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ABSTRACT: Hsp90 is an ATP-dependent chaperone of
widespread interest as a drug target. Here, using an LC-MS/
MS chemoproteomics platform based on a lysine-reactive ATP
acyl phosphate probe, several Hsp90 inhibitors were profiled
in native cell lysates. Inhibitor specificities for all four human
paralogs of Hsp90 were simultaneously monitored at their
endogenous relative abundances. Equipotent inhibition of
probe labeling in each paralog occurred at sites both proximal
to and distal from bound ATP observed in Hsp90 cocrystal
structures, suggesting that the ATP probe is assaying a native
conformation not predicted by available structures. Inhibitor
profiling against a comprehensive panel of protein kinases and
other ATP-binding proteins detected in native cell lysates identified PMS2, a member of the GHKL ATPase superfamily as an
off-target of NVP-AUY922 and radicicol. Because of the endogenously high levels of Hsp90 paralogs in typical cell lysates, the
measured potency of inhibitors was weaker than published IC50 values. Significant inhibition of Hsp90 required inhibitor
concentrations above a threshold where off-target activity was detectable. Direct on- and off-target engagement was measured by
profiling lysates derived from cells treated with Hsp90 inhibitors. These studies also assessed the downstream cellular pathway
effects of Hsp90 inhibition, including the down regulation of several known Hsp90 client proteins and some previously unknown
client proteins. Overall, the ATP probe-based assay methodology enabled a broad characterization of Hsp90 inhibitor activity and
specificity in native cell lysates.

Chemical probes of enzyme active sites have proven to be
invaluable tools for investigating several enzyme classes in

a diverse range of biological settings.1 We have previously
described probes that link ATP to a desthiobiotin affinity tag
through a reactive acyl phosphate bond. These probes
covalently label lysine residues within the active sites of
enzymes that recognize the ATP moiety, thereby allowing for
the enrichment of tagged proteins on streptavidin-coated solid
support. Alternatively, tagged proteins can be digested with
proteases, and the isolated, labeled peptides can be identified
and quantified using LC-MS/MS. By combining the proteomic
scale of peptide mass spectrometry with an active-site-directed
chemical probe, the inhibition status of several proteins derived
from complex biological mixtures can be evaluated in a single
experiment. A chemoproteomics LC-MS/MS platform, termed
KiNativ, was developed using this methodology and is capable
of quantifying several hundred probe-labeled peptides from
protein kinase active sites.2,3 The ATP probe also interacts with
nucleotide binding sites from enzymes other than protein
kinases. This has allowed us to significantly expand the scope of
the profiling technology and apply it to the functional
assessment of several classes of ATPases, including the
prominent drug target Hsp90.

Heat shock protein 90 (Hsp90) is a highly conserved
molecular chaperone that is abundantly expressed in a variety of
organisms ranging from bacteria to yeast to humans.4 It helps
maintain the integrity of the proteome by coupling chemical
energy from ATP hydrolysis to mechanical force used to drive
the folding and maturation of substrate proteins, otherwise
known as client proteins. Pharmacological inhibition of ATP
binding to Hsp90 leads to the accumulation of improperly
folded client proteins and their subsequent degradation through
the ubiquitin−proteasome system.5 Among the many known
Hsp90 client proteins, there is a striking preponderance of
protein kinases, steroid hormone receptors, and other proteins
that have crucial roles in signal transduction pathways
controlling cellular proliferation, differentiation, and the
DNA-damage response.6 Because these pathways are frequently
deregulated in cancer, Hsp90 is the target of numerous
oncology drug development efforts.
Hsp90 family members are dimeric enzymes consisting of

three conserved domains: an N-terminal ATP-binding domain,
a middle domain that assists in ATP hydrolysis, and a C-
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terminal dimerization domain. The ATP-binding domain
adopts a unique tertiary structure, termed the Bergerat fold,
also found in the DNA gyrase family, the DNA-mismatch-repair
enzyme, MutL, and histidine kinases.7 Collectively, these
enzymes comprise the GHKL ATPase superfamily.8 While
each family shows no primary sequence homology to any of the
other families, there is significant structural homology. Other
than a variable, highly charged linker that connects the N-
terminal and middle domains in eukaryotic (non-mitochon-
drial) Hsp90s, the gyrase, Hsp90 and MutL superfamily
members all share the same basic organization of their three
conserved domains. These three families also share a significant
functional overlap in that they all couple ATP hydrolysis to
large conformational changes.
While bacteria typically have a single, constitutively active

Hsp90, humans and other mammals express four paralogs.9

Hsp90α and Hsp90β are active in the cytosol, with Hsp90α
being induced by stress and Hsp90β constitutively expressed.
Grp94 is present in the endoplasmic reticulum, and Trap-1 is
primarily located in the mitochondria. Initially, drug develop-
ment efforts focused on cytosolic Hsp90 paralogs due to their
involvement in the maturation of known oncogenes such as
Her2, EGFR, Cdk4, and Raf-1. However, it has become clear
that both Grp94 and Trap-1 play distinct roles in cancer and
other diseases.10 More recent drug development efforts have
not only sought out inhibitors that are selective for either
Grp9411,12 or Trap-1,13 but also placed greater emphasis on
paralog specificity for Hsp90α/β. As more Hsp90 inhibitors
progress through clinical trials it has become evident that some
induce unacceptable toxicities, prompting the question of
whether toxicities could be avoided with more specific
inhibitors.14

Hsp90 interacts with several cochaperones and substrates
throughout its catalytic cycle, many of which have significant
effects on Hsp90 structure and activity.15 Ideally, their effect on
Hsp90 inhibitors should be accounted for in inhibition assays.
Also, because many inhibitors bind to all four human Hsp90
paralogs, the ability to assess specificity is an important feature

of an assay. Commonly used cellular assays that monitor
protein abundance end points by antibody-based methods (e.g.,
Her2 degradation, Hsp70 induction) are capable of assaying
inhibition in a setting where Hsp90 complexes with
cochaperones are left intact. However, such assays generally
cannot distinguish which Hsp90 paralog was responsible for
mediating the observed effect. A variety of in vitro assays for
measuring Hsp90 inhibition have been developed, some of
which are suitable for determining paralog specificity, but
attaining paralog specific information usually requires purified
protein.16 This negates the ability of the assay to account for
the effects of cochaperones on Hsp90 activity.
Here, we use an ATP acyl phosphate probe to profile the

ATP-binding sites of all four human Hsp90 family members in
native cell lysates where protein−protein interactions remain
intact. Through its capacity to be recognized by native Hsp90
paralogs in solution, it was found to covalently modify lysine
residues that may only interact with bound ATP in a dynamic
fashion, thereby providing evidence for previously unknown
protein conformations. Several other types of ATP-binding
proteins and protein kinases were concurrently assayed,
allowing for Hsp90 inhibitor specificities to be broadly profiled.
Additionally, when used to evaluate lysates derived from
compound-treated cells, this technology was able to assess both
direct inhibitor target engagement and downstream cellular
effects of Hsp90 inhibition.

■ MATERIALS AND METHODS

Mass Spectrometry Sample Preparation. The materials
and methods used to prepare samples for mass spectrometry
have been described previously.2,3 Except for two modifications
to optimize ATPase profiling, the published methods were
exactly replicated. First, the phosphatase inhibitor cocktail was
excluded, as it was found to inhibit the labeling of a few
ATPases. Second, we included 2 mM DTT in the probe
labeling reactions to ensure that geldanamycin and 17-
allylamino-17-desmethoxygeldanamycin (17-AAG) were re-
duced to their more potent hydroquinone forms. Geldanamy-

Figure 1. ATP acyl phosphate probe-based chemoproteomics. Lysine residues in ATP-binding sites are acylated with a desthiobiotin tag, and labeled
peptides are isolated by affinity capture. The probe labeling reaction can be blocked by competitive inhibitors. Labeled peptides are identified on the
basis of their ms2 spectra generated by data-dependent LC-MS/MS. The AUC of summed fragment ion signal traces can be reliably quantified with
targeted LC-MS/MS.
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cin, 17-AAG, and radicicol were from AG Scientific. NVP-
AUY922 and BIIB021 were from SelleckChem. For samples
prepared with Asp-N protease (Roche), the method was the
same as for trypsin except that Asp-N was added to a final
concentration of 0.33 μg/mL and incubated for 20 h at 37 °C.
The protease was then inactivated by adding SDS to a final
concentration of 1% v/v.
Live Cell Treatment and FACS Analysis. MCF7 cells

were cultured in MEME, 10% fetal calf serum. For A375 cells
DMEM, 10% fetal calf serum was used. At an approximate cell
density of 80% confluency, either inhibitor or DMSO was
added to the final indicated concentration. After a 6 or 24 h
duration, growth media was removed, and the cells were
washed twice with 10 mL of cold PBS. Cells were harvested by
manual scraping and pelleted by centrifugation. For each 100
μL of cell pellet a 900 μL volume of lysis buffer was added.
Lysate was produced by sonication with a tip sonicator, and the
resulting lysate was clarified by centrifugation at 16100g for 15
min. Cleared lysates were not gel-filtered in order to retain
inhibitor, but otherwise processed like native cell lysate
samples. For FACS analysis 20 μL of frozen cells were
resuspended and lysed in a hypotonic buffer containing 50 μg/
mL propidium iodide, 0.1% trisodium citrate dihydride, and 0.3
μL/mL Nonidet-P40. DNA staining was quantified on an
Attune flow cytometer (Life Technologies), and data were
analyzed using ModFit LT (Verity Software House).
LC-MS/MS Operation and Data Analysis. Mass spec-

trometry samples were run according to previously described
methods with the exception that inclusion lists were specific to
the needs of this study. Generally, protein kinase and ATPase
inclusion lists were run from different injections of the same
mass spectrometry sample. LTQ-Velos and LTQ-VelosPro
mass spectrometers from Thermo Scientific were used
interchangeably. Fragment ion extraction methods and signal
quantification were exactly as previously published.

■ RESULTS
Chemoproteomic Profiling of ATP-Binding Enzymes

Using an ATP Acyl Phosphate Probe. During the
optimization of protein kinase profiling with the KiNativ
platform, we identified a large number of peptides from other
enzyme classes. Using this methodology, affinity-enriched,
probe-labeled peptides are identified on the basis of their ms2

fragmentation spectra collected in an ion trap mass
spectrometer (Figure 1). Collecting ms2 spectra for identi-
fication purposes is best accomplished by analyzing complex
peptide mixtures in a “data-dependent” acquisition mode.
However, this mode only yields parent ion ms1 signal
consistently over the duration of an LC-MS/MS run. For low
abundance peptides the parent ion signal is not optimal and
sometimes not even usable for quantification. A significantly
greater amount of signal relative to background can be obtained
by extracting characteristic fragment ion mass signals from ms2

spectra derived from a known parent ion. Therefore, we used
information (parent ion m/z values and elution times) obtained
from data-dependent analyses to program the mass spectrom-
eter to generate specific ms2 spectra at defined times in a LC-
MS/MS run. By running the mass spectrometer with an
inclusion list (or “target list”), a reliable data sampling rate for
each peptide target was obtained. Area under the curve (AUC)
of summed fragment ion traces derived from targeted ms2

spectra was quantified. Using this strategy we were able to
reproducibly quantify several hundred peptides derived from

ATP-binding enzymes outside of the protein kinase family,
including all four human Hsp90 paralogs.
The reactive acyl phosphate moiety of the ATP probe

preferentially acylates lysine side chains located in close
proximity to the γ-phosphate of bound probe in enzyme active
sites. The acylation reaction is competitively inhibited by other
molecules capable of binding to the ATP site, e.g., free ATP
itself and small molecule inhibitors. To a lesser degree the
probe can also acylate lysines located on the surface of proteins
or in regions of a protein that have general affinity for
phosphate groups. These nonspecific acylation reactions likely
follow second-order kinetics, as opposed to the pseudo-first-
order kinetics followed by specifically bound probe, and are
therefore mostly detectable for abundant proteins. Because we
are interested in the occupancy of ATP-binding sites, we
utilized competitive inhibition experiments with free ATP
serving as inhibitor to distinguish specific probe labeling sites
from nonspecific ones. Inhibition levels were measured as the
loss of extracted fragment ion signal in inhibitor treated samples
relative to control samples. As is the case for protein kinases,
some ATP-binding enzymes belong to large families that share
conserved, well annotated primary sequence motifs responsible
for ATP binding (e.g., AAA+ ATPases, ABC transporters);
however, this is not the case for all such enzymes. We observed
dose-dependent inhibition of probe labeling by ATP at both
well annotated ATP sites and at sites we may not have
recognized as ATP-binding motifs based on primary sequence
information alone. Some peptides failed to show inhibition, and
generally, when these sequences were analyzed retrospectively
using available crystal structures, the modified lysine residues
were observed to be on the protein surface and not in an ATP-
binding site.
In total, a combination of competitive inhibition experiments

and mining of our internal database (for peptides with
recognizable ATP-binding sequence motifs) led to the
development of a target panel containing almost 300 probe-
labeled human peptides that are sensitive to inhibition by free
ATP (for a complete list see Figure S1, Supporting
Information). A single MS run is sufficient to collect data on
all of these target peptides, although in practice we generally
observe that lysates derived from any single human cell line
tend to yield quantifiable signal for 200−250 peptides (due to
cell type specific expression). Several classes of enzymes are
profiled in this panel including AAA+ ATPases, ABC
transporters, aminoacyl-tRNA synthetases, actins, ATP-grasp
domain containing enzymes, ATP-dependent helicases, Hsp60,
Hsp70, Hsp90, myosins, nudix hydrolases, ubiquitin-activating
enzymes, several types of small molecule kinases, and a variety
of ATPases that do not belong to larger enzyme families.
Largely, the enzymes identified by this work are known to bind
ATP, and where crystal structures are available the acylated
lysine residue is in close proximity to the ATP-binding site. A
small number of the identified enzymes bind related
nucleotides like NAD or FAD. Additionally, a few ATP-
competitive probe labeling sites were identified from proteins
that have no known nucleotide binding site; however, these
examples are beyond the scope of this report.

ATP Probe Labeling Sites in Hsp90 Paralogs. Upon
reviewing the ATP-sensitive peptides from Hsp90 paralogs
selected for the human ATPase profiling panel, we noticed that
they were not all located in the annotated ATP-binding
domain. For each paralog, there were labeled peptides
identified from both the N-terminal ATP-binding domain and
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Figure 2. ATP probe labeling of Hsp90 paralogs. (A) Hsp90 family members are comprised of three domains; an N-terminal ATP binding domain
(light green), a middle domain (orange), and a C-terminal dimerization domain (dark green). A poorly conserved, highly charged linker connects the
N-terminal and middle domains of each paralog, except Trap-1. All four paralogs are labeled on the lysine residues within their N-terminal and
middle domains indicated by the inverted triangles. (B) Multiple sequence alignment of Hsp90 paralogs that have been evaluated for ATP probe
labeling. Both the N-terminal and middle domain regions where probe labeling was observed show significant primary sequence conservation.
Observed tryptic peptides are underlined. The labeled lysine is shown in white font with blue highlight. The portion of the peptides resulting from
missed cleavage events in Hsp90α and Hsp90β that allow for their unique identification is in italics. Hs - human, Mm - mouse, Sc - yeast, Ec - E. coli,
Pa - P. aeruginosa (C) The full-length yeast Hsp90:Sba1:AMPPNP structure (PDB ID 2CG9) places the middle domain probe-labeling site more
than 30 Å distant from the bound ATP analogue. The loop containing this site is only ordered in one of the two protomers. Domains of Hsp90 are
colored as in (A). Sba1 is shown in gray. AMPPNP is red and the indicated lysines are blue. (D) Equipotent inhibition of probe labeling of N-
terminal and middle domain peptides by ATP in native A375 lysate. Data from the Hsp90α/β redundant peptide showed the same dose response as
either paralog-specific peptide. See Figure S2, Supporting Information for IC50 values.
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the middle domain that showed robust competitive inhibition
by free ATP. The primary labeling sites for Hsp90α and
Hsp90β in their N-terminal domains are Lys-112 and Lys-107,
respectively (Figure 2A). While the fully trypsinized peptide
sequences produced by Hsp90α and Hsp90β at this site are
identical and therefore indistinguishable by mass spectrometry,
a missed cleavage event at the N-terminal tryptic site of either
peptide can yield sequences that are unique to each paralog.
(See italicized sequences in Figure 2B. Also, note that the
labeling of lysine by the probe prevents tryptic cleavage at that
position.) On the basis of crystal structures of the isolated N-
terminal domains in complex with nucleotides or inhibitors, the
labeling of Lys-112 or Lys-107 is readily understood given their
location within the ATP-binding site.17 The same is true for the
probe labeling of Lys-168 in Grp94 and Lys-181 in Trap-1 in
their respective N-terminal ATP-binding domains. As seen in
the multiple sequence alignment, these labeling sites all map to
a region of the Hsp90 ATP-binding site that is not only
conserved across the four human paralogs, but also in mice and

evolutionarily distant bacterial and yeast species (Figure 2B). In
fact, the analysis of proteomes from Escherichia coli,
Pseudomonas aeruginosa, and Saccharomyces cerevisiae demon-
strated that the equivalent lysine residues (highlighted in blue)
were all acylated by the ATP probe.
All four human Hsp90 paralogs also demonstrated ATP-

sensitive probe labeling in a segment of the middle domain.
The observed labeling sites are clustered around Lys-356 of
Hsp90α, a region of consecutive positively charged amino acids
in Hsp90α, Hsp90β, and Grp94. Trap-1, the most evolutio-
narily distant of the four human Hsp90 paralogs, does not have
a lysine or consecutive lysines at this position, but was found to
be labeled at Lys-375, which aligns just downstream of the
other labeling sites. Bacterial Hsp90s from E. coli and P.
aeruginosa also showed middle domain labeling sites in a
segment similar to that of Trap-1. These probe labeling events
are not readily explainable considering the available, albeit very
limited, structural information. As seen in Figure 2C, when
mapped onto the structure of the full-length yeast Hsp90,18 the

Figure 3. Hsp90 inhibitor paralog specificity. (A) Chemical structures of Hsp90 inhibitors used in this study. (B) Profiling of Hsp90 inhibitors in
native A375 lysate revealed differing levels of paralog specificity. Equipotent inhibition was observed for both N-terminal and middle domain
labeling. Hsp90α/β indicates the peptide redundant to both paralogs. (Low signal for the Hsp90α middle domain tryptic peptide prevented precise
quantification in this experiment.) (C) Example dose response curves for the labeling of the Hsp90α/β N-terminal domain peptide. The Hsp90
inhibitors showed very high inhibition (>97%) at 1 μM, but relatively little inhibition (<20%) at 100 nM. See Figure S4, Supporting Information for
the complete dose response data and IC50 values.
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labeled middle domain lysine residue is not located near the
ATP-binding site. Nonetheless, not only did all Hsp90 paralogs
demonstrate inhibition by ATP at both their N-terminal and
middle domain labeling sites, the IC50 values for both sites of
each protein were equivalent (Figure 2D).
The labeled middle domain peptides derived from Hsp90α

and Hsp90β differ only in the first position of a stretch of four
consecutive positively charged amino acids; the arginine at
position 355 in Hsp90α is a lysine in Hsp90β (see Figure 2B).
For Hsp90β, this lysine (Lys-347) was identified as the most
prominent middle domain labeling site. It yielded significantly
more signal (>100-fold) than the equivalent peptide from
Hsp90α, which generally gave a signal near the limit of
detection. This difference was not consistent with the finding
that the N-terminal domain peptides unique to Hsp90α and
Hsp90β gave an approximately equal signal. To more
thoroughly investigate the labeling of the middle domain of
Hsp90α, we used the chemoproteomics platform to analyze
peptides produced by the protease Asp-N, which leaves the
stretches of consecutive arginine and lysine residues intact,
unlike trypsin. This allowed for a direct comparison of labeling
intensity among the stretch of consecutive lysine residues. The
results revealed that probe labeling of both Hsp90β and
Hsp90α was distributed among the multiple lysine positions
with the most N-terminal positions giving the strongest signal.
While the Hsp90β peptide labeled at Lys-347 gave about 20-
fold more signal than that of the Hsp90α peptide labeled on
Lys-356, the direct Hsp90β equivalent (labeled at Lys-348)
gave only 3-fold more signal. This suggests that the first
positively charged amino acid in each paralog is optimally
positioned to interact with ATP, and the discrepancy in signal
between the middle domain tryptic peptides of Hsp90α and
Hsp90β occurs because Arg-355 of Hsp90α cannot be acylated.
A more detailed discussion is presented in the Supporting
Information (Figure S3).

Profiling Hsp90 Inhibitor Paralog Specificity. To
further explore labeling sites in Hsp90 paralogs, we assessed
the ability of known Hsp90 inhibitors to block the probe
labeling reaction. We measured inhibition in native A375
lysates by a variety of compounds (Figure 3A) over a
concentration range of 10 μM to 10 nM. The tested inhibitors
included the natural products geldanamycin and radicicol, a
semisynthetic compound, 17-AAG, and two compounds
derived from pharmaceutical screening efforts, NVP-AUY922
and BIIB021. Despite their structural differences, all of these
compounds function by competing with ATP for binding to the
ATP site within the N-terminal domain of Hsp90 paralogs. The
precise location and reversible mode of binding for each
inhibitor (or a closely related analogue; i.e., geldanamycin for
17-AAG17 and an earlier lead compound for NVP-AUY92219)
has been confirmed through X-ray crystallographic analysis of
cocrystal structures.20,21 Like ATP itself, each compound
inhibited probe labeling of both domains in a dose-dependent
manner (Figure 3B). These data revealed clear differences in
both overall potency and paralog specificity among the set of
compounds. The two ansamycin derivatives, geldanamycin and
17-AAG, were much less potent against Trap-1 than they were
against the other three paralogs. Also, the overall potency of 17-
AAG was much lower than that of geldanamycin. Radicicol
potently inhibited all four Hsp90 paralogs demonstrating very
little selectivity. The paralog selectivity of NVP-AUY922 was
modest with both Grp94 and Trap-1 showing slightly lower
levels of inhibition. In contrast, BIIB021 demonstrated a greater
degree of selectivity for the cytosolic Hsp90 paralogs, Hsp90α
and Hsp90β, while having less activity toward Trap-1 and even
less activity toward Grp94.
This method reproducibly yielded data indicating less potent

inhibition than observed in previous studies using purified
proteins. For example, the published IC50 values for NVP-
AUY922 and BIIB021 in fluorescence polarization equilibrium

Figure 4. Influence of Hsp90 abundance on observed inhibitor potency. Three Hsp90 inhibitors were profiled in HL60 lysates with a total protein
concentration of either 5 mg/mL (filled symbols, solid lines) or 0.5 mg/mL (open symbols, dashed lines). The observed shifts in potency revealed
that the lower inhibitor concentrations were below the total Hsp90 paralog concentration. See also Figure S5, Supporting Information.
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binding assays against Hsp90α are 7.8 nM and 1.7 nM,
respectively,22,23 whereas our data gave values of about 200 nM
for both compounds. For all compounds published values were
more potent than those derived from this experiment. The near
complete absence of inhibition observed for these compounds
at a concentration of 100 nM relative to that seen at a 1 μM
concentration suggested that the aggregate concentration of
Hsp90 paralogs was greater than 100 nM (Figure 3C). Our
standard methods utilize cell lysates adjusted to a protein
concentration of 5 mg/mL, and under these conditions we are
able to detect labeled peptides from a wide variety of enzymes,
including ones from low abundance proteins. We repeated the
profiling experiment for three of the inhibitors using cell lysates
at 5 and 0.5 mg/mL protein concentrations. As seen in Figure
4, the 10-fold reduction in protein concentration resulted in
roughly a 10-fold shift toward increased inhibitor potency.
Therefore, while all of the percent inhibition values are
accurate, under our standard conditions we were titrating the
total concentration of Hsp90 paralogs with inhibitor.
As was observed for the inhibition potency of ATP, specific

Hsp90 inhibitors showed equal potency against both the N-
terminal and middle domain labeling sites of any one paralog
(Figure 3B). For example, BIIB021 showed potent inhibition of
Hsp90α and Hsp90β for both N-terminal and middle domain
peptides, while it demonstrated more moderate inhibition of
Grp94 and Trap-1 on each of their respective labeling sites.
This correlation of inhibition potencies was maintained at both
of the proteome concentrations we analyzed. Taken as a whole,
the ATP and inhibitor dose responses indicate that the probe
labeling reactions of both the N-terminal domain and the
middle domain are mediated by ATP probe bound at a single
site.
Off-Target Inhibition by Hsp90 Inhibitors. One of the

most useful features of the chemoproteomics platform is that
inhibitors can be simultaneously profiled against both known
targets and unknown potential targets. To search for possible
off-targets of the Hsp90 inhibitors, we profiled the compounds
against both a panel of ATPases that included the Hsp90
paralogs and an extensive panel of protein kinases. Combined,
these panels produced quantitative data for about 500 probe-
labeled peptides corresponding to nearly 400 enzymes.
Separate LC-MS/MS runs were performed for each panel to
maximize data sampling rates; however, individual mass
spectrometry sample preparations are sufficient for multiple
LC-MS/MS runs. Our results using A375 cellular lysates
produced data on 255 probe labeling sites from about 205
protein kinases, none of which were significantly inhibited by
any of the Hsp90 inhibitors (Figure S6A, Supporting
Information).
The ATPase panel gave inhibition data on 222 active site

peptides from 188 proteins in A375 lysates (Figure S6B,
Supporting Information). Other than the four Hsp90 paralogs,
only one other GHKL superfamily member was detected in this
proteome. The human genome contains a limited number of
other superfamily members, namely, two topoisomerases, five
histidine kinases, and four MutL homologues. The MutL family
member PMS2 gave a fairly weak signal for a peptide labeled on
Lys-91, part of a highly conserved TSK tripeptide sequence
known to interact with ATP.8 These data clearly demonstrated
that geldanamycin, 17-AAG, and BIIB021 did not inhibit PMS2
labeling; however, high signal variability among the radicicol
samples prevented a statistically significant conclusion for this
compound. NVP-AUY922 showed dose-dependent inhibition

of PMS2, giving an IC50 value of approximately 1 μM (Figure
S6B, Supporting Information). We repeated the ATPase panel
for three of the compounds, this time using a HeLa cell lysate,
which was found to give a stronger PMS2 signal. Here we
clearly observed that both NVP-AUY922 and radicicol inhibit
the probe labeling of PMS2, where BIIB021 again did not
(Figure 5). Other than the PMS2 off-target activity, the Hsp90
inhibitors were quite specific for Hsp90.

Profiling Downstream Cellular Effects of Hsp90
Inhibition. Because the ATP acyl phosphate probe enriches
several known protein kinase Hsp90 client proteins, it is well
suited for profiling the cellular effects of Hsp90 inhibition.
Relative to other kinase-focused approaches to identifying
Hsp90 client proteins,24 this method provides additional
information in that it also quantifies several ATPases, some
of which are known to be affected by Hsp90 inhibition (e.g.,
Hsp70). Additionally, the profiling experiment can be done
such that the lysate retains the inhibitor that has diffused into
the cells. In this format, direct target engagement of Hsp90
paralogs can be measured.
In an initial experiment we incubated MCF7 cells with either

80 nM or 1 μM 17-AAG, NVP-AUY922, or DMSO vehicle for
24 h. Following treatment, the cells were harvested and washed
and then lysed with a defined amount of buffer. As expected, a
large number of protein kinases showed significantly less signal
in the compound-treated cells relative to the control cells
(Figure 6A). Known Hsp90 client proteins such as Her2 and
CHK1 were among the most strongly down-regulated proteins.
Only a single protein kinase, Her2, showed a decrease of at
least 2-fold at the 80 nM dose of one inhibitor, NVP-AUY922.
While the 80 nM dose (in growth media) of NVP-AUY922
constitutes a concentration 10 times its IC50 value for Hsp90
binding, the ATPase panel data (Figure 6B) from the same
samples only showed about 1.5-fold less signal (∼35%
inhibition) for labeling of cytosolic Hsp90 relative to control.
The 80 nM dose of either compound was insufficient to
completely engage the abundant Hsp90 targets, and the
partially inhibited Hsp90 activity only resulted in modest
effects on the most sensitive client proteins. Comparing the 1
μM doses of 17-AAG and NVP-AUY922 showed a small
number of kinases (EphB4, IKKα, ULK1) that were more
potently down regulated by NVP-AUY922. Perhaps this was
due to the lack of Grp94 or Trap-1 engagement or the weaker
inhibition of cytosolic Hsp90 by 17-AAG relative to NVP-
AUY922.

Figure 5. PMS2 is an off-target of Hsp90 inhibitor. NVP-AUY922 and
radicicol inhibited the probe labeling of PMS2 in HeLa lysate in a
dose-dependent manner.
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As a whole, the kinome of the treated cells was significantly
affected: 71 of the 162 protein kinases (44%) detected were
decreased at least 2-fold by one of the inhibitors. This sharply
contrasted with the results from the ATPase panel, where very
few enzymes displayed evidence of being Hsp90 client proteins.
Here, only 8 of the 164 ATPases (5%) were down-regulated at
least 2-fold. To our knowledge, the most strongly down-
regulated ATPase, XRCC3, has not been previously described
as an Hsp90 client. One of the hallmarks of Hsp90 inhibition is
the up-regulation of Hsp70. As expected, the high dose of both
compounds led to a nearly 3-fold increase in Hsp70 probe
labeling. A small number of protein kinases were up-regulated
in this study, namely, AurA, PLK1, and SLK. Interestingly, the
stimulation of PLK1 labeling was much stronger for 1 μM 17-
AAG than it was for 1 μM NVP-AUY922. We performed
Western blots to confirm the observed increases in AurA,

PLK1, and Hsp70 as well as the decrease in Her2, and in all
cases this data agreed with the mass spectrometry data (Figure
6C).
Following the MCF7 experiment, we tested the response of

A375 cells in culture to 17-AAG and NVP-AUY922 at three
concentrations (0.25, 1, and 6.25 μM) and compared two
treatment durations, 6 and 24 h. As seen in Figure 7A, the
protein kinase profile displayed a similar pattern of kinase down
regulation. Several protein kinase client proteins showed
decreases at the 6 h time point, and the extent of decrease
was generally greater at the 24 h time point. One notable
difference was NuaK2, which at 6 h displayed a 3-fold higher
signal, but by 24 h had fallen back down to the level of
untreated cells. Another kinase that did not follow this pattern
is PLK1. It showed an approximately equal level of down-
regulation at the 6 and 24 h time points. The effect of Hsp90

Figure 6. Effects of Hsp90 inhibition on live MCF7 cells. (A) Selected protein kinase profiling results from MCF7 cells treated with Hsp90 inhibitors
at 1 μM or 80 nM for 24 h. About 40% of the kinases showed at least a 2-fold decrease in response to Hsp90 inhibition, whereas only a few kinases
showed an increase in signal. (B) Selected results from the ATPase panel. The decreased signal from Hsp90 paralogs was due to direct target
engagement by inhibitor accumulated in cells during culture. Relatively few ATPases (5%) showed evidence of being an Hsp90 client protein. An
expected increase in Hsp70 probe labeling was observed for both inhibitors. See Figure S8, Supporting Information for full protein kinase and
ATPase results. (C) Western blots of Hsp70, PLK1, AurA ,and Her2 from treated MCF7 cells. Quantification of the PLK1 signal for treatments with
1 μM 17-AAG or NVP-AUY922 showed a 9.5-fold or 3.4-fold increase, respectively.
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inhibition on the regulation of PLK1 and AurA differed
significantly between the A375 and MCF7 cell lines. Whereas
both kinases were strongly up-regulated in MCF7 cells, AurA
levels remained unchanged and PLK1 showed the aforemen-
tioned signal decrease in A375. Because these protein kinases
have a prominent role in cell cycle progression, we reasoned
that Hsp90 inhibition might have cell-type specific effects on
the cell cycle status of these two lines. To test this we treated
both cell lines with 5 μM of each inhibitor for 24 h and
compared the resulting cell cycle distributions to those of
untreated cells using FACS. Indeed, Hsp90 inhibitor treatment
altered the cell cycle distributions of both cell types, with A375
cells showing a decrease in cells at the G0/G1 phase, whereas
MCF7 cells showed an increase in cells at the G0/G1 phase
(Figure S10, Supporting Information).

The engagement of Hsp90 paralogs by the two inhibitors in
A375 cells followed the same pattern as was observed for
MCF7 (Figure 7B). NVP-AUY922 strongly inhibited all four
paralogs and showed overall greater potency than 17-AAG,
which only inhibited cytosolic Hsp90 paralogs. For both
compounds the extent of engagement did not differ between
the 6 and 24 h time points. Considering that 6 h should be a
long enough incubation time for the intracellular concentration
of inhibitor to reach equilibrium, the lack of time-dependence
in the observed signal loss is understandable for a directly
inhibited target enzyme. In A375 cells the off-target ATPase
PMS2 was detected, and it only showed inhibition by NVP-
AUY922. Like the Hsp90 paralogs, the extent of inhibition did
not increase with longer inhibitor treatment. Of the ATPase
Hsp90 client proteins detected, again XRCC3 showed the most
significant decrease, with the response only being evident at the

Figure 7. Time-dependence of Hsp90 inhibition effects in live A375 cells. (A) Protein kinase panel profiling results in A375 cells treated with the
indicated concentration of Hsp90 inhibitor for 6 or 24 h. Nearly all kinases that decreased upon Hsp90 inhibition were further decreased by the
longer inhibitor treatment. PLK1 levels decreased in A375, unlike in MCF7. AurA levels remained constant, while a few kinases (NuaK2, CLK2)
showed increases. (B) ATPase panel profiling results. A fairly constant level of direct target engagement was observed for all Hsp90 paralogs with
both treatment durations. Very few ATPases behaved like Hsp90 client proteins, and only DUS1L and XRCC3 gave similar results in both cell lines.
The decrease in PMS2 signal was not time-dependent, consistent with direct inhibition. In addition to Hsp70 induction, the endoplasmic reticulum
Hsp70 family member, Grp78, also showed a potent up-regulation. See Figure S9, Supporting Information for full protein kinase and ATPase panel
data.
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24 h time point. The induction of Hsp70 was readily apparent
at the 6 h time point and increased in magnitude at the 24 h
time point. At both time points the up-regulation of Hsp70 was
observed even for the lowest concentration of 17-AAG where
Hsp90 engagement was incomplete. Additionally, the levels of
the endoplasmic reticulum Hsp70 paralog, Grp78, were
increased in A375, an effect not observed in MCF7. Another
distinction between the two cell types was the observed up-
regulation of adenosylhomocysteinase (AHCY) by both Hsp90
inhibitors in A375. While we have not yet investigated how
AHCY activity might play a role in the cellular response to
Hsp90 inhibition, this observation highlights how the reactivity
of the ATP acyl phosphate probe can reveal unexpected
responses in a diverse range of enzyme types.

■ DISCUSSION
A variety of ATPases have generated intense interest as drug
targets, particularly members of the heat shock protein
families.25 The mass spectrometry chemoproteomics platform
presented here takes advantage of the broad reactivity of an
ATP acyl phosphate probe to enable the profiling of a diverse
set of ATPases, including the prominent drug target, Hsp90.
When combined with the previously described protein kinase
profiling technology, this approach provides a quantitative
measure of inhibition levels for several hundred protein kinases
and ATPases in a single experiment. While the number of
targets profiled is heavily influenced by the pattern of protein
expression observed in specific cell types, the only limitation to
the source of proteome to be profiled is the availability of
protein sequence data. Here, we have primarily discussed
results from human cancer cell lines, but we have also profiled
Hsp90 and other ATPases in human blood cell samples, a
variety of mouse and rat tissues, and bacterial cell lysates.
Unlike other methods for assaying Hsp90 in native conditions
where protein−protein interactions are preserved, this strategy
does so while maintaining the capacity to distinctly measure
inhibition of individual Hsp90 paralogs.
The use of native cellular lysates allows the relative inhibition

of each Hsp90 paralog to be measured at their natural relative
abundances as they compete with each other for compound
binding. Additionally, within the context of a complete
proteome the effects of nonspecific protein binding and off-
target inhibition on the available inhibitor concentration are
generally accounted for. Our results indicate that the aggregate
Hsp90 inhibitor binding capacity of a typical proteome far
exceeds the published IC50 concentration for all of the
inhibitors we profiled. The abundance of cytosolic Hsp90
paralogs has been widely discussed in the literature,26 and
Grp94 is known to be highly abundant also.27 In fact, based on
mass spectrometry signal, Grp94 appears to be the most
abundant protein that is labeled by the ATP probe. For an
inhibitor like NVP-AUY922 that has high affinity for all four
Hsp90 paralogs, this means that a sizable compound dose
(relative to IC50) is needed to attain a substantial level of
inhibition of any one Hsp90 paralog. The consequences of
Hsp90 paralog abundance were clearly observed in the MCF7
live cell treatment study. When cells were treated with 80 nM
NVP-AUY922, the level of inhibition was very low for all
Hsp90 paralogs and the overall cellular response was limited.
Therefore, if a desired biological response is dependent upon a
high degree of inhibition of a specific Hsp90 paralog, a weakly
potent but highly paralog-specific Hsp90 inhibitor should be
more beneficial than a highly potent, but nonspecific inhibitor.

Regardless of the compound specificity, it seems likely that
inhibitor dosing regimens capable of yielding cellular
compound concentrations significantly higher than low nano-
molar levels are needed to fully engage any Hsp90 paralog.
The reactivity of the ATP acyl phosphate probe offers a

unique opportunity to discover unexpected ATP-binding sites.
The use of native cellular proteomes helps enable such
discoveries, as in the recently published example of the ATP-
binding site formed by the protein−protein interface of the
p38α:mapkap kinase 2/3 heterodimer.28 ATP probe binding to
this site requires heterodimer formation and leads to the
acylation of Lys-15 of p38α in a region of the kinase some
distance from the canonical ATP-binding site. For Hsp90, the
probe labeling of lysine residues from the middle domain was
unanticipated. While the middle domain has a known role in
ATP hydrolysis, the isolated N-terminal domain is sufficient for
ATP-binding.29 The full-length yeast enzyme in complex with
AMPPNP and the cochaperone Sba1(p23) shown in Figure 2B
is the only known structure of a full-length eukaryotic cytosolic
Hsp90. (Hundreds of isolated N-terminal domain structures
have been determined.) In this conformation the middle
domain labeling site, Lys-335 (yeast numbering, equivalent to
Lys-347 of human Hsp90β) is located a significant distance
(>30 Å) from the bound nucleotide. In contrast, the N-terminal
domain labeling site (Lys-97) is located directly adjacent to the
ATP analogue. All of the inhibitors examined in this study are
known to bind within the N-terminal ATP-binding site. Thus,
their capacity to prevent the acylation of lysine residues in this
site is consistent with a mechanism of competitively inhibiting
probe binding to the same site. The observation of equipotent
inhibition of both N-terminal and middle domain probe
labeling for all combinations of Hsp90 paralog and inhibitor or
ATP can be most readily explained by a model in which all
probe labeling is mediated by probe bound to the N-terminal
binding site.
While current structures of full-length Hsp90s do not reveal

how a probe bound to the N-terminal domain could label a
distant lysine in the middle domain, the conservation of this
observation for different human Hsp90 paralogs, Hsp90s from
other eukaryotes and even bacterial Hsp90s suggests that the
capacity is inherent to the protein itself. Many Hsp90 client
proteins are themselves ATP-binding proteins and perhaps
could form an interfacial ATP-binding site near the middle
domain of Hsp90 when bound as a substrate. However, the
variability of client proteins from paralog to paralog and
especially from human to bacteria makes the likelihood of client
protein-mediated probe labeling less probable. The same
rationale seems reasonable to apply toward Hsp90-co-
chaperone complexes as well, given that Hsp90 paralogs
sequestered in different cellular compartments (cytosol, ER,
mitochondria) each have unique cochaperones. Additionally, it
is not known whether inhibitor binding would prevent
formation of Hsp90-co-chaperone complexes and any resulting
interfacial ATP-binding sites. Most importantly, any probe
labeling mechanism that involves a second, independent
binding site for the ATP probe (or ATP itself) would require
that the secondary site of each paralog to coincidentally have
affinity for each Hsp90 inhibitor equal to the affinity in the
primary ATP-binding site to explain our observations of
equipotent inhibition for both N-terminal and middle domain
labeling. The greater simplicity of a model invoking only the
currently known ATP-binding site as the basis for the probe
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labeling of the middle domain of Hsp90 makes it our favored
explanation.
For the middle domain labeling reaction to occur, the

conformation observed in the structure of the yeast full-length
enzyme must undergo a significant rearrangement placing the
loop containing Lys-335 in the vicinity of bound ATP.
Considering the known conformational flexibility of Hsp90
paralogs15 and the documented difficulty in crystallizing full-
length Hsp90 presumably due to its inherent mobility,30 such a
rearrangement is reasonable to envision. The probe-based assay
likely assesses a native conformation of Hsp90 that has not yet
been observed by crystallography. Notably, the loop containing
Lys-335 in the yeast Hsp90 structure is disordered in one of the
two protomers. The equivalent loops from the only other two
crystal structures of full-length eukaryotic Hsp90 paralogs
(canine Grp94 and zebrafish Trap-1) are also disordered in
either one or both of their respective subunits.31,32 These
findings suggest that this region of Hsp90 is intrinsically
conformationally flexible, and this characteristic is conserved
across a broad range of species and among the various Hsp90
paralogs. Potentially, the binding of substrates to HSP90 may
induce a conformational change that brings Lys-335 in close
proximity to the ATP binding site in the N-terminal domain.
Alternatively, we cannot rule out the possibility that native
HSP90 participates in higher order multimeric structures not
yet captured in existing crystallographic structures in which the
middle domain lysine residue in one monomer is in close
proximity to the ATP binding site of another monomer.
Regardless as to the specific model, ATP-competitive middle
domain labeling is observed in human, mouse, and rat cytosolic
Hsp90, Grp94, and mitochondrial Trap-1s as well as the related
bacterial Hsp90s from E. coli and P. aeruginosa.
A conformational rearrangement that places the middle

domain loop containing the ATP probe labeling sites in close
proximity to the N-terminal ATP-binding site could function as
a mechanism to couple the energy from ATP hydrolysis to the
conformational maturation of bound client proteins. The
stretch of consecutive positively charged amino acids in this
loop could promote this transition via an electrostatic
interaction with the triphosphate of ATP. The data suggest
that the first positively charged residue from either the loop in
Hsp90α (Arg-355) or Hsp90β (Lys-347) is the primary
mediator of the interaction between the loop and bound
ATP (or probe). Considering that the identity of this amino
acid is not conserved between the two paralogs, a direct role in
the catalysis of ATP hydrolysis seems unlikely. Some plasticity
in the chemical mechanism allowing for either arginine or lysine
to serve the same catalytic role is in theory possible; however,
any direct evidence indicating such a role is currently lacking.
For Hsp90α, Hsp90β, and Grp94 multiple lysines from the
middle domain loop are able to interact with bound probe, as
they all showed labeling and equipotent sensitivity to inhibition.
Perhaps the precise orientation of the loop−ATP interaction
varies depending on the size or shape of a bound client protein.
Having multiple positively charged residues could help
maintain the chaperone function of Hsp90 for a diverse set
of client proteins.
Only a limited number of earlier studies have tested Hsp90

inhibitors for off-target activity against other ATPases, perhaps
due to the technical challenges inherent in assaying a diverse set
of enzymes. The structurally unrelated but functionally similar
ATPase, Hsp70, has been shown not to be a target of some
Hsp90 inhibitors.33,34 Additionally, the GHKL superfamily

member, human DNA topoisomerase II, has warranted some
attention, and radicicol was found to inhibit the DNA relaxation
and decatenation activities, albeit at a concentration of 100
μM.35 Here, the broad profiling capacity of the chemo-
proteomics platform enabled the detection of a novel off-target
of two of the Hsp90 inhibitors; radicicol and NVP-AUY922
inhibited probe labeling of PMS2. PMS2 is an ATPase that
forms a heterodimer with another MutL homologue, MLH1,
and together they function in DNA mismatch repair. It is likely
that inhibition of PMS2 would be undesirable as mutations in
both PMS2 and MLH1 are directly linked to the incidence of
hereditary nonpolyposis colon cancer.36 While both com-
pounds were less active against PMS2 than they were against
Hsp90, the autosomal dominant nature of the disease may
mean that even partial loss of PMS2 activity would be
deleterious. If high doses of an Hsp90 inhibitor are needed to
achieve a significant level of Hsp90 inhibition, as observed in
the live cell treatment studies, then partial inhibition of off-
targets like PMS2 would be more likely. In clinical trials, Hsp90
inhibitors have suffered from several types of toxicities,
including hepatic, gastrointestinal, and ocular.37 The reasons
for these toxicities are not fully understood. While certain
examples, like the hepatotoxicity of 17-AAG, are unlikely to be
related to PMS2 inhibition based on our work, the prospect of
off-target inhibition leading to other cases of toxicity warrants
consideration. The same inhibitors can show varied effects in
different cell types, as evidenced by the cell cycle status
differences seen in MCF7 and A375 cells treated with Hsp90
inhibitors. Perhaps, a greater understanding of toxicity would be
facilitated by measurement of on- and off-target engagement in
relevant tissue samples from inhibitor-treated animals or
patients.
The ATP acyl phosphate probe provides a favorable balance

between being specifically recognized by enzyme active sites
and having high reactivity toward lysine residues in a broad
spectrum of enzyme targets. The diverse range of ATPases and
protein kinases amenable to profiling with this system allows
for the detection of small molecule−protein interactions for
several targets that would otherwise be difficult to conveniently
assay. The biochemical activity of the ATPase PMS2 has only
been studied to a limited extent, and to our knowledge, no
small molecule inhibitors were known previous to the current
findings of inhibition by radicicol and NVP-AUY922. Because
the probe-labeling reaction occurs in solution and in the
presence of natural mixtures of proteins, it can assess protein
conformations and complexes that are inaccessible to other
methods of study. This enabled the discovery of a novel, but
highly conserved, conformational state of Hsp90 during its
complex catalytic cycle.
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(2004) Hsp90 isoforms: functions, expression and clinical importance.
FEBS Lett. 562, 11−15.

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00148
Biochemistry 2015, 54, 3024−3036

3035

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.biochem.5b00148
http://pubs.acs.org/doi/abs/10.1021/acs.biochem.5b00148
mailto:johnk@activx.com
http://dx.doi.org/10.1021/acs.biochem.5b00148


(27) Mao, C., Wang, M., Luo, B., Wey, S., Dong, D., Wesselschmidt,
R., Rawlings, S., and Lee, A. S. (2010) Targeted mutation of the mouse
Grp94 gene disrupts development and perturbs endoplasmic reticulum
stress signaling. PLoS One 5, e10852.
(28) Okerberg, E. S., Brown, H. E., Minimo, L., Alemayehu, S.,
Rosenblum, J., Patricelli, M., Nomanbhoy, T., and Kozarich, J. W.
(2014) Monitoring native p38α:MK2/3 complexes via trans delivery
of an ATP acyl phosphate probe. J. Am. Chem. Soc. 136, 4664−4669.
(29) Grenert, J. P., Sullivan, W. P., Fadden, P., Haystead, T. A., Clark,
J., Mimnaugh, E., Krutzsch, H., Ochel, H. J., Schulte, T. W., Sausville,
E., Neckers, L. M., and Toft, D. O. (1997) The amino-terminal
domain of heat shock protein 90 (hsp90) that binds geldanamycin is
an ATP/ADP switch domain that regulates hsp90 conformation. J.
Biol. Chem. 272, 23843−23850.
(30) Meyer, P., Prodromou, C., Hu, B., Vaughan, C., Roe, S. M.,
Panaretou, B., Piper, P. W., and Pearl, L. H. (2003) Structural and
functional analysis of the middle segment of hsp90: implications for
ATP hydrolysis and client protein and cochaperone interactions. Mol.
Cell 11, 647−658.
(31) Dollins, D. E., Warren, J. J., Immormino, R. M., and Gewirth, D.
T. (2007) Structures of GRP94-nucleotide complexes reveal
mechanistic differences between the hsp90 chaperones. Mol. Cell 28,
41−56.
(32) Lavery, L. a, Partridge, J. R., Ramelot, T. a, Elnatan, D.,
Kennedy, M. a, and Agard, D. a. (2014) Structural asymmetry in the
closed state of mitochondrial Hsp90 (TRAP1) supports a two-step
ATP hydrolysis mechanism. Mol. Cell 53, 330−343.
(33) Massey, A. J., Schoepfer, J., Brough, P. a, Brueggen, J., Cheǹe, P.,
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