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and rebind HSP90. Finally, for some kinases the chaperone binding equi-
librium might not be achieved in the 1-h treatment we used. In any case, 
these factors should not change the EC50 values derived from the assay.

In all of the above experiments, the compounds were added to the 
growth medium for 1 h before cell lysis and the LUMIER assay. By 
contrast, the compounds had no effect on BCR-ABL–HSP90 interac-
tions if they were added after lysis (Supplementary Fig. 1). Under the 
assay conditions we employed, once the cells were lysed, the HSP90 
chaperone cycle was arrested owing to low temperature, the absence 
of nucleotides and the presence of molybdate, which is known to 
stabilize HSP90-client interactions1. Furthermore, it is unlikely that 
kinase inhibitors would bind the kinase when it is bound to HSP90 
in vitro; structural studies suggest that the kinase is partially unfolded 
when bound to the chaperone complex17. Thus, although the assay 
readout occurs in lysates, it reflects the folding state of the kinase 
in vivo before lysis. The assay thus effectively measures the thermo-
dynamic stabilization of the kinase fold in living cells.

Determining potencies of allosteric small-molecule modulators
Allosteric inhibitors may be preferable to ATP-competitive inhibitors 
because their binding sites show a larger structural variability than 
the conserved ATP-binding site and therefore present much greater 
opportunities for achieving specificity. The difficulty of developing 
assays that accurately reflect in vivo kinase regulatory interactions has 
greatly hindered efforts to develop allosteric inhibitors. We therefore 
tested the ability of the HSP90-kinase interaction to quantitatively 
assess the effects of two reported allosteric modulators of the ABL 
kinase: GNF-2 and DPH18,19. Both compounds bind the myristate-
binding (myr) pocket located in the C-terminal lobe of ABL (Fig. 3a), 
but they have opposing effects on ABL kinase activity—GNF-2 is an 
inhibitor, DPH an activator18,19.

Both GNF-2 and DPH displaced HSP90 from BCR-ABL with poten-
cies in close agreement with their reported cellular potencies against 
BCR-ABL–dependent proliferation18–20 (Fig. 3a,b). Notably, the  
T315I mutation, located in the ATP-binding cleft and far from the 

myr-pocket, did not affect the ability of either compound to displace 
HSP90. By contrast, a point mutation (P465S) located in the myr-
pocket virtually abolished the effect of GNF-2 and DPH on HSP90’s 
interaction with BCR-ABL (Fig. 3c,d). Consistent with this, P465S 
confers strong resistance against GNF-2 in vivo18.

Another mutation in the myr-pocket (E505K) responded differ-
ently to GNF-2 and DPH. The E505K:HSP90 interaction was not sen-
sitive to GNF-2, whereas it was sensitive to DPH (Fig. 3c,d). To date, 
no mutations have been reported to have distinct effects on allosteric 
modulators of ABL. To investigate the molecular basis of these results, 
we compared the published crystal structures of ABL bound to GNF-2 
and to DPH18,19. In the GNF-2–bound conformation, Glu505 is adja-
cent to the myr pocket, and E505K confers resistance against GNF-2 
in vivo (Fig. 3e)18. In the DPH-bound conformation, the αI helix 
is extended, moving Glu505 away from the binding site19 (Fig. 3f). 
Pro465 is located in the mouth of the binding pocket in both con-
formations. Thus, our chaperone assay not only yielded quantitative 
assessment of the allosteric drug target binding affinities, but also 
provided evidence for qualitatively distinct binding modes.

Expanding the scope of the chaperone assay
About 40% of human kinases do not associate with HSP90 (ref. 1), 
and therefore they cannot be currently assayed with our method. 
Might they be engineered to do so? In recognizing its clients, HSP90 
does not bind particular sequence motifs but, rather, associates with 
intrinsically unstable kinase conformations. Yet, to be recognized as 
clients, the kinases must still have a recognizable kinase fold1. Thus, 
mutations that globally destabilize the client would not likely work. 
We therefore introduced more strategic mutations into two human 
kinases that are normally at the limits of detection by our assay, 
SRC and EGFR. For EGFR, we engineered a mutation in the αC-β4  
loop (D770G), which was previously reported to increase EGFR-
HSP90 interaction21. For SRC, we introduced a mutation in an exposed 
glutamic acid residue at the end of the αE helix (E381K). In both cases, 
the mutation increased the kinase’s interaction with HSP90 and the 
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Figure 3 Characterizing allosteric ABL 
modulators with the chaperone interaction 
assay. (a–d) Analysis of kinase inhibitor 
potencies with the chaperone interaction 
assay. 3xFLAG-tagged native BCR-ABL and its 
mutant variants transfected 293T cells stably 
expressing Renilla luciferase-Hsp90 fusion 
protein. Cells were treated with increasing 
concentrations of inhibitors for 1 h before 
cell lysis and the LUMIER assay. Allosteric 
compounds GNF-2 (an inhibitor) and DPH 
(an activator) displaced HSP90 from both the 
native BCR-ABL and the gatekeeper mutant 
T315I (a,b). In contrast, mutations in the 
allosteric myristate-binding pocket had distinct 
effects on DPH and GNF-2 (c,d). P465S 
conferred resistance against both DPH and 
GNF-2, whereas E505K conferred resistance 
against only GNF-2. Error bars, mean ± s.d. 
(e,f) Structural analysis of ABL illuminates the 
distinct effects of myr-pocket mutations P465S 
and E505K on GNF-2 and DPH. In the GNF-2-
bound autoinhibited conformation (e), ABL1 αI 
helix (solid, champagne-colored helix) is bent 
90°, bringing Glu505 (cyan) into close proximity 
with the myristate-binding pocket where GNF-2 (magenta) binds. Pro465 (orange) is located in the mouth of the binding pocket. The structure is based 
on PDB entry 3K5V. In the DPH-bound conformation (f), αI (solid green helix) is extended and Glu505 (cyan) is solvent-accessible. In contrast, Pro465 
(orange) is in the same conformation as in the GNF-2 bound state. DPH, magenta. The structure is based on PDB entry 3PYY.
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destabilizing mutations in MAPK2K2 led to robust CDC37 inter-
action, which was disrupted by trametinib (Supplementary Fig. 8).

Finally, we assayed two that target the ABL1 myr-pocket, GNF-2 
and DPH. Again, ABL1 and BCR-ABL were the only kinases whose 
chaperone interactions were consistently affected by GNF-2 and DPH 
(Supplementary Fig. 9a and Supplementary Table 2). We also tested 
39 BCR-ABL variants that had been recovered in a screen for imat-
inib resistance28. All but one of these were affected by GNF-2 treat-
ment, but the extent of dissociation from HSP90 varied considerably 
(Supplementary Fig. 9b). Notably, nine of these variants had also been 
recovered in an independent screen for mutations that confer partial 
or full resistance to GNF-2 in vivo18. The GNF-2 resistant clones we 
profiled were less strongly displaced from HSP90 by GNF-2 than the 
remaining clones (P < 0.0001, Wilcoxon rank sum test; Supplementary 
Fig. 9b). The single variant whose interaction with HSP90 was not 
affected by GNF-2 (P439T/I502M) contained a mutation in the myr-
pocket and had not previously been tested for GNF-2 resistance. To 
test the resistance of this variant in a biologically meaningful setting, 
we used BaF/3 cells that had been oncogenically transformed with this  
variant and were dependent on it for growth and survival. Indeed, as 
predicted by our assay, these cells were more resistant to GNF-2 than 
cells transformed with the native BCR-ABL (Supplementary Fig. 9c).

These results provide in vivo validation for the notion that allosteric 
modulators are more specific than ATP-competitive kinase inhibi-
tors. Furthermore, the data show that drug-resistant variants can be 
predicted with high-throughput chaperone profiling.

Crizotinib is a potent inhibitor of ETV6-NTRK3
To demonstrate the translational value of our assay to uncover clini-
cally relevant secondary targets, we focused on crizotinib (Xalkori), a 
recently approved high-potency inhibitor of the ALK and MET tyro-
sine kinases29. We identified several other tyrosine kinases as poten-
tial secondary targets (Supplementary Table 2). Some of these had 
been identified as secondary targets previously by other methods but 
in vivo data existed for only a few5,7,30. To test the effect of crizotinib 
on the tyrosine kinase activity of the potential targets we identified, 
we assessed the autophosphorylation state of each kinase after a 1-h 
crizotinib treatment. As expected, crizotinib potently inhibited ALK 
autophosphorylation (Fig. 6a) as well as that of previously reported 
targets ABL1 and AXL (Supplementary Fig. 10). In addition, auto-
phosphorylation of the translocation fusion kinase ETV6-NTRK3 was 
also markedly reduced by crizotinib (Fig. 6a). Although wild-type 
NTRK3 was among the 146 previously reported in vitro targets of 
the drug5, ETV6-NTRK3 fusion has previously not been described 
as an in vivo target of crizotinib. Other targets (FES, TESK1, INSRR, 
EPHA2) were also affected by crizotinib, albeit only at higher con-
centrations (Supplementary Fig. 10). We also measured the EC50 of 
crizotinib for each target with the chaperone interaction assay. The 
potency of crizotinib in reducing kinase autophosphorylation and its 
potency in dissociating the kinases from HSP90 were in good agree-
ment (Fig. 6b and Supplementary Fig. 10).

Notably, crizotinib inhibited the ETV6-NTRK3 translocation 
fusion kinase in our assay even more potently (EC50: 85 nM) than 
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Figure 6 Crizotinib inhibits the  
ETV6-NTRK3 translocation fusion  
kinase. (a) 3xFLAG tagged ALK and  
ETV6-NTRK3 were transfected into  
293T cells. Cells were treated with  
indicated concentrations of crizotinib  
for 1 h before cell lysis and  
immunoprecipitation with anti-FLAG  
antibody. Kinase autophosphorylation  
was assessed with anti-phosphotyrosine  
antibody, and the efficiency of  
immunoprecipitation was measured  
with an anti-FLAG antibody. (b) Crizotinib  
potently disrupts the ETV6-NTRK3–HSP90 interaction. Indicated 3xFLAG tagged kinases were transfected into Renilla-Hsp90 cells and the cells were 
treated with increasing concentrations of crizotinib for 1 h before cell lysis and the LUMIER assay. Relative Hsp90 interaction values (no inhibitor = 1) 
were fitted to a three-parameter dissociation curve with Graphpad Prism. Error bars, mean ± s.d. (c) Crizotinib treatment led to decreased ETV6-NTRK3 
phosphorylation and downregulation of downstream MAPK-ERK signaling. MO91 cells were treated with indicated concentrations of crizotinib for 1 h. 
After cell lysis, ETV6-NTRK3 was immunoprecipitated from the lysate with an anti-NTRK3 antibody and kinase autophosphorylation status was assessed 
with a phosphotyrosine-specific antibody. The activity MAPK-ERK signaling, downstream of NTRK3, was tested with a phospho-Erk antibody. (d) MO91 
cells are exceedingly sensitive to crizotinib. MO91 cells were treated with increasing concentrations of the ALK inhibitors crizotinib and NVP-TAE684 
or with the ABL1 inhibitors imatinib and ponatinib or 48 h. Cell viability was measured with alamarBlue assay. Error bars, mean ± s.d. (e) Regression 
of MO91-TA xenografts upon crizotinib treatment. Sixteen nude mice were subcutaneously injected with 5 × 106 MO91-TA cells each. When the tumor 
size reached ~350 mm3, eight mice were treated with 50 mg/kg crizotinib and eight with vehicle only, using a gavage needle. Tumor size was measured 
with a caliper. (f) Immunohistochemical analysis of crizotinib-treated tumor xenografts. Crizotinib-treated tumors and control tumors were surgically 
removed from mice and stained with hematoxylin and eosin (left panel) or immunohistochemically stained for proliferation marker MIB1 (middle panel) 
or for Stat3 phosphorylation at tyrosine 705 (right panel).
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