigation of the balance
between protein folding and degradation for mammalian chaperone Hsp90-dependent client proteins. The
central players are the molecular chaperones Hsp70 and Hsp90, the cochaperone HOP, and ubiquitin ligase,
CHIP. Hsp70 and Hsp90 bind to HOP, thus forming a ternary folding complex whereas the binding of CHIP
to the chaperones has previously been shown to lead to ubiquitination and ultimately to degradation of the
client proteins as well as the chaperones. To understand the folding/degradation balance in more detail,
we characterized the stoichiometries of the CHIP-Hsp70 and CHIP-Hsp90 complexes and measured the
corresponding dissociation constants to be ∼1 μM and ∼4.5 μM, respectively. We quantified the rate of
ubiquitination of various substrates by CHIP in vitro.We further determined that the folding and degradation
machineries cannot coexist in one complex. Lastly, we measured the in vivo concentrations of Hsp70, Hsp90,
HOP, and CHIP under normal conditions and when client proteins are being degraded due to inhibition of
the folding pathway. These in vivo measurements along with the in vitro data allowed us to calculate the
approximate cellular concentrations of the folding and degradation complexes under both conditions and
formulate a quantitative model for the balance between protein folding and degradation as well as an
explanation for the shift to client protein degradation when the folding pathway is inhibited.

“La fixit�e du milieu int�erieur est la condition d’une vie libre et
ind�ependante” Claude Bernard. Living cells maintain a constant
milieu int�erieur in part by regulating the synthesis and degrada-
tion of proteins. An appropriate balance is essential for normal
cellular growth and function. If this balance is upset, the result
can be aberrant growth anddisease.Herewe present the results of
an investigation of the balance between protein folding and
degradation for mammalian chaperone Hsp90-dependent pro-
teins. An understanding of these processes is not only of intrinsic
interest but also of substantial biomedical importance. Many
cancer-associated proteins are “clients” of Hsp90, and interven-
tion to tilt the balance from folding to degradation is an ongoing
therapeutic strategy (1).

A complex array of chaperones and cochaperones plays a role
inHsp90-associated protein folding and degradation. The central
players, onwhich we focus, areHsp70, Hsp90,HOP,1 andCHIP:

Hsp70 is a heat shock induced monomeric molecular chaper-
one (see Experimental Procedures and Supporting Information
Figure S1). Heat shock cognate 70 protein (Hsc70) is a consti-
tutively expressed homologue of Hsp70. Hsp70 and Hsc70 are
∼95% identical in sequence. Other than the difference in expres-
sion profiles, Hsp70 and Hsc70 appear to be functionally identi-
cal and are considered here to be interchangeable. Hsp70 con-
tains two domains: an N-terminal domain with ATPase activity

and a C-terminal domain, which binds short hydrophobic seq-
uences on its client proteins (2). A hinge region in the C-terminal
domain allows the domain to “open”, exposing a client protein
binding site. This change inHsp70 conformation is coupled to the
binding of ATP to the N-terminal domain. The ATP bound state
is “open”; a client protein can access the site but can also leave it
readily: kon/koff rates are high and affinity is low (3). By contrast,
the ADP bound state has the hinge closed so that the substrate
is enveloped. Here, kon/koff rates are slow and affinity is high.
Certain mutations in Hsp70 can shift the equilibrium between
the closed and open states (4). At the very C-terminus of Hsp70
is the sequence PTIEEVD, which binds to the TPR1 domain of
the cochaperoneHsp70/Hsp90 organizing protein (HOP) (5); see
below.

Hsp90 is a heat shock induced homodimeric molecular chaper-
one (6). Each monomer has three domains: an N-terminal ATP-
binding domain, a middle domain that regulates the ATPase
activity of the N-terminal domain, and a C-terminal dimerization
domain. At the very C-terminus of each monomer is the sequence
MEEVD, which binds to the TPR2A domain of HOP (5).

HOP is a modular protein that contains independent tetra-
tricopeptide repeat (TPR) domains. TPR1 specifically recognizes
the C-terminus of Hsp70, and TPR2A specifically recognizes
the C-terminus of Hsp90. The simultaneous binding of both
Hsp70 and Hsp90 to HOP brings them together into an active
complex, in which client proteins are passed from Hsp70 to
Hsp90 to complete their folding and maturation (Figure 1) (7).
Although previously some researchers proposed that HOP is
a dimer (8-10), recent conclusive data indicated that HOP is
a monomer (11).
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The carboxyl terminus of Hsc70-interacting protein (CHIP)
was first identified as a ubiquitin ligase which binds toHsc70 (12)
and has since been implicated as being the quality control regu-
lator of the Hsp70/Hsp90 folding pathway. CHIP is a homo-
dimer (see Experimental Procedures) (13, 14), and eachmonomer
contains an N-terminal TPR domain, a central helical domain,
and a C-terminal U-box ubiquitin ligase domain. The TPR
domain of CHIP has been reported to interact not only with the
C-terminus of Hsc70 or Hsp70 but also with the C-terminus of
Hsp90 (13, 15). CHIP has been proposed to ubiquitinate Hsp70/
Hsp90 client proteins, thus targeting them to the proteasome for
degradation (15, 16). Inhibition of Hsp90 by benzoquinone
ansamycin geldanamycin or its derivative 17-AAG, for example,
results in rapid degradation of the Hsp70/Hsp90 client protein
HER2/neu in a CHIP-dependent fashion (17). CHIP, thus, links
the protein folding with the protein degradation pathway. It
has also recently been proposed that after CHIP ubiquitinates
Hsp70/Hsp90 client proteins, it ubiquitinates Hsp70 itself (18).
This chaperone ubiquitination has been suggested to be a mec-
hanism to decrease the high levels of Hsp70 after a heat shock.

The CHIP-dependent quality control mechanism of the
Hsp70/Hsp90 folding pathway is not well understood. Here we
investigate the interplay betweenHsp70,Hsp90,HOP, andCHIP
and how they influence the folding/degradation balance. In order
to perform these studies, it was essential that we fully characterize
the properties of all the components and their interactions in vitro.
We then used these quantitative measurements, in combination
with estimates of protein concentrations in vivo, to propose a
regulatory mechanism of the balance between Hsp90-dependent
client protein folding and degradation.

EXPERIMENTAL PROCEDURES

DNA Constructs. Full-length human CHIP was cloned as a
BamHI/NcoI restriction fragment from pcDNA3-CHIP (a gift
from Cam Patterson) (15) into pET11a (Stratagene) which had
been modified to include a TEV protease cleavable His6 tag
between the promoter and cloning cassette to create pET11a-
His-TEV-hCHIP. GST-CHIP fusion construct in pGEX-KG
(pGST-hCHIP (1-303)) was a gift from Cam Patterson (12).
His6-Hsp90β in pET-14b (19) and His6-Hsp70 in pET28 were
gifts from Sophie Jackson. The T13G mutation was introduced
intoHsp70 using site-directedmutagenesis to create pET28-His6-
Hsp70-T13G. Full-length humanHOP in pACT2was a gift from
Chung Wang (20). It was subcloned into pProEX-HTa (Invitro-
gen) using SpeI and XhoI restriction sites to construct pProEX-
HTa-His6-TEV-HOP. Full-length human UbcH5c in pET28a
(without a tag) was a gift from Rachel Klevit (21).
Recombinant Protein Expression and Purification. All

recombinant proteins were expressed in BL21(DE3) Escherichia
coli cells inducedwith 0.8mMIPTG. Proteins were purified using
either Ni-NTA agarose (Qiagen) for those with a His6 tag or

glutathione agarose (Sigma) for GST-CHIP according to man-
ufacturer’s instructions. All proteins with a His6 tag were fur-
ther purified over a Superdex S200 16/60 gel filtration column
(Amersham) in 50 mM Tris, pH 7.4, 10 mM NaCl, 5 mM
β-mercaptoethanol (βME) buffer. GST-CHIPwas dialyzed into
the same buffer directly after purification with glutathione
agarose. Proteins were used without removing the tags, unless
noted otherwise.

UbcH5c purification was performed as described (21) with
slight modifications. Briefly, UbcH5c in cell lysate was loaded
onto a UNO S1 ion-exchange column (Bio-Rad) equilibrated in
30 mM MES, pH 6, 1 mM EDTA, and 2 mM βME and eluted
using a 0-1MNaCl gradient. Further purification was achieved
using a Superdex S75 16/60 gel filtration column (Amersham),
equilibrated in 25 mM sodium phosphate, pH 7, 150 mMNaCl,
and 1mM βME. Final protein stocks were dialyzed into the same
buffer but with lower βME concentration of 0.1 mM. Protein
concentrations were determined using absorbance at 280 nm.

All peptides were synthesized by the W. M. Keck Foundation
(Yale School of Medicine) and their concentrations determined
by amino acid analysis at the W. M. Keck Foundation or by
absorbance at 280 nm.
Oligomeric States of Hsp70 and CHIP. Although pre-

dominantly a monomer, recombinant Hsp70 has been observed
byus andothers to also associate intohigher order structures (22).
These Hsp70 higher order states however are not biologically
relevant to Hsp70 chaperone function, as they cannot bind
substrate peptides and are not observed in Hsp70-HOP-Hsp90
folding complexes (23, 24). Because these higher order states do
not exist when Hsp70 is in the open conformation (Figure S1 in
Supporting Information), they most likely form when an Hsp70
molecule via its substrate binding site associates with an unfolded
region or a more specific site on another Hsp70 molecule (25).
Here, we used purified Hsp70 monomers for our biochemical
analyses.

Our experiments where CHIP was chromatographed over a
size-exclusion column indicate (data not shown) that the protein
is in equilibrium between two oligomeric states. Because in the
two available crystal structures (13, 14) CHIP is a homodimer
with an extensive dimerization interface, we presume that the
protein is in a dimer-tetramer equilibrium. The two oligomeric
species of CHIP can be separated on a gel filtration column, and
the interconversion rate is on the order of days at 4 �C. ITC
experiments indicate (data not shown) that both oligomeric
species of CHIP bind Hsp70 with the same binding affinity and
stoichiometry and are therefore functional. CHIP dimer was used
in characterizing CHIP-Hsp70 and CHIP-Hsp90 complexes
(see below).
Characterization of Protein Complexes. To monitor

CHIP-Hsp70 andCHIP-Hsp90 complex formation, equimolar
mixtures of CHIP dimer with Hsp70 monomer or CHIP dimer
with Hsp90 dimer were chromatographed on a Superdex S200
10/30 size-exclusion column (Amersham) equilibrated in 50 mM
Tris, pH 7.4, 10 mMNaCl, and 5 mM βME at 4 �C. The protein
composition of each fraction was determined by Coomassie-
stained SDS-polyacrylamide gels. To determine the stoichiom-
etry of the complexes, the relative amount of protein in each band
in fractions 25, 26, 27, 28, and 30 when CHIPþHsp70 were
chromatographed and in fractions 30 and 32 when CHIP þ
Hsp90 were chromatographed was determined by calculating
band staining intensities (sum of all pixel intensities in a band)
using Kodak 1D image analysis software v3.5. We corrected for

FIGURE 1: Schematic of the Hsp70/Hsp90 folding pathway. Hsp70
and Hsp90 are brought into spatial proximity by binding to separate
HOP domains. An unfolded client protein first interacts with Hsp70
and, partially folded, is then passed to Hsp90, where its folding pro-
cess is completed.
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inherent differences in the staining between CHIP, Hsp70, and
Hsp90 by determining the intensities of each band in standard
solutions.
Surface Plasmon Resonance. Surface plasmon resonance

(SPR) experiments were performed on a Biacore 3000 system
(Biacore). Typically,∼3000 RU of NeutrAvidin (Thermo Fisher
Scientific) was immobilized on CM5 sensor chip through amine
linkage, according to manufacturer’s instructions. The entire
immobilization procedure was performed in 10 mMHEPES, pH
7.5, 150 mMNaCl, 3 mM EDTA, and 0.005% (v/v) polysorbate
20 (P20) buffer. In the experiments shown, 343 RU of Hsp90
C-terminal peptide (biotin-SAAVTEEMPPLEGDDDTSRME-
EVD-COO-), 168 RU of Hsp70 C-terminal peptide (biotin-
GGFPGGGAPPSGGASSGPIEEVD-COO-), and 722 or 789
RU of model client protein (FYQLALTGGGGKGKGKGKG-
KGKGKK-biotin) were immobilized. To measure the affinity
of the CHIP-Hsp70 and CHIP-Hsp90 interactions, 240 μL of
various concentrations of CHIP was injected over immobilized
Hsp70 and Hsp90 C-terminal peptides at 30 μL/min in the above
immobilization buffer. To measure the binding affinity between
the model client protein and Hsp70, Hsp70 T13G, and CHIP,
various concentrations of Hsp70 (85 μL at 40 μL/min), Hsp70
T13G (200 μL at 30 μL/min), and CHIP (180 μL at 30 μL/min)
were injected over immobilized model client protein in 50 mM
Tris, pH 7.4, 10 mM NaCl, 150 mM KCl, 3 mM MgCl2, 5 mM
ATP, 5 mM βME, and 0.005% (v/v) P20 buffer. Sensor chip
surface was regenerated between injections with 1 M NaCl. The
average difference values in response units at steady-state equi-
librium (RUeq) of the reference channel subtracted sensorgrams
were plotted as a function of protein concentration ([P]). The data
were fit to a one-site binding model (eq 1):

RUeq ¼ Rmax½P�=ðKd þ ½P�Þ ð1Þ
where Rmax is the response value at saturation and Kd is the
dissociation constant.
IsothermalTitrationCalorimetry. Shown ITC experiments

were performed using VP ITC (Microcal) in 50 mM Tris, pH 8,
10 mMNaCl, 10 mM βMEbuffer at 25 �C. CHIP (19.7 μM)was
titrated with 95 3 μL injections of 0.322 mM Hsp70 C-terminal
peptide GGGAPPSGGASSGPTIEEVD-COO-. Ninety-six 3 μL
injections of 0.4 mM Hsp90 C-terminal peptide GSSAAW-
TEEMPPLEGDDDTSRMEEVD-COO- were also added to
22.4 μM CHIP. The average integration values of the last 20 or
10 heats of dilutions (for Hsp70 and Hsp90, respectively) in each
experimentwere subtracted fromall injection heats. Datawere fit
to one set of sites binding model with stoichiometry, association
constant, and binding enthalpy as floating variables.
InVitroUbiquitination Assays. To compare rates ofHsp70,

Hsp70 T13G, and Hsp90 ubiquitination, 0.091 μM human
ubiquitin activating enzyme (UBE1) (BostonBiochem), 20 μM
UbcH5c, 20 μMCHIP, and eitherHsp70, Hsp70T13G, orHsp90
(all 20 μM) were combined in 50 mMTris, pH 7.4, 10 mMNaCl,
3 mM MgCl2, 150 mM KCl, 10 mM ATP, and 0.1 mM βME
buffer. For model client protein ubiquitination experiments,
0.091 μM UBE1, 20 μM UbcH5c, 40 μM CHIP, 40 μM model
client protein (FYQLALTGGGGKGKGKGKGKGKGKK-
biotin), and either 40 μM Hsp70, 40 μM Hsp70 T13G, or no
Hsp70 were combined in the above buffer. To compare Hsp70
T13G ubiquitination with and without the presence of the model
client protein, three independent experiments were performed for
each condition where 0.091 μM UBE1, 20 μM UbcH5c, 20 μM

CHIP, 100 μMHsp70 T13G, and(188 μMmodel client protein
were combined in the above buffer. All ubiquitination reactions
were preincubated at 30 �C for∼10 min, initiated by the addition
of 0.5 mM ubiquitin (Sigma), and kept at 30 �C for the duration
of the reaction. Aliquots were quenched with SDS sample buffer
and analyzed by Coomassie-stained SDS-polyacrylamide gels.

To compare the rates of ubiquitination of Hsp70, Hsp70
T13G, and Hsp90, the intensity of staining of the band corre-
sponding to unmodified species was determined with Kodak 1D
image analysis software v3.5 and the amount of ubiquitinated
protein calculated. Nanomoles of ubiquitinated protein (y) was
graphed as a function of time (t), and the data were fit to eq 2:

y ¼ að1- e- btÞ ð2Þ
where a is themaximumamount of ubiquitinated protein and b is
the rate of ubiquitination. Because in vitro ubiquitination of
Hsp70, Hsp70 T13G, andHsp90was performed at the same time
with the same stocks of UBE1, UbcH5c, CHIP, ubiquitin, and
Mg-ATP, discrepancies in the rate of ubiquitination of various
target proteins due to differences in protein stocks were elimi-
nated. To analyze the rates of Hsp70 T13G ubiquitination with
andwithout themodel client protein, the amount ofHsp70T13G
or ubiquitin in eachHsp70 T13G-ubiquitin conjugate species and
in unmodified Hsp70 species was determined using band staining
intensity data. The number of ubiquitin molecules attached to
Hsp70 T13G per CHIP monomer with standard deviation error
bars determined from three independent experiments was graphed
as a function of time, and the beginning of the curve was fit to a
linear equation where the slope is the rate of ubiquitination.
Pull-Down Experiments. Competition pull-down experi-

ments were performed in 50 mM Tris, pH 7.4, 10 mM NaCl,
5 mM βME buffer; 3, 6, 10, 15, 20, or 30 μM His6-HOP, 10 μM
GST-CHIP, and 10 μMHis6-Hsp90 or various combinations of
the proteins for control experiments were combined as 20 μL
proteinmixtures and incubated on ice for∼10min. Themixtures
were added to 10 μL of glutathione agarose (Sigma) and incu-
bated with rotation at 4 �C for 1 h. The resin was washed four
times with 200 μL aliquots of buffer. Proteins remaining on the
resin were eluted with SDS sample buffer and analyzed on a
Coomassie-stained SDS-polyacrylamide gel.

To confirm that Hsp90 is able to pull down HOP, a control
experimentwas performed in the above buffer supplementedwith
150 mM KCl and 3 mM MgCl2. Twenty micromolar HOP
without the His6 tag and(20 μMHis6-Hsp90 were combined as
20 μL protein mixtures and incubated on ice for ∼10 min. The
mixtures were added to 10 μL of washed Ni-NTA agarose
(Qiagen) and incubated with rotation at 4 �C for 1 h. The resin
was washed three times with 150 μL aliquots of buffer. Proteins
remaining on the resin were eluted with 50 mM Tris, pH 7.4,
150 mM NaCl, 2 mM βME, 300 mM imidazole elution buffer
and resolved on a Coomassie-stained SDS-polyacrylamide gel.
Quantitative Western Blot Analysis. Approximately 2.5�

106 BT474 breast cancer cells (ATCC) were seeded (25 cm2 flask)
and allowed to adhere overnight. They were then treated with
0.178 μM 17-AAG or left untreated. 17-AAG treated cells were
harvested at 7 and 14 h, and untreated cells were harvested at 15 h
after treatment. Cells were detached with 0.25% trypsin-EDTA
(Gibco), and their concentration was determined by counting at
least 1500 cells on a hemacytometer. Cells were washed with PBS
and finally resuspended in 50 mM Tris, pH 7.4, 150 mM NaCl,
1mMEDTA, 1%SDS, 1 “Complete” protease inhibitor cocktail
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tablet (Roche Molecular Biochemicals) lysis buffer. DNA was
sheared with a 30G needle. Cell concentration was kept constant
during the PBS wash and in the lysis buffer. To qualitatively
assess the amounts of GAPDH and HER2, total protein extract
from 35000 lysed cells from each treatment condition was
separated on an SDS-polyacrylamide gel and Western blotted
as in ref 26. Membranes were probed with HRP-conjugated anti-
GAPDH antibody (Abcam) or with rabbit polyclonal anti-Neu
antibody (Santa Cruz Biotechnology, C-18). To determine the
amount ofHsp70, Hsp90, CHIP, andHOP in a cell, total protein
extract from either 35000 cells (for Hsp70, Hsp90, and HOP
blots) or 70000 cells (for CHIP blots) was separated on an
SDS-polyacrylamide gel. A concentration series of purified
protein was run alongside for concentration calibration. Mem-
branes were probedwithmousemonoclonal anti-Hsp70 (Stressgen,
SPA-810), rabbit polyclonal anti-Hsp90R/β (Santa Cruz Bio-
technology, H-114), rabbit polyclonal anti-CHIP (Santa Cruz
Biotechnology, H-231), or mouse monoclonal anti-HOP (gift
from David Smith, F5) (27) antibodies. Blots were further
incubated with anti-mouse or anti-rabbit HRP-conjugated sec-
ondary antibodies (both from Amersham) and developed using
enhanced chemiluminescence (Amersham). The intensity of
staining (determined using Kodak 1D image analysis software
v3.5) of bands corresponding to a purified recombinant protein
was plotted as a function of the known protein amount, and the
data were fit to the linear equation to create a concentration
calibration graph. The calibration curve was then used to convert
the intensity of staining of bands corresponding to the endogen-
ous protein to the amount of the protein in the cells. Cellular
concentrations of Hsp70, Hsp90, CHIP, and HOP were calcu-
lated based on the known number of cells from which protein
extracts were made and loaded on a gel, amount of protein in
those cells, and taking the average BT474 cell volume of 3.5�
10-6 μL as reported (28).

RESULTS

Quantification of the Affinity and Stoichiometry of the
CHIP-Hsp70 and CHIP-Hsp90 Interactions. We mea-
sured the affinity of the interaction of CHIP with the C-terminal
peptides of Hsp70 and Hsp90 using surface plasmon resonance
(SPR) and determined the dissociation constants to be ∼2 μM
and ∼5 μM, respectively (Figure 2A). We also used isothermal
titration calorimetry (ITC) to confirm these dissociation con-
stants and to determine the stoichiometry of the interactions. By
ITC the dissociation constant for CHIP-Hsp70 is ∼1 μM, and
stoichiometry of the interaction is∼0.8 C-terminal Hsp70 peptide
per CHIP monomer (Figure 2B). The dissociation constant for
CHIP-Hsp90 is∼4.4 μM, and the stoichiometry of the interaction
is∼0.9Hsp90 C-terminal peptide per CHIPmonomer (Figure 2C).

We used size-exclusion chromatography to analyze the nature
of the complexes between full-length Hsp70 (Figure 2D,E) or
full-length Hsp90 (Figure 2F,G) and CHIP. Complexes between
Hsp70 and CHIP or Hsp90 and CHIP formed readily and were
clearly identifiable as new peaks in the gel filtration profile. By
analyzing the composition of these peaks, we determined the
stoichiometry of the CHIP-Hsp70 complex to be ∼0.8 Hsp70
monomer per CHIP monomer; in other words, a CHIP dimer
binds to twoHsp70monomers. The stoichiometry of the CHIP-
Hsp90 complex was determined to be∼2.1 Hsp90monomers per
CHIP monomer. In other words, a CHIP dimer binds to two
Hsp90 dimers.

Stoichiometries for CHIP-Hsp70 and CHIP-Hsp90 com-
plexes obtained using either C-terminal peptides or full-length
proteins, thus, agree well with each other. These measured disso-
ciation constants and stoichiometries for the CHIP and Hsp90
C-terminal peptide interaction also agree well with the previously
reported affinity between CHIP and full-length Hsp90 (13). Our
own ITC experiments using CHIP and full-length Hsp70 con-
firm the dissociation constant to be ∼1 μM (data not shown).
Measured binding affinities and stoichiometries allowed us to
design the next set of experiments using appropriate conditions.
CHIP Ubiquitinates Hsp70 and Hsp90. It has been pro-

posed that CHIP can ubiquitinate Hsp70 and Hsp90 (18, 29). Our
first experiments investigated the details of ubiquitination of Hsp70
and Hsp90 by CHIP, by reconstituting ubiquitination in vitro using
purified components. In these assays we used UbcH5c as the
ubiquitin-conjugating enzyme E2, because it has been shown to
function with CHIP (16). Because we had determined the dissocia-
tion constants for CHIP-Hsp70 and CHIP-Hsp90 complex
formation, we were able to adjust the conditions of the ubiquitina-
tion assays so that most of the CHIP and chaperone molecules are
bound to each other (concentration of each component is at least
four times Kd).

Given that ubiquitination is an ATP-dependent reaction, it
was necessary to have ATP (10 mM) in the reaction mixture.
Under the conditions of the ubiquitination assay, therefore,
Hsp70 is predominantly in the ATP bound, or “open”, con-
formation. To test whether the rate of Hsp70 ubiquitination is
dependent upon the “open” or “closed” states of Hsp70, we
created and tested the Hsp70 T13G mutant. It has been pre-
viously shown that Hsp70 with the T13G mutation binds ATP,
but it is unable to undergo the ATP-binding induced con-
formational change (4, 30). The Hsp70 mutant is trapped in
the “closed” conformation. Figure 3A shows ubiquitination time
courses of Hsp90, Hsp70 (wt), and Hsp70 T13G. Comparable
rates of ubiquitination of either Hsp70 or Hsp90 by CHIP were
observed (Figure 3B). The rate of ubiquitination of Hsp70 (wt)
and T13G are also very similar, indicating that the conformation
of Hsp70 has no effect on how fast or the extent to which the
chaperone is ubiquitinated.
Model Client Protein Binds to Hsp70 and CHIP. As the

next step in elucidating the function of CHIP, we investigated the
ubiquitination of an Hsp70 client protein and the effect of the
client protein on Hsp70 ubiquitination rate. It was essential to
first determine the Kd between the client protein and Hsp70.
To ensure a homogeneous system, we based the design for the
client on a previously characterized Hsp70 client peptide FYQ-
LALT (3). Because a sample of denatured protein is composed of
various species, it was not a good choice as a client protein for our
experiments. We designed a biotinylated model client protein
(sequence: FYQLALTGGGGKGKGKGKGKGKGKK-biotin)
which includes an Hsp70 binding site (underlined) (3) plus lysine
residues for ubiquitination separated by a short glycine linker.
SPR experiments indicate that immobilized client protein inter-
acts with Hsp70 and Hsp70 T13G with dissociation constants of
∼50 μMand∼30 μM, respectively (Figure 4A). The observation
that Hsp70 T13G has a higher affinity for the client protein than
wt Hsp70 is consistent with studies showing this mutant to be
locked in the “closed” conformation (4, 30). Interestingly, CHIP
was also found to interact directly with the client peptide (Kd ∼
6.7 μM, Figure 4A). It has been previously suggested that CHIP
may be able to bind unfolded proteins directly (31), but this
possible interaction has not been well studied and its biological
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relevance is unclear. Although the model client protein binds to
CHIP directly, we chose not to try a different client protein in
subsequent ubiquitination assays. The designed client protein is
well characterized; we know its dissociation constant with Hsp70
and thus is still a good choice for our experiments.
Client Protein Is Ubiquitinated by CHIP and Slows

Down the Rate of Hsp70 Ubiquitination. We employed
in vitro assay to study ubiquitination of the client protein by
CHIP. As Figure 4B indicates, the client protein is ubiquitinated

byCHIP in the presence of eitherHsp70 orHsp70T13G, and this
ubiquitination was confirmed with antibiotin antibody Western
blot analysis (data not shown). The amount of client protein
ubiquitination is, however, considerably higher in the presence of
Hsp70 T13G than wt Hsp70. This difference is most likely due to
the decrease inKd and increase in half-life ofHsp70-client protein
complex for mutant versus wild-type Hsp70 (3). The model client
protein is also ubiquitinated in the absence of Hsp70 (Figure 4B).
We presume this ubiquitination is due to the direct interaction of

FIGURE 2: Complex formation between Hsp70 or Hsp90 and CHIP. (A) CHIP-peptide interactions monitored by surface plasmon resonance
(SPR). Plot of the average response at equilibrium (RUeq) versus concentration of CHIP. Open circles show binding to immobilized C-terminal
peptide ofHsp70; solid circles show binding to immobilized C-terminal peptide ofHsp90. The solid lines show fits to a one-site binding equation,
with dissociation constants of∼2 μM and ∼5 μM, for CHIP binding to Hsp70 and Hsp90, respectively. (B, C) Isothermal titration calorimetry
(ITC). Upper panels: Thermogram of the titration of the C-terminal peptide of Hsp70 (B) or Hsp90 (C) into a solution of CHIP. Lower panels:
Plot of integrated areas under the peaks of heat in the upper panel as a function ofmolar ratio. Fitting the data gives a dissociation constant of∼1
μMwith a stoichiometry of∼0.8 C-terminal Hsp70 peptide per CHIPmonomer and a dissociation constant of∼4.4 μMwith a stoichiometry of
∼0.9 Hsp90 C-terminal peptide per CHIPmonomer. (D-G) Complex formation between CHIP andHsp70 or CHIP andHsp90, all full-length.
Size-exclusion chromatograms of purified CHIP dimer alone, purifiedHsp70monomer alone, and an equimolar mixture of the two proteins (D).
Coomassie-stained SDS-polyacrylamide gels of the indicated fractions (E). Size-exclusion chromatography analysis of purified CHIP dimer
alone, purified Hsp90 dimer alone, and an equimolar mixture of the two proteins (F). Coomassie-stained SDS-polyacrylamide gels of the
indicated fractions (G). Cartoons of the proposed CHIP-Hsp70 and CHIP-Hsp90 complexes, based on the analysis of the composition of each
fraction (see Experimental Procedures), are shown in (D) and (F), respectively. CHIP does not elute in the same fractions in (D) and (F), because
the volume of the fractions is different in the two experiments.
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CHIPwith themodel client protein. The amount of client protein
ubiquitination is, however, higher with the addition of Hsp70
T13G than in the absence of Hsp70. This observation indicates
that Hsp70 T13G mediates ubiquitination of the client protein.
Because client protein is evidently ubiquitinated through two
pathways in the presence of Hsp70, ubiquitination mediated by
Hsp70 and via the direct interaction with CHIP, we were unable
to compare the rate of Hsp70 ubiquitination with that of the
client protein.

By increasing the concentration of the client protein so that
both Hsp70 and CHIP are saturated with the client protein, we
were, however, able to compare the rates of Hsp70 T13G ubi-
quitination with or without bound client protein. As the time-
course data (Figure 4C) and its quantification (Figure 4D) of
Hsp70 T13G ubiquitination( client protein show, Hsp70 T13G
is ubiquitinated robustly in both conditions, albeit somewhat
slower in the presence of the client protein: ∼0.07 and ∼0.1
ubiquitin molecules attached/CHIP monomer/min in the pre-
sence and absence of the client protein, respectively. CHIP is
mediating ubiquitination of both the client protein and Hsp70.
The difference in the rates is, therefore, most likely due to the
competition between Hsp70 and the client protein for the
ubiquitin molecules. It has previously been proposed that a client
protein bound to Hsp70 undergoes CHIP-mediated degradation
before Hsp70 itself (18). Our data show that even when a client
protein is bound to Hsp70, the chaperone is ubiquitinated
robustly.
Direct Competition between Protein Folding and Degra-

dation Machineries. We next addressed the question whether
the protein folding and degradation machineries are in direct
competition or whether a complex exists which includes a
component of each of the two opposing pathways. In other
words, can either Hsp70 or Hsp90 bind to both HOP and CHIP

at the same time? Because HOP and CHIP bind to Hsp70 and
Hsp90 at the same site (C-terminus), only oligomerization of
Hsp70 or Hsp90 could facilitate the formation of a complex
which would include both HOP and CHIP. Because Hsp70 is a
monomer (see Experimental Procedures and Supporting Infor-
mationFigure S1), aHOP-Hsp70-CHIP complex cannot form.
Hsp90 dimer, on the other hand, could theoretically form
HOP-Hsp90 dimer-CHIP complex. We performed competi-
tion pull-down experiments to search for the existence of such a
complex. These experiments are described in a schematic in
Figure 5A with results shown in Figure 5B. It is evident that
CHIP does not pull down HOP through Hsp90 but that HOP
and CHIP compete for binding to Hsp90 (scenario 2 in
Figure 5A). The control experiment shows that the HOP and
Hsp90 interaction is stable and we can observe it in a pull-down
experiment (Figure 5C). We conclude that the examined folding
and degradation machineries are mutually exclusive and that, as
Hsp70, Hsp90 is in complex with either HOP or CHIP.
Proposed Model for the Balance between Protein Fold-

ing and Degradation. Having characterized the function of
CHIP in vitro, we next studied the effects of CHIP on the folding/
degradation balance in vivo. A major question remains: Does
CHIP selectively ubiquitinate only the client proteins unable to
fold correctly but not those undergoing their normal folding
process, and if so, what is themechanismof the selection? For this
study we employed the Hsp90 inhibitor 17-AAG, which binds to
the ATP-binding pocket and renders the chaperone unable to
facilitate client protein folding process (32). It has been demon-
strated that, upon 17-AAG treatment of cells, client proteins such
as the oncoprotein HER2/neu undergo rapid CHIP-dependent
degradation (17). Inhibition ofHsp90 with 17-AAG, thus, causes
cells to shift from client protein folding to “degradation mode”.
We first hypothesized that the switch between the two opposing

FIGURE 3: Ubiquitination of various substrates by CHIP. (A) In vitro ubiquitination of Hsp90, Hsp70, and Hsp70 T13G by CHIP. Coomassie-
stained SDS-polyacrylamide gel analysis of the reaction at various times after initiation. Protein bands corresponding to unmodified protein and
its ubiquitin conjugates are indicated. (B) Time course of ubiquitination of Hsp90 (diamonds), Hsp70 (circles), and Hsp70 T13G (triangles).
Ubiquitination was quantified by determining the amount of protein in the unmodified band as a function of time. Data were fit to a first-order
rate equation. CHIP ubiquitinates Hsp90, Hsp70, and Hsp70 T13G at rates of 0.063, 0.074, and 0.071 nmol of ubiquitinated protein/min,
respectively. Linear line at 0.1 nmol of ubiquitinated protein indicates 100% substrate ubiquitination.
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pathways may lie in changes in the cellular concentration of
CHIP. We therefore used quantitative Western blot analysis to
determine the total cellular concentrations of Hsp70, HOP,
Hsp90, and CHIP in BT474 breast cancer cells under normal
conditions and upon 17-AAG treatment (Figure 6A). Before
considering how cellular concentrations of the chaperones and
cochaperones change with 17-AAG treatment, we will first focus
on protein concentrations at normal conditions and how they
influence the folding/degradation balance.

As depicted in Figure 6B, the approximate total cellular con-
centrations under normal conditions are ∼10 μM for Hsp70
monomer, ∼3 μM for HOP monomer, ∼5 μM for Hsp90 dimer,
and strikingly only∼0.1 μM for CHIP monomer. Two indepen-
dent experiments confirmed the low concentration of CHIP.
Based on these concentrations and theKd values for the different
pairs of proteins, we calculated the approximate in vivo concen-
trations of the various complexes these proteins can form
(Figure 6C). We assume an even distribution of components
throughout the cell. The first important conclusion from these

calculations is that there is∼10-fold more CHIP bound toHsp70
than toHsp90. It is therefore evident that the decision whether or
not to ubiquitinate a client protein will be made while the client is
bound to Hsp70 and that client protein ubiquitination via Hsp90
is a minor pathway. In the cell, Hsp70 is in equilibrium as a
component of various complexes: it can be free of a cochaperone
(not bound to HOP or CHIP), bound only to HOP, in complex
with HOP-Hsp90, or associated with CHIP. We presume that a
client protein bound toHsp70 has the same probability as Hsp70
of participating in the above listed complexes, although all Hsp70
proteins may not have a client protein bound to them. Our data
indicate that under normal conditions (Figure 6D) ∼94.87%
(9.48 μM out of the total 10 μM) of Hsp70 is free or interacting
with non-Hsp90 bound HOP; ∼4.3% (0.43 μM out of the total
10 μM) of Hsp70 is bound to HOP-Hsp90, thus forming the
productive Hsp70/HOP/Hsp90 folding complex. A client protein
bound to Hsp70, in this case, will be passed to Hsp90 for fold-
ing completion. Lastly, only ∼0.83% (0.083 μM out of the total
10 μM) of Hsp70 is in complex with CHIP, indicating that

FIGURE 4: Model client protein binds Hsp70 and CHIP, is ubiquitinated by CHIP, and affects the rate of Hsp70 ubiquitination. (A) Interactions
of the model client protein with Hsp70, Hsp70 T13G, and CHIP monitored by SPR. Plot of the average response at equilibrium versus
concentrations of proteins. Binding of immobilized client protein to Hsp70 (circles), Hsp70 T13G (triangles), and CHIP (diamonds) is depicted.
The solid lines show fits to a one-site binding equationwith dissociation constants of∼50 μMforHsp70,∼30 μMforHsp70 T13G, and∼6.7 μM
for CHIP. (B) In vitro ubiquitination of the model client protein by CHIP. Coomassie-stained SDS-polyacrylamide gel analysis of 2 h
ubiquitination reactions in the presence ofHsp70,Hsp70 T13G, or in the absence ofHsp70. The protein band corresponding to the client protein
conjugated toone ubiquitin is indicatedwith an arrow.Other components of the reaction are labeled. (C) In vitroubiquitinationofHsp70T13G in
the presence and absence of the model client protein. Coomassie-stained SDS-polyacrylamide gel analysis of the reactions at various times after
initiation. Time points are the same for both conditions.UnmodifiedHsp70 T13G aswell as its ubiquitin conjugate species is indicated. (D) Time
course of Hsp70 T13G ubiquitination in the presence (solid circles) and absence (open circles) of the model client protein. Ubiquitination was
quantified from three independent experiments as in (C) by determining the amount of ubiquitin attached to Hsp70 T13G as a function of time.
The initial phase of the curve was fit to a linear equation, and the obtained rates for Hsp70 T13G ubiquitination are ∼0.07 and ∼0.1 ubiquitin
molecules attached to Hsp70 T13G/CHIP monomer/min in the presence and absence of client protein, respectively.
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Hsp70-bound client proteins have a very small chance of en-
countering CHIP and being ubiquitinated. Under normal con-
ditions, therefore, a client protein has a higher probability of
being folded than degraded, but it is evident that there is a
constant low level of client protein degradation. To our know-
ledge, the association of only one other cochaperone, Tpr2, with
the C-terminus of Hsp70 has been well characterized (33). The
presence of Tpr2 or any other cochaperone which interacts with
the C-terminus of Hsp70 orHsp90, however, does not change the
ratio of the folding and degradation complexes in a cell.

Upon 17-AAG treatment we observe a decrease in HER2
levels, as expected (Figure 6A). We also see an increase in the
total Hsp70 cellular concentration from ∼10 μM to ∼39 μM.
Such an increase in Hsp70 levels has consistently been observed
by others and is believed to be due to heat shock factor 1 (HSF1)
dependent activation of transcription (34).Hsp90 andHOP levels
remain the same at ∼5 and ∼3 μM, respectively. An increase in
CHIP levels upon Hsp90 inhibition is not the explanation for
client protein degradation. The concentration of CHIP remained
low and constant ∼0.1 μM. It is evident that in this degradation
mode the amounts of Hsp70 in the Hsp70/HOP/Hsp90 folding
complex and in complex with CHIP are very similar to those
when Hsp90 is not inhibited: ∼0.43 and ∼0.83 μM Hsp70 is
a component of the folding pathway under normal conditions
and upon 17-AAG treatment, respectively, and ∼0.083 and
∼0.095 μM Hsp70 is a component of the degradation pathway
under normal conditions and upon 17-AAG treatment, respec-
tively (Figure 6E). The chances, therefore, of an Hsp70-bound
client protein to encounter the folding or the degradation path-

ways in the degradation mode are very similar to those when
Hsp90 is not inhibited. In this case, however, even if a client pro-
tein is in the Hsp70-HOP-Hsp90 complex, it will not be folded
because Hsp90 is inactive. Unable to fold, the client protein will
continue to interact with Hsp70, which in turn will increase its
chances of encountering CHIP and ultimately being ubiquiti-
nated and degraded.

On the basis of these observations, we propose the following
model for the balance between client protein folding and
degradation. Under normal circumstances, Hsp70-bound client
proteins are ubiquitinated by CHIP at a steady low rate, but they
are more likely to be folded than ubiquitinated. When a client
protein cannot fold properly or its kinetics of folding are greatly
reduced due to Hsp90 inhibition, a mutation, or a cellular
stressor, increased association with Hsp70 will greatly augment
its chances of getting ubiquitinated and degraded. Our data
showing that CHIP ubiquitinates Hsp90 and Hsp70 (even while
ubiquitinating a client protein) also indicate a background level
of chaperone degradation. Because only ∼0.83% of Hsp70 and
∼0.16% of Hsp90 is bound to CHIP, CHIP-mediated turnover
of the chaperones will be low.

DISCUSSION

To ensure cellular health and survival, cells must produce
folded, functional proteins. Theymust also have the capacity to
respond rapidly to changing conditions and to remove aberrant
or damaged proteins. Various types of protein quality control
regulators exist. Here we focus on the interplay between the fold-
ing and degradation pathways for Hsp90-dependent client

FIGURE 5: HOP andCHIPbinding toHsp90 ismutually exclusive. (A) Schematic illustration of the experiment. An initial complex of twoHsp90
dimers bound to a CHIP dimer is attached to the glutathione resin via GST tag on CHIP. As the concentration of HOP is increased, it competes
with CHIP for binding to Hsp90. Two different scenarios are depicted. In the first, an Hsp90 dimer can bind to both CHIP and HOP
simultaneously. In the second, an Hsp90 dimer can bind to either CHIP or HOP but cannot bind to both simultaneously. Eventually, in both
scenarios, at high concentrations ofHOP, all of the Hsp90 will be bound toHOP, and none will be bound toCHIP and the resin. (B) Coomassie-
stained SDS-polyacrylamide gel of the resin-bound proteins as the concentration of HOP competitor is increased. In each experiment(10 μM
GST-CHIPand(10μMHsp90were incubatedwith indicated concentrations ofHOP. Protein bands corresponding toHsp90,HOP, andCHIP
are indicated.The input lane contains 20%ofCHIPandHsp90 at the above concentrations and 10μMHOP.Control experiments in lanes 2 and 3
show that neither Hsp90 nor HOP nonspecifically bind to the resin and that HOP does not bind to CHIP. The decrease in the amount of Hsp90
bound to CHIP as HOP concentration increases indicates that HOP is competing with CHIP for binding toHsp90. Because HOP is never pulled
down by CHIP through the Hsp90 dimer, it is evident that HOP competes with CHIP for binding to Hsp90 via scenario 2 as depicted in (A).
(C) Hsp90 pulls down HOP in a similar experiment as in (B). Coomassie-stained SDS-polyacrylamide gel of Ni-NTA resin elutions of protein
mixtures:(20μMHis6-Hsp90and 20μMHOPwith itsHis6 tag cleavedoff byTEVprotease. Protein bands corresponding toHsp90andHOPare
indicated. HOP does not bind nonspecifically to the resin but binds to Hsp90. Because the shown lanes are not adjacent on the gel, other lanes
between them were cut out.
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proteins, in which the ubiquitin ligase, CHIP, is the key
player.

To understand the underlying physical/chemical basis of the
balance between folding and degradation, we first characterized
and quantified the interaction of CHIP with the components of
the folding complex in vitro. We determined that the C-terminal
sequences of Hsp70 or Hsp90 are necessary and sufficient for
CHIP binding and that CHIP ubiquitinates Hsp70 and Hsp90 at

similar rates. The rate of ubiquitination ofHsp70 byCHIP is also
independent of the conformational state of Hsp70, and CHIP
ubiquitinates Hsp70 robustly even when a client protein is bound
to the chaperone. By considering the binding affinities of Hsp70
and Hsp90 for CHIP, along with their intracellular concentra-
tions, we conclude that ubiquitination of client proteins occurs
predominantly in the client protein-Hsp70-CHIP complex.
Ubiquitination in the client protein-Hsp90-CHIP complex

FIGURE 6: Approximate cellular concentrations of Hsp70, Hsp90, HOP, and CHIP, the various complexes they form, and their effects on the
folding/degradation balance. (A) Determination of the cellular concentrations of Hsp70, Hsp90, HOP, and CHIP under normal conditions and
upon17-AAGtreatment using quantitativeWestern blot analysis. BT474 breast cancer cells were left untreated or treatedwith 0.178μM17-AAG
for 7 or 14 h. Total cell lysates from a known number of cells were loaded in each lane and blotted for various proteins. Increasing amounts of
purified recombinant Hsp70 (0.02, 0.06, 0.1, 0.3, 0.5 μg), Hsp90 (0.02, 0.06, 0.1, 0.14, 0.18 μg), HOP (0.005, 0.025, 0.045, 0.065, 0.085 μg), and
CHIP (0.0003, 0.001, 0.002, 0.003 μg) were run alongside for concentration calibration. Dashed line separates the endogenous from purified
proteins. Cell lysates were also blotted for qualitative comparison of HER2 and GAPDH (loading control) levels. (B) A schematic depicting the
approximate total cellular concentrations of Hsp70, Hsp90 dimer, HOP, and CHIP under normal conditions and the dissociation constants
between interacting partners.Kd values for the interactions of CHIPwithHsp70 andHsp90 are as determined here, and those for the interactions
ofHOPwithHsp70 andHsp90 are as reported (5). (C)Calculated approximate concentrationsof the various protein complexes formedbyHsp70,
Hsp90, HOP, and CHIP as well as free protein components (not bound to a cochaperone). Concentrations at normal conditions were calculated
basedon the total protein concentrationsanddissociation constants in (B).Concentrations after 17-AAGtreatmentwere calculated the sameway;
only the total Hsp70 concentration was increased from 10 to 39 μM. (D) A schematic depiction of the folding/degradation balance under normal
conditions based on the concentrations shown in (C). In the cell, 10 μMHsp70 is a component of various complexes depicted in the schematic
alongwith their approximate concentrations:Hsp70 can be free of a cochaperone, boundonly toHOP,bound toHOP-Hsp90, or bound toCHIP.
The folding process of a client protein bound toHsp70, which is free of a cochaperone or only bound toHOP (∼9.48 μM), cannot be completed.
Client protein bound toHsp70 within the Hsp70/HOP/Hsp90 folding complex (∼0.43 μM)will be passed fromHsp70 toHsp90 for final steps of
maturation. Client protein bound to Hsp70 which is associated with CHIP (∼0.083 μM) will be ubiquitinated. Thus, a client protein is∼5 times
more likely to be folded (outcome highlighted in bold) than ubiquitinated. There is, however, a low level of client protein ubiquitination.
(E) A schematic depicting the shift to client protein degradation upon 17-AAG treatment based on the concentrations shown in (C).WhenHsp90
is inhibited, the amount of Hsp70 which is a component of the Hsp70/HOP/Hsp90 folding complex (∼0.83 μM) and Hsp70 which is part of the
Hsp70/CHIPdegradation complex (∼0.095 μM)does not differmuch from the amounts at normal conditions in (D). The client protein thus has a
similar probability of encountering the Hsp70/HOP/Hsp90 folding complex or the Hsp70/CHIP ubiquitination complex under both conditions.
Because Hsp90 is inhibited upon 17-AAG treatment, however, even if the client protein is bound to the Hsp70/HOP/Hsp90 complex, its folding
processwill be initiatedbut not completed.Although theprobability of the client proteins to encounter the degradation complex is low, all proteins
will ultimately be degraded, because there is no alternative pathway.
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represents a minor pathway, because the binding affinity of
CHIP for Hsp70 is tighter than for Hsp90 and also the in vivo
concentration of Hsp70 is higher than that of Hsp90. Thus CHIP
is found predominantly in complex with Hsp70.

Our data also indicate that dimeric Hsp90 cannot bind to both
HOP and CHIP simultaneously. Thus, the folding and degrada-
tion processes cannot coexist in a single complex; rather, they are
competing machineries. Under “normal” conditions the prob-
ability that a client protein will be folded is much higher than the
probability that it will be ubiquitinated and degraded, because
the concentration of the Hsp70-HOP-Hsp90 complex is sig-
nificantly higher than that of the Hsp70-CHIP complex. Never-
theless, even under “normal” conditions there is a low back-
ground level of both client protein and chaperone ubiquitination
and degradation.

When Hsp90 is inhibited, for example by treatment of cells
with 17-AAG, Hsp70 levels increase, CHIP levels stay constant,
and the distribution of Hsp70 in the folding versus degradation
complexes also remains constant. However, because Hsp90 is
inhibited, encounters of client proteins with the Hsp70-HOP-
Hsp90 complex are nonproductive. Incompletely folded client
proteins are released, continue rebinding to Hsp70, and even-
tually are degraded in theHsp70-CHIP-client protein complex.
We propose that CHIP does not actively recognize a client
protein that is incompletely or incorrectly folded, nor does the
switch from folding to degradation require synthesis of more
CHIP. Thus, the system can respond rapidly to changes in
cellular conditions by channeling more Hsp70-bound client
proteins to degradation rather than to folding.

In our analysis of the balance between protein folding and
degradation we focused on Hsp90-dependent client proteins.
Many client proteins, however, only require Hsp70 for proper
folding. The proposed model also applies to these Hsp70-only
dependent client proteins. A small percentage of these clients will
constantly be turned over by CHIP.

The kinetics of client protein transfer from Hsp70 to Hsp90
and the kinetics of client protein ubiquitination clearly also
contribute to the overall probability of a client protein to be
folded or degraded. Quantitative measurements for all of the
steps are not yet available. We do know, however, that the rates
of ATP hydrolysis by Hsp70 and Hsp90 are similar to the rate of
protein ubiquitination by CHIP. Human Hsp90 hydrolyzes ATP
with a kcat of ∼0.09 min-1 (19), and the kcat for client peptide
stimulated hydrolysis of ATP by Hsp70 is ∼0.1-0.3 min-1 (35).
We determined that at substrate concentrations much aboveKM,
the rate of ubiquitination is ∼0.1 ubiquitin molecule attached/
CHIP monomer/min. As a first approximation, we therefore
assume that the rates of client protein folding and ubiquitination
are similar and that the fate of a client protein is determined by
whether it is bound to an active Hsp70-HOP-Hsp90 complex
or to an Hsp70-CHIP complex.
Predictions of Our Model. First, under “normal” condi-

tions, in the absence of 17-AAG, we predict a low but nonzero
ubiquitination and degradation of HER2 and other client
proteins. The half-life of HER2 in vivo in normal and in CHIP
-/- cells has previously been measured using cycloheximide to
inhibit protein synthesis (17). It was observed that HER2 is
degraded in a CHIP-dependent fashion, with a half-life of less
than 1 h in “normal” non-Hsp90 inhibited cells andmore than 5 h
in CHIP-/- cells. This result supports our conclusion that even
during normal conditions a significant proportion of newly
synthesized HER2 is degraded by CHIP while undergoing the

folding process, strongly suggesting the continuous ubiquitina-
tion of client proteins by CHIP.

Second, overexpression of CHIP should increase client protein
degradation. It has consistently been demonstrated that exogen-
ous overexpression of CHIP results in increased degradation of
Hsp90-dependent client proteins (17, 36). Our data clearly predict
that an increase in CHIP concentration will increase the fraction
of Hsp70 that is bound to CHIP, resulting in a shift from
predominantly client protein folding to predominantly client
protein degradation. It was estimated that in these experiments
exogenous overexpression increased the cellular concentration of
CHIP about 20-fold (36). With a new total concentration of
CHIP of approximately 2 μM, we estimate that 0.38 μM Hsp70
would be in complex with HOP/Hsp90, where client proteins can
fold, but 1.6 μM Hsp70 will be in complex with CHIP, where
client proteins are ubiquitinated. In other words, upon CHIP
overexpression the folding/degradation balance completely flips;
approximately four times more Hsp70 is now present in the
degradation rather than in the folding complex.

Third, in our model, CHIP does not distinguish between a
client protein undergoing its normal folding process and amutant
protein that is incapable of folding correctly. Thus, a shift to the
degradation mode should induce ubiquitination not only of
mutant proteins but also of wild-type proteins. It has been shown
that an increase in CHIP cellular concentration leads to degrada-
tion of a cystic fibrosis causing mutant of Hsp70/Hsp90 client
protein CFTR, CFTRΔF508, which is defective in folding and
trafficking (36). As predicted by the model, an increase in CHIP
cellular concentration also leads to degradation of wild-type
CFTR, which is capable of folding correctly.

Finally, our model predicts a constant low level of CHIP-
mediated ubiquitination of Hsp70 and Hsp90 with consequent
degradation in “normal” cells. CHIP-mediated turnover of
Hsp70 has been studied extensively (18). An overall increase in
Hsp70 levels in the absence of CHIP was noted. A decrease in
Hsp70 levels was also observed upon overexpression of CHIP.
Furthermore, CHIP greatly decreased the half-life of bothHsp70
and Hsp90, with degradation of Hsp70 being more pronounced.
Again, these results are consistent with the predictions of our
model, both qualitatively and quantitatively.

Hsp90-dependent protein folding machinery is complex and
involves various cochaperones and regulators (6). Here, we study
the balance between the Hsp90-mediated folding process and the
degradation machinery. By focusing on the proteins which are
directly involved in the protein folding/degradation decision
process, we were able to quantitatively analyze the system and
thus propose a testable model. It is possible that other cochaper-
ones may influence the folding/degradation balance. The pre-
sented model, however, provides a quantitative framework for
this multiprotein system, which can in the future be built upon or
modified as new data emerge.
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