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The heat shock protein 90 (HSP90) and cell division cycle 37 (CDC37) chaperones are key regulators of protein kinase folding
and maturation. Recent evidence suggests that thermodynamic properties of kinases, rather than primary sequences, are recog-
nized by the chaperones. In concordance, we observed a striking difference in HSP90 binding between wild-type (WT) and ki-
nase-dead (KD) glycogen synthase kinase 3� (GSK3�) forms. Using model cell lines stably expressing these two GSK3� forms,
we observed no interaction between WT GSK3� and HSP90, in stark contrast to KD GSK3� forming a stable complex with
HSP90 at a 1:1 ratio. In a survey of 91 ectopically expressed kinases in DLD-1 cells, we compared two parameters to measure
HSP90 dependency: static binding and kinase stability following HSP90 inhibition. We observed no correlation between HSP90
binding and reduced stability of a kinase after pharmacological inhibition of HSP90. We expanded our stability study to >50
endogenous kinases across four cell lines and demonstrated that HSP90 dependency is context dependent. These observations
suggest that HSP90 binds to its kinase client in a particular conformation that we hypothesize to be associated with the nucle-
otide-processing cycle. Lastly, we performed proteomics profiling of kinases and phosphopeptides in DLD-1 cells to globally de-
fine the impact of HSP90 inhibition on the kinome.

As protein kinases regulate a multitude of cellular functions, it
is imperative that their activity be highly regulated. This me-

ticulous control is achieved through a variety of mechanisms, in-
cluding phosphorylation, proteolytic processing, and direct en-
gagement with other molecules, including chaperones. The heat
shock protein 90 (HSP90) chaperone, in particular, is recruited to
kinase clients to assist in their nascent folding and, depending on
the kinase, to further contribute to its stability and function (1). A
recent kinome-wide study of pairwise HSP90-kinase interactions
observed various strengths of binding affinities between protein
kinases and HSP90 (2), consistent with HSP90 assuming different
roles depending on the client.

HSP90 typically requires its cochaperone cell division cycle 37
(CDC37) to engage a kinase client, but the mechanism for kinase
selection is not fully understood. There is no particular kinase
class that forms stronger interactions with HSP90 (2), and there
are even distinct binding specificities for closely related kinases.
For example, epidermal growth factor receptor (EGFR) does not
associate with HSP90, but close family member Erb-b2 receptor
tyrosine kinase 2 (ERBB2) forms strong interactions with HSP90,
and inhibition of HSP90 by geldanamycin induces rapid protea-
some-mediated degradation of ERBB2 (3–5). Thus, amino acid
sequences or structural features conserved in close family mem-
bers are unlikely to be primary determinants for chaperone rec-
ognition, which is not surprising given that protein kinases repre-
sent a fraction of HSP90 clients (6). Instead, it appears that HSP90
recognizes kinases in a particular conformation. Reduced binding
of HSP90 to the tyrosine kinase BCR-ABL was observed not only
in the presence of imatinib, a nonhydrolyzable ATP analog inhib-
itor of ABL, but also with compounds that allosterically locked

kinase domain conformations into either active or inhibited
states, suggesting that HSP90 does not bind to a particular site but
rather recognizes kinases as they become thermally and confor-
mationally unstable (2). Structural evidence suggests that cochap-
erone CDC37 directly competes with nucleotide or analog inhib-
itors for binding to BRAF, ERBB2, and EGFRG179S, highlighting
the importance of the ATP cleft for chaperone recognition (7).
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Kinase catalysis is a dynamic process regulated by both intrin-
sic and extrinsic signals. In the oncogenic tyrosine kinase fusion
nucleophosmin-anaplastic lymphoma receptor tyrosine kinase
(NPM-ALK) model, downstream kinase AKT displayed increased
activity as well as an increased dependency on HSP90 for its sta-
bility (8). This model suggests that attributes of AKT associated
with its activity are recognized by the chaperone complex and is
consistent with previous and striking observations that numerous
cancer-promoting kinases, whether activated through mutation,
aberrant upstream activation, or gene upregulation, are more de-
pendent on HSP90 activities than their counterparts in normal
cells (9). As a result, pharmacological inhibition of HSP90 has
been exploited as a potential cancer treatment strategy (10–12) to
selectively inactivate oncogenic kinases that are HSP90 clients (13,
14). In contrast to the use of specific kinase inhibitors to treat a
specific type of tumor, the indirect approach of targeting onco-
genic kinases via HSP90 inhibition does not require the identifi-
cation of key tumor-promoting kinases for the intended cancer
types. This is because cancer-promoting kinases rely on catalytic
efficiency and therefore support from chaperones (14).

Unfortunately, the transient nature of the interaction between
kinases and HSP90 often hinders the mechanistic study of their
dynamic interplay in normal physiology and in malignancy. Co-
immunoprecipitation does not capture transient interactions, and
for stable complexes, it can only measure the average binding
strength of a population of HSP90 and kinase molecules at partic-
ular yet unspecified states of activity. Therefore, a different param-
eter to assess HSP90 dependency is often used, which is the rate of
kinase degradation through the ubiquitin proteasome pathway
following HSP90 inactivation (2, 3, 15, 16). The key determinant
in the action of chaperone binding for kinase degradation remains
unclear.

This study started from a striking and unexpected observation
that wild-type glycogen synthase kinase 3� (GSK3�WT) did not
bind HSP90 but a kinase-dead (KD) mutant (GSK3�K85A) with an
impairment to an ATP-anchoring nucleotide formed a stoichio-
metric interaction with HSP90, suggesting that HSP90 recognized
attributes in GSK3� that were associated with distinct nucleotide
states that may even appear transiently during its natural catalytic
cycle. We then performed an extended study to compare HSP90
binding and kinase stability for �130 stably transfected and/or
endogenous kinases. From this, we confirmed that there is no clear
link between binding and stability. Importantly, we showed that
kinase stability is cell context dependent, suggesting that the effect
of HSP90 inhibition varies between cell types and conditions. We
performed a proof-of-principle proteomic screen to monitor ki-
nase levels after HSP90 inhibition by measuring differences in
kinase capture by ATP analogs (Kinobeads) and changes in the
phosphoproteome. This screen, in DLD-1 cells, was intended to
profile kinase dependency on HSP90 in an unbiased manner and
can subsequently be extended to characterize individual tumor
types, with the anticipation that such an index may ultimately
provide useful guidance for finding candidate tumor-promoting
kinases.

MATERIALS AND METHODS
Cell lines and cDNAs. Human DLD-1, HEK293, Jurkat, and mouse NIH
3T3 cells were obtained from the ATCC. 17-AAG (17-N-allylamino-17-
demethoxygeldanamycin, a specific HSP90 inhibitor) was used at a 1 �M
concentration in cell media for 3 h unless otherwise indicated. GSK3 in-

hibitor CHIR99021 (Chiron, Emeryville, CA) was used at 2.5 �M in cell
culture media for 1 h. mTOR inhibitor rapamycin (from Sigma-Aldrich)
was used at 1 �M for 1 h. Wild-type and mutant (K85A and R96A) forms
of GSK3� were expressed from a pcDNA3 vector with an in-frame fusion
of the FLAG tag sequence at their carboxy termini. Site-directed mutagen-
esis was performed using the standard DpnI method, and results were
verified by sequencing of the region. These GSK3� constructs were used to
generate stable expression clones in DLD-1 and PC12 cells. GSK3� and
indicated point mutants were cloned using the Gateway system by follow-
ing the manufacturer’s standard protocol (Life Technologies Inc.) and
were transfected into the Flp-In T-Rex cell line to create stable cell lines
according to the manufacturer’s protocol. Kinases were cloned into pMX
pie pDEST 3X Flag and stably expressed in DLD-1 cells as described in
reference 17.

Antibodies. The anti-FLAG antibody was purchased from Sigma-
Aldrich, and anti-enhanced green fluorescent protein (anti-EGFP) an-
tibody (ab290) was from Abcam. Other antibodies were from a variety of
sources and included antibodies against the following: AKT (Cell Signal-
ing Technology; catalog number 9272), ASK1 (Santa Cruz; sc7931), BTK
(Santa Cruz; sc1108), CAK/DDR1 (Santa Cruz; sc532, C20), cyclin-de-
pendent kinase 2 (CDK2) (Santa Cruz; sc163, M2), CDK5 (Santa Cruz;
sc750, H291), CDK7 (Millipore; catalog number 06-377), CHEK1/CHK1
(Millipore; catalog number 04-207), EPHA2 (Santa Cruz; sc924, C20),
ERBB2 (Santa Cruz; sc1763, C20), FLT1 (Santa Cruz; sc9029, H225),
FLT4 (Santa Cruz; sc637, M20), FYN (Santa Cruz; sc434), GSK3 (Santa
Cruz; sc7291, 0011A), HCK (Santa Cruz; sc1428), insulin-like growth
factor receptor 1 (IGFR1) (Cell Signaling Technology; catalog number
3027), INSR (Santa Cruz; sc711, C19), c-KIT (Santa Cruz; sc168), protein
kinase CI (PKCI) (Santa Cruz; sc727, N20), PYK2/FAK2/PTK2B (BD Bio-
sciences; catalog number 610548), RAF1 (Santa Cruz; sc133, C12), RET
(Santa Cruz; sc13104), ROCK2/� kinase � (BD BioSciences; catalog num-
ber 610623), ROCK1 (Santa Cruz; sc5560, H85), SYK (Santa Cruz;
sc1077, N19), WEE1 (Santa Cruz; sc5285, B11), phospho-Tyr100 (Cell
Signaling Technology; catalog number 9411), HSP70 (Santa Cruz; sc24,
W27), CAMKII (Santa Cruz; sc13082, H300), CHK2 (Santa Cruz; sc9064,
H300), CSK (Santa Cruz; sc286, C20), EPHA3 (Santa Cruz; sc919, C19),
EPHA4 (BD Biosciences; catalog number 610471), EPHA5 (Santa Cruz;
sc927, C16), ERBB3 (Santa Cruz; sc285, C17), ERBB4 (Abcam; ab32375),
extracellular signal-regulated kinase 1 (ERK1)/mitogen-activated protein
kinase (MAPK) and ERK2/MAPK (Santa Cruz; sc93, C16), FAK/PTK2
(BD Biosciences, catalog number 610088), fibroblast growth factor recep-
tor 1 (FGFR1) (Cell Signaling Technology; catalog number D38B1), FLK1
(Santa Cruz; sc6251, A3), c-FMS (Millipore; catalog number 06-457),
LCK (Millipore; catalog number 05-435), LYN (BD BioSciences; catalog
number 610003), Jun N-terminal protein kinase (JNK; MAPK8, MAPK9,
and MAPK10) (Santa Cruz; sc571), MEK1 (Santa Cruz; sc219, C18), h-
MET (Santa Cruz; sc10, C12), p38 (Cell Signaling Technology; catalog
number 9212), p70S6K (Cell Signaling Technology; catalog number
9202), p110-PI3K (Santa Cruz; sc8010, D4), PAK1 (Cell Signaling Tech-
nology; catalog number 2602), PDGF� (Santa Cruz; sc432), PKCzeta
(Santa Cruz; sc216, C20), B-RAF (Santa Cruz; sc166, C19), SRC (Cell
Signaling Technology; catalog number 2108), c-YES (Santa Cruz; sc14),
ZAP70 (Santa Cruz; sc574), pTyr/4G10 (Millipore; catalog number 05-
321), HSP90 (Santa Cruz; sc13119), CDC37 (Santa Cruz; sc17758, C11),
tubulin/DM1A (Abcam; ab7291), and actin (Abcam; ab3280, C4).

SDS-PAGE and Western blotting procedures. Immunoprecipitation
(IP) samples were harvested from cultured cells lysed in NP-40 lysis buffer
containing 1% NP-40, 150 mM NaCl, 50 mM Tris (pH 7.5), 1 mM dithio-
threitol (DTT), and protease and phosphatase inhibitor cocktails from
Sigma-Aldrich. Total cell lysates were harvested by direct lysis of the cells
with SDS sample buffer. Colloidal Coomassie (trade name, GelCode Blue;
Thermo Scientific) was used to visualize total protein bands by SDS-
PAGE. Western blotting was conducted by following the standard proto-
col, and commercial primary antibodies were used according to the man-
ufacturers’ recommendations unless indicated otherwise.
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MS. A gel-based mass spectrometry (MS) method for protein identi-
fication was performed as previously reported (18). For stable isotope
labeling by amino acids in cell culture (SILAC), isotopic versions of argi-
nine and lysine (“heavy” [H], L-[13C6, 15N4]arginine and L-[13C6 and
15N2]lysine; “medium” [M], L-[15N4]arginine and L-[2H4]lysine; and
“light” [L], [12C]arginine and [14N]lysine) were purchased from Sigma
Isotech. Cells were cultivated in RPMI media deficient in arginine and
lysine (Caisson Lab), 10% dialyzed fetal bovine serum (FBS; Gibco), pen-
icillin-streptomycin (Gibco), and SILAC arginine and lysine (50 mg/li-
ter). After 7 passages, �99.5% cellular proteins were labeled with the
desired Lys and Arg combinations. At this point, cells were either treated
with HSP90 inhibitor 17-AAG for 3 h or left untreated. For kinase enrich-
ment, cells were lysed in NP-40 lysis buffer, the lysates from the three
SILAC conditions were combined, and kinases were purified using Kino-
beads and subjected to trypsin digestion (19). The phosphoproteomics
profiling was performed according to our previous report (20). Briefly,
cells from the 3 SILAC conditions were lysed in lysis buffer (50 mM Tris-
HCl [pH 7.4], 150 mM NaCl, 1% NP-40, protease inhibitor cocktail
[complete mini; Roche], and phosphatase inhibitor cocktail [PhosSTOP;
Roche]), and the lysates were combined. The lysate was then precipitated
in �20°C acetone and resolubilized in 8 M urea sample buffer (8 M urea,
20 mM HEPES [pH 8], 1 mM sodium orthovanadate, 2.5 mM sodium
pyrophosphate, 1 mM �-glycerophosphate). Tryptic digestion was con-
ducted in 2 M urea, and the peptides obtained were fractionated by
strong-cation exchange chromatography following by titanium dioxide
enrichment (GL Sciences). The enriched peptides were analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) on a high-res-
olution mass spectrometer (Orbitrap Velos by Thermo Scientific). For
both analyses, raw spectra were processed using the open-source software
MaxQuant, with a false-discovery rate set at 1% (http://www.maxquant
.org; parameters are listed in Tables S2 and S3 in the supplemental
material) (21). Only peptides with a MaxQuant posterior error
probability [PEP] of �0.01 were retained for further analysis. Corrections
for labeling inefficiencies and proline-to-arginine conversions were
performed as previously described (29). For each peptide, three pairwise
intensity ratios from the L, M, and H channels were obtained, reflecting
the relative ratio in the amount of the peptide from the three treatment
conditions. This three-channel design to measure the two states of the
cells—treated versus not treated with 17-AAG—was intended to serve as
internal controls for deriving statistical significance to distinguish
technical variation. Only reproducible peptides whose deviations between
the log2 H intensities and log2 L intensities were below 1 (which is
equivalent to removing data outside �1.2 standard deviations of the
log2 ratios) were retained. For the enrichment with Kinobeads,
proteins with at least 2 distinct peptides were retained and any protein
whose median ratio of 17-AAG-treated to untreated cells was outside
the 5th or 95th percentile was considered significant. Reproducibility
was assessed by quantile-to-quantile comparison of log10 intensities (M
versus L and H versus M) and calculating the correlation coefficient
between the median H/M and L/M log2 ratios on the common proteins
identified in two separate experiments with reversed labeling (17-AAG
treatment in the M channel or control in the M channel). For the
phosphoproteome analysis, we used, as estimation of the noise, the 5% to
95th percentiles of the distribution of the log2 ratios of 17-AAG-treated to
untreated cells for unphosphorylated peptides lacking phosphorylatable
residues (no S, T, or Y amino acids). The median ratio of any
phosphopeptide that was outside this range was considered significant.

MS data. Raw MS data are available through the MassIVE Web
portal (http://massive.ucsd.edu; MassIVE code MSV000078989 for
FLAG-tagged kinases in Fig. 2 and code MSV000079445 for global
analysis in Fig. 5).

RESULTS
A kinase-dead mutant of GSK3� is constitutively associated
with HSP90. GSK3 family kinases mediate key signaling pathways

that are implicated in a broad range of human diseases, such as
cancer and neurodegenerative and metabolic disorders (23). To
identify novel interactors of GSK3�, we performed immunopre-
cipitation (IP) of GSK3�, followed by mass spectrometry to
identify bound proteins. We stably expressed a FLAG-tagged
GSK3�KD, carrying a lysine 85-to-alanine (K85A) substitution of
an ATP-anchoring residue, in the colorectal cancer cell line
DLD-1 in the hope that a kinase-dead mutant would act as a sub-
strate trap. The eluate of the GSK3�K85A complexes was resolved
and then visualized by SDS-PAGE (Fig. 1A). Compared to a sim-
ilar assay performed for 14-3-3ε, GSK3�K85A had a minimal num-
ber of binding partners: a dominant �90-kDa protein band con-
firmed by mass spectrometry as HSP90	 and HSP90� chaperone
proteins and an additional band that was identified as HSP90 co-
chaperone protein CDC37. To exclude the possibility that the in-
teraction is DLD-1 cell specific, we stably expressed a tetracycline
(Tet)-inducible FLAG-GSK3�K85A in rat pheochromacytoma-de-
rived PC12 cells. As the expression of GSK3�K85A was induced by
Tet, we saw a corresponding increase in binding partners HSP90	
and HSP90� and CDC37 (Fig. 1B). Similar to the case with DLD-1
cells, GSK3�K85A bound HSP90 at an approximate 1:1 ratio. In a
striking contrast, the wild-type (WT) GSK3� bait stably expressed
in DLD-1 cells did not bind the chaperones (Fig. 1C). As a control,
we confirmed through a series of in vitro kinase assays using gly-
cogen synthase peptide (GS) or myelin basic protein (MBP) as a
substrate that GSK3�K85A, but not the WT, lacked catalytic activ-
ity (Fig. 1D). Interestingly, when overexpressed in a transgene
transfection system, GSK3�WT was able to bind HSP90, albeit at a
much reduced level compared to that of the kinase-dead mutant,
which remained tightly associated with HSP90 at an �1:1 ratio
(Fig. 1E). Out of a concern that this may have been a result of
inadvertent protein misfolding due to overexpression, in subse-
quent experiments, all kinases were expressed either endoge-
nously or from stable transfections.

Given the contrast between GSK3�WT and its kinase-dead
counterpart, we next tested if this was a more general phenome-
non. We repeated the experiment on an unrelated serine/threo-
nine kinase, AKT1 (also termed PKB	), that is known to bind
HSP90 (24). AKT1WT and the catalytically inactive mutant
AKT1K179A were observed to bind HSP90 at similar levels, albeit
reduced compared to those of GSK3�K85A (Fig. 1F). Recognizing
that GSK3� is distinct in its differential binding between wild-type
and kinase-dead forms from at least one other kinase, we wanted
to further characterize the binding of GSK3� to HSP90. We stably
expressed a panel of EGFP-tagged GSK3� mutants in DLD-1 cells:
the K85M (a variant of K85A), K183M, N186A, D200A, and
E226A mutants, which are known based on structural evidence to
affect nucleotide binding or transfer (25). A substitution of the
activation loop autophosphorylation residue (Y216F) that ren-
ders GSK3� inactive (26) was also included. All these mutants
bound HSP90 and CDC37 to various degrees, with strong binding
by the K85M, N186A, E226A, and D200A mutants and weaker
binding of the K183M and Y216F mutants (Fig. 1G). As before,
there was no binding observed for the WT or for an R96A mutant
that has normal activity as indicated by Y216 phosphorylation but
has an altered substrate specificity (27). All HSP90-binding
GSK3� mutants tested were unable to autophosphorylate Y216,
consistent with them being kinase dead (Y216F was previously
shown to have no activity [26]). To see if the binding to HSP90 was
due to a potential steric effect in nucleotide binding that forced the
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FIG 1 GSK3� kinase-dead mutants, but not wild-type kinase, form stable complexes with HSP90. (A) Stably expressed FLAG-tagged GSK3�K85A/KD and
FLAG-tagged 14-3-3ε were immunoprecipitated from DLD-1 cells, and the immunoprecipitates were resolved by SDS-PAGE. Bait (asterisks) and coprecipitat-
ing proteins were visualized by Coomassie staining. Proteins identified by mass spectrometry in the FLAG-tagged GSK3�K85A/KD immunoprecipitate are labeled.
(B) GSK3�K85A, stably expressed under a tetracycline (tet)-inducible promoter, in PC12 cells also formed a stoichiometric complex with HSP90 and CDC37.
Bands labeled as HSP90 and CDC37 were confirmed by mass spectrometry. (C) Stably expressed wild-type GSK3� (WT) did not bind HSP90 in DLD-1 cells. (D)
Kinase assays confirmed the absence of GSK3�K85A activity toward in vitro substrates as measured by 32P-labeled MBP and GS. (E) Under transient-overexpres-
sion conditions, GSK3�K85A interacted with HSP90 in DLD-1 cells in an approximately 1:1 ratio, while wild-type GSK3b also bound HSP90 at a reduced but
detectable level. (F) FLAG-tagged AKT1WT or KD AKTR179A was stably expressed in DLD-1 cells. Visualization of coprecipitating proteins by Coomassie staining
showed no difference between WT and KD mutant AKT1 in binding HSP90. (G) EGFP-tagged GSK3� WT and a series of mutants were created and stably
expressed in DLD-1 cells. Following anti-EGFP precipitation, their activities were measured by in vivo autophosphorylation of GSK3� on Y216. Binding of
HSP90 and CDC37 was determined by comparing band intensities of Coomassie and Western blot protein bands. Wild-type and GSK3� R96A have
similar activities, as measured by Y216 phosphorylation, but do not bind HSP90 or CDC37. (H) DLD-1 cells expressing EGFP-GSK3�WT were either left
untreated (�) or treated with mTOR inhibitor rapamycin (RAPA) or GSK3-specific inhibitor CHIR99021 (CHIR). Following anti-EGFP IP of GSK3� and
SDS-PAGE, major interacting proteins HSP90 and CDC37 in the CHIR99021-treated cell samples were visualized by Coomassie staining. (I) Treatment
of the GSK3bK85A-expressing cells by adding 17-AAG to the culture medium drastically reduced the levels of HSP90 in the GSK3bK85A IP.
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kinase into an altered state, we inhibited EGFP-GSK3�WT with a
nucleotide analog, GSK3-specific inhibitor CHIR99021. Treating
the cells with CHIR99021 promoted HSP90 and CDC37 binding
of GSK3�WT (Fig. 1H). No binding was observed from buffer or
rapamycin treatment where GSK3�WT was active as measured by
Y216 phosphorylation. Thus, HSP90-CDC37 formed a stable as-
sociation with GSK3�WT when the nucleotide analog perma-
nently bound the active site, thus locking GSK3� in a conforma-
tion that prevented the release of HSP90. Although we did not
directly measure the nucleotide binding status of these mutants,
the differences in HSP90 binding capacity among the kinase-dead
mutants suggests that steric attributes associated with activity in-
fluence chaperone binding or release. HSP90 inhibition by 17-
AAG (17-N-allylamino-17-demethoxygeldanamycin, a specific
HSP90 inhibitor) treatment of the cells resulted in reduced levels
of stable HSP90-GSK3�K85A interaction and, to a lesser extent,
reduced expression of kinase-dead GSK3�K85A likely due to pro-
tein degradation (Fig. 1I), a well-known phenomenon for kinase
clientele requiring HSP90 activities in cells.

Sensitivities of protein kinases to HSP90 inhibition. Given
the differences seen between GSK3� and AKT1, we wanted to
more globally investigate the extent of kinase-HSP90 interactions
in the human kinome. We had previously investigated kinase in-
teraction networks in the human DLD-1 colorectal adenocarci-
noma cell line by stably expressing a subset of human protein
kinases as N-terminal triple FLAG tag fusions and performing
immunoprecipitation followed by mass spectrometry to identify
interacting proteins (17). This subset of kinases represented all
major branches of the human kinome tree, except the receptor
tyrosine kinase family. Endogenous HSP90	 and -�, as well as
CDC37, were present in 68 out of the 91 kinase precipitants (Fig. 2
and 3; see also Table S1 in the supplemental material). The uni-
que peptide count, from a combined search of two replicates, is
an approximate measure of HSP90 and CDC37 binding. Lim
domain kinase 2 (LIMK2) had the highest associated counts for
HSP90	 and -� and CDC37, at 62, 38, and 34, respectively.
Twenty-three kinases, including GSK3� (expressed in this
study in its wild-type form), did not bind any of the three
chaperones. The number of unique peptides for CDC37 tended
to increase with the number of peptides identified for the
HSP90s, consistent with CDC37 specifically mediating HSP90
interactions with kinase clientele.

To further test the HSP90 dependency of this subset of protein
kinases using the kinase degradation parameter, we performed a
time course analysis on the stably transfected kinase cell lines fol-
lowing treatment with 17-AAG. Kinases that depend on HSP90
for stability generally undergo degradation in the presence of the
inhibitor. For each cell line, lysates from 0, 3, 6, and 20 h of 17-
AAG treatment were collected and subsequently subjected to anti-
FLAG Western blotting to detect kinase levels (Fig. 2). Antiactin
blots served as loading controls, and anti-HSP70 blots confirmed
the cellular response to 17-AAG, as HSP90 inhibition increases
HSP70 transcription through heat shock transcription factor 1
(HSF1) transactivation (28) (representative control blots for apo-
ptosis-associated tyrosine kinase [AATK]-expressing cells are
shown in Fig. 2A). Thirty-one out of 95 kinases (33%) exhibited
decreased expression following treatment (Fig. 2A). The remain-
ing �67% appeared stable in abundance (Fig. 2B) or could not be
distinctively classified (Fig. 2C). It is important to note that this
analysis provides only an approximate measurement of stability

because the level of kinase expression is the net result from degra-
dation and the rate of protein synthesis during the course of ob-
servation. Although the latter is less problematic in a stable trans-
fection system, its effect cannot be discounted. Overall, there was
no significant correlation between kinases that bind HSP90 and
their stability in its absence (Fig. 3A) (Fisher exact test; P 
 0.608).
Some kinases (e.g., beta adrenergic receptor kinase 1 [ADRBK1],
inhibitor of �B kinase beta [IKBKB], inhibitor of �B kinase epsi-
lon [IKBKE], and protein tyrosine kinase 6 [PTK6]) displayed
strong binding to the chaperones as measured by mass spectrom-
etry but were not susceptible to HSP90 inhibition in terms of their
protein stability (Fig. 2). Conversely, there was a subset of kinases
whose expression was sensitive to 17-AAG treatment (e.g., ABL1,
LIMK1, and checkpoint kinase 1 [CHEK1]) that displayed poor or
no HSP90 binding. Thus, in this set of 91 representative kinases,
we did not observe an apparent link between a kinase’s strength of
binding to HSP90 and its susceptibility to 17-AAG-induced desta-
bilization.

Kinases whose expression decreased upon HSP90 inhibition
were spread across families, with the CDK, MAPK, GSK3 and CLK
(CMGC) kinases showing the least change in expression (1 out of
13 tested) and the AGC kinases showing the most (6 out of 16
tested) (Fig. 3B). Fifteen out of 16 members of the PKA, PKG, and
PKC (AGC) family bound to HSP90, whereas only 3 out of 7 of the
STE family bound, suggesting possible differences between kinase
families (Fig. 3B). Within kinase families, we observed that some
closely related kinases had distinct patterns in their affinities for
binding to HSP90, such as LIMK1 and LIMK2 (2 and 62 peptides,
respectively, for HSP90	) as well as Janus kinase 2 (JAK2) and
JAK3 (3 and 49 peptides, respectively, for HSP90	), suggesting
that any distinction between families is not at the primary
amino acid level. These observations were consistent with the
findings of other kinome-wide studies of kinase-HSP90 inter-
actions (2, 3), suggesting that unspecified intrinsic properties
other than the primary amino acid sequence of the kinases are
the true determinants for HSP90 chaperoning.

Cell-specific responses of kinases to HSP90 inhibition. To
further pursue the relationship between kinases and HSP90, we
investigated kinase responses to 17-AAG across different cell types
and when exposed to different cell conditions. We studied endog-
enous kinases by immunoblotting in four cell lines: HEK293 from
human embryonic kidney, Jurkat T, and DLD-1 and mouse NIH
3T3 fibroblasts. In total, about 150 antibodies against �100 en-
dogenous kinases were tested on the same panel of cell lysates, of
which 54 recognized bands of the expected molecular weights for
the intended kinases (Fig. 4). Kinase expression levels after 20 h of
17-AAG treatment were compared to those with no treatment
across all four cell lines. As expected for effective 17-AAG treat-
ment, HSP70 levels markedly increased following inhibitor treat-
ment (there was no signal for mouse NIH 3T3 cells, as the
monoclonal HSP70 antibody does not recognize mouse
HSP70). The amounts of HSP90 and CDC37 as well as control
proteins inositol 1,4,5-trisphosphate receptor type 3 (IP3R),
tubulin, and actin did not change upon treatment, suggesting
that protein degradation following 17-AAG treatment is not a
general phenomenon.

The survey revealed that the stability of 26 of the 54 kinases was
insensitive to treatment across all four cell types (Fig. 4). Of the
other 28 kinases whose protein levels were decreased, 15 exhibited
cell-type-specific differential response (destabilized kinases are
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marked in red boxes), and this number would likely be higher if
more cell lines had been tested, as several kinases (e.g., Bruton
agammaglobulinemia tyrosine kinase [BTK] and spleen tyrosine
kinase [SYK]) were expressed in only 1 cell line. This observation
was particularly interesting because it again suggested that the
determinants for HSP90 dependency are beyond the primary se-
quence of a kinase.

Proteomic profiling of kinase response to HSP90 inhibition.
As the dependency of individual kinases on HSP90 can vary be-
tween cells, it follows that an individual cell’s kinome can be dif-
ferentially affected by HSP90 function. Thus, it is possible that a
collective kinome stability profile could be used to index a cell’s
state with respect to HSP90 function. As tumor cells subvert reg-
ulatory pathways to confer proliferation and survival advantages,

FIG 2 HSP90 binding capacity and stability of protein kinases following 17-AAG treatment. Selected cytoplasmic protein kinases were individually tagged
with an N-terminal FLAG and stably expressed in DLD-1 cells. Results from anti-FLAG Western blotting of cell lysate following a time course of 17-AAG
inhibition are shown at the left of each panel (gel images were from a single experiment of cell treatment). Following anti-FLAG IP of the kinases from cell
lysate, interacting proteins were identified by LC-MS/MS. The unique peptides identified by mass spectrometry for HSP90	, HSP90�, and CDC37 are
shown at the right of each panel. For each membrane, anti-�-actin and anti-HSP70 blots were included as controls for sample loading and cellular
response to inhibitor (representative control blots for AATK are shown). Kinases presented in panel A showed decreased expression upon 17-AAG
treatment, while those listed in panel B remained at a constant expression level. (C) FLAG-tagged kinases whose stability after 17AAG treatment was
inconclusive. These kinases are indicated as unclassified in Table S1 in the supplemental material.
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their state of malignancy could be distinctively achieved, or at least
supported, through changes in activation status of particular ki-
nases (22). This proposed index of HSP90 dependency may pro-
vide guidance on tumor type-specific pathways mediated by
kinases with high catalytic activities. We employed mass spec-
trometry to measure changes in the abundance of endogenous
kinases and phosphopeptide substrates after HSP90 inhibition
(Fig. 5A).

DLD-1 cells were grown in SILAC (stable isotope labeling by
amino acids in cell culture) medium. Before lysis, cells from three
labeling channels (light, medium, or heavy, depending on incor-
porated stable isotopes) were treated with 17-AAG for 3 h or left
untreated (Fig. 5A). Endogenous kinases were enriched by bind-
ing to ATP analogs linked to Sepharose beads (Kinobeads) (19).
After protein digestion, the samples were analyzed by mass spec-
trometry and spectral peak intensities were quantified using Max-
quant (see Table S2 in the supplemental material). Only proteins
with at least 2 distinct peptides with posterior error probabilities
of �0.01 were retained. Corrections were made for nonincor-
porated label or arginine-to-proline conversions (29), nonre-
producible outliers were removed, and the values from two
independent experiments were combined (Pearson correlation
coefficient [R2] 
 0.54). We quantified 232 proteins, of which
77 were protein kinases. Mean ratios and standard deviations
were then determined for 17-AAG treatment versus nontreat-
ment conditions. Any protein outside the 5th or 95th percentile
was considered to be significantly changed in its abundance. Dif-
ferences in amounts of kinase binding to the Kinobeads reflect a
change in either their expression or their activity (30). Sixteen
showed significant decreases (Fig. 5B), with bone morphogenetic
protein receptor type 1A (BMPR1A), JAK1, discoidin domain re-
ceptor tyrosine kinase 1 (DDR1), Eph receptor B3 (EPHB3), and
EPHB6 showing the most reduced abundance. Only one kinase,
NIMA-related kinase 2 (NEK2), showed a significant increase in
Kinobead binding after 17-AAG treatment. This increase has been
previously reported and is thought to be due to the arrest of these
cells at the G2/M boundary (31). In contrast, the relative protein
abundance of non-protein kinases from treated and untreated

cells was more balanced, with 2 proteins showing decreased abun-
dance and 5 showing increased abundance, including HSP70 fam-
ily members HSPA8 and HSPH1 (see Fig. S1A in the supplemental
material). Expanding this proteomics workflow to other cell lines
would start to build cell-specific indices of kinase stability in re-
sponse to HSP90 inhibition.

In a similar manner, we conducted a global phosphoproteomic
analysis to determine if the impact on kinases was reflected in the
levels of protein phosphorylation. We employed strong cation-
exchange (SCX) fractionation and TiO2 to enrich phosphopep-
tides that were identified and quantified by mass spectrometry
(Fig. 5C; see also Table S3 in the supplemental material). After
data correction and outlier removal as described above for the
Kinobeads, the ratios of treated to untreated phosphopeptides
for the replicates were plotted (Fig. 5C) (R2 of 0.63). The data
points were shifted from the center at 0/0 toward the double-
negative direction, indicating a general reduction of the cellu-
lar phosphoproteome. The red box in Fig. S1B approximates
the 95th percentile of copurifying unphosphorylated peptides
that lack phosphorylatable residues. Phosphopeptides outside
this box were considered significant. Of the 1,150 quantified
phosphorylation sites, only 1 (Ser377 on BCL2-associated
athanogene 3 [BAG3]) was significantly increased (see Table
S3). BAG3 is a cochaperone of the stress-induced HSP70 pro-
tein (32) whose expression was increased after 17-AAG treat-
ment (Fig. 4; see also Fig. S1A). In contrast, HSP90 cochaper-
one CDC37 showed decreased phosphorylation on Ser13.
Ser13 is required for the binding of CDC37 to kinase clients
and for HSP90 to form high-affinity stable complexes with its
kinase clients (33). An additional 115 phosphopeptides also
decreased upon 17-AAG treatment. This overall trend of de-
creased phosphorylation was likely due to the expression levels
and perhaps the activities of protein kinases being negatively
impacted by HSP90 inhibition. Ten of the phosphopeptides
with attenuated phosphorylation were from protein kinases
(Fig. 5C; see also Table S1). Ser1054 on tyrosine kinase ERBB2
had a 4-fold decrease. Activity of ERBB2 is associated with
tumorigenesis (34); therefore, it is interesting to observe this

FIG 3 Distribution of kinases in the HSP90-binding versus nonbinding and stable versus unstable categories. (A) The numbers of kinases are plotted according
to their expression levels after 17-AAG treatment, separated by whether they bound chaperones (see Table S1 in the supplemental material). (B) The percentages
of kinases within each kinase group that bound to chaperones or showed decreased expression levels after 17-AAG treatment are graphed. The number above
each kinase group represents the number of kinases in each category. The atypical kinase group was not included, as there was only one member.
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FIG 4 Individual kinases’ differential responses to 17-AAG are cell type dependent. Endogenous kinases plus the indicated control proteins in four cell lines
(HEK293, Jurkat T, DLD-1, and NIH 3T3) were detected by Western blotting after the cell lines were treated or not with 17-AAG for 20 h. Kinases showing either
increased or decreased abundance in a cell line are highlighted in red boxes (and presented in the left panel). Kinases with unchanged expression upon 17-AAG
treatment are marked with blue boxes. In cases in which no sensitivity was observed across all four cell lines, the proteins are shown on the right panel. In cases
in which an individual kinase responded to 17-AAG in some, but not all, of the four cell types, the kinase is marked with an asterisk and the lanes are marked with
mixed boxes of blue and red colors. The cell lysates used for each antibody blotting were aliquoted from the same master set harvested from a single
experiment of inhibitor treatment. Some antibodies cross-reacted with multiple kinase targets, often closely related homologs, such as AKT (for at least
AKT1 and -2), and GSK3 (both 	 and � isoforms [lower and upper bands, respectively, on the blot]) (see Table S1 in the supplemental material for
details).
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marked change in ERBB2 phosphorylation upon HSP90 inhi-
bition, although we cannot exclude the possibility that this was
due to the reduction of ERBB2 protein levels. Thr693 on EGFR
was also significantly decreased. Phosphorylation at this site is
required for internalization of EGFR after EGF stimulation
(35). Thus, in additional to defining global trends in phospho-
proteome changes, this analysis can start to uncover functional
relevancies of individual phosphosites.

DISCUSSION

Despite intensive research using various model systems, the exact
mechanism for how the HSP90 chaperone dynamically engages its
kinase clients remains unclear (36, 37). Serendipitously, we ob-
served a striking all-or-nothing switch between GSK3�K85A, a mu-
tant with impaired ATP binding, and the active wild-type kinase
in their ability to stably bind HSP90 and the CDC37 cochaperone.
GSK3bK85A and five other KD mutants (in contrast to the WT and
the catalytically active R96A mutant) formed stable associations
with HSP90. As HSP90 has previously been shown to be required
transiently for GSK3 activation (38), we reasoned that since these
KD mutants were unable to progress through their catalytic cycles,
they were permanently locked in a thermodynamically unstable
conformation that prevented the release of HSP90. Extending this
further, it is possible that in general, HSP90-CDC37 is directly
involved in facilitating nucleotide loading or exchange, or in cor-
recting steric imperfections, as a kinase actively goes through ATP
hydrolysis and phosphoric acid transfer cycles. Unlike most other
kinases that exhibit heterogeneous levels of activation within in-
dividual cells, GSK3� becomes fully activated immediately follow-
ing protein synthesis (38). Thus, GSK3� is expected to be a highly
productive kinase, constantly going through its catalytic cycle of
ATP uploading, hydrolysis, and phosphoric acid transfer, sub-
strate release, and ADP unloading, where the need for HSP90
would be high but its association temporary. Perhaps this distin-
guishes it from AKT, as wild-type AKT is often held inactive in the
cell and thus would not be such a striking contrast to its KD coun-
terpart.

An important experimental distinction in this study was that
all our observations were from either endogenous or stably ex-
pressed kinases, as opposed to transient expressions that were
used in other kinome-wide interaction studies of HSP90 (2, 3, 39).
We made this choice after we compared HSP90 binding results for
GSK3� from stably expressed versus transient overexpressed
models. Because HSP90 is directed toward misfolded proteins,
possibly through HSP70 as a cochaperone (40), it is important to
separate the general folding functions of HSP90 from its specific
regulatory functions on kinases. Transient expressions due to the
level of overexpression tend to produce proteins that are poorly
folded. We showed stably expressed GSK3� forms giving a clear-
cut all-or-nothing binding of HSP90, while there was a substantial
background level binding with transient transfected GSK3�WT

(Fig. 1D).
For the FLAG-tagged kinases, we compared the two parame-

ters for measuring HSP90 dependency: static binding strength in
coimmunoprecipitation and time-dependent degradation of the
kinases following HSP90 inhibition (Fig. 2). We did not observe a
correlation between these two parameters, consistent with a pre-
vious study (2), confirming that these two methods captured dis-
tinct properties of HSP90 function. In our survey of 167 kinases
(see Table S1 in the supplemental material), either in stably ex-

pressed forms (95 in Fig. 2) or in their endogenous forms (54 in
Fig. 4 and 77 in Fig. 5), a total of 66 kinases displayed decreased
stability in response to HSP90 inhibition. We also observed that
for an individual kinase, degradation following HSP90 inhibition
can be cell type dependent, suggesting that the contextual state of
the kinase, instead of its intrinsic sequence properties, is targeted
by HSP90. It was to our surprise that direct measure of HSP90
kinase-stable interactions by coimmunoprecipitation correlated
poorly with 17-AAG-induced degradation responses (Fig. 2).
With the caveat that protein synthesis over the time course of
HSP90 inactivation may influence kinase expression levels or that
the kinase may form aggregates (2), this suggests a more complex
regulation than simply increased kinase stability reflecting a con-
comitant increase in HSP90 binding.

It has been proposed that HSP90-CDC37 associates with in-
trinsically unstable kinases, and by stabilizing the kinases with
small molecular inhibitors, HSP90 association is often decreased
(2). Interestingly, this decrease in association can lead to kinase
degradation, which may be one route by which kinase inhibitors
are effective as therapeutics (14). GSK3� seems to be an exception
to this model, as its specific inhibitor CHIR99021 stabilized the
association with both HSP90 and CDC37 (Fig. 1H). Whereas ki-
nase inhibitors tend to be directed toward a particular tumor type,
HSP90 inhibitors can target overproductive kinases in a wide va-
riety of tumors. Since individual kinases can exhibit cell context-
dependent responses to 17-AAG, as shown here, then it follows
that each tumor type, or even individual tumors, would have a
distinct kinome profile of HSP90 dependencies. Therefore, creat-
ing an index of these profiles might prove relevant to understand-
ing response to therapies involving HSP90 inhibition. The ad-
vancements of proteomic tools have certainly made it possible to
create these profiles, as shown in our experimental example (Fig.
5). In addition, since HSP90 inhibitors simultaneously inhibit
multiple signaling pathways on which cancer cells depend for
growth and survival, it has been speculated that HSP90 inhibitor
response of kinases can validate the proteins as suitable molecular
targets for anticancer drug development (14). Although we only
performed the kinome analysis of one cell line to show technical
feasibility of the proteomic workflow, we anticipate that there
would be considerable value in extending this analysis further as a
new metric for predicting cancer response to kinase inhibitor
drugs.
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