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ABSTRACT: High-throughput drug discovery is highly dependent
on the targets available to accelerate the process of candidates
screening. Traditional chemical proteomics approaches for the
screening of drug targets usually require the immobilization/
modification of the drug molecules to pull down the interacting
proteins. Recently, energetics-based proteomics methods provide an
alternative way to study drug−protein interaction by using complex
cell lysate directly without any modification of the drugs. In this study,
we developed a novel energetics-based proteomics strategy, the
solvent-induced protein precipitation (SIP) approach, to profile the
interaction of drugs with their target proteins by using quantitative
proteomics. The method is easy to use for any laboratory with the
common chemical reagents of acetone, ethanol, and acetic acid. The
SIP approach was able to identify the well-known protein targets of methotrexate, SNS-032, and a pan-kinase inhibitor of
staurosporine in cell lysate. We further applied this approach to discover the off-targets of geldanamycin. Three known protein
targets of the HSP90 family were successfully identified, and several potential off-targets including NADH dehydrogenase
subunits NDUFV1 and NDUFAB1 were identified for the first time, and the NDUFV1 was validated by using Western blotting.
In addition, this approach was capable of evaluating the affinity of the drug−target interaction. The data collectively proved that
our approach provides a powerful platform for drug target discovery.

The systematic identification of drug target proteins plays a
vital role in understanding the basic drug action

mechanism.1 A variety of chemical proteomics-based methods
have been developed for the screening of drug targets. With
the development of mass spectrometry-based proteomics, the
affinity capture strategy, including activity-based probe
profiling (ABPP) and affinity chromatography methods, has
been used to explore the protein target landscape of a drug.2−5

However, this conventional strategy typically requires the
modification/immobilization of the small-molecule drug,
which will usually alter specificity and/or affinity of small
molecules6 and therefore result in false positive identification
of targets. Hence, it is highly desired to develop a strategy for
the probing of drug−protein interactions with free drug
without any modifications.
In recent years, several modification-free approaches have

been developed for the study of drug−protein interactions,7

e.g., drug affinity responsive target stability assay (DARTS),8

stability of proteins from rates of oxidation (SPROX),9,10

chemical denaturant and protein precipitation (CPP),11

cellular thermal shift assay (CETSA), and thermal proteome
profiling (TPP).12−14 DARTS exploited the fact that proteins

have higher resistance to proteolysis upon drug binding. The
targets of FK506, rapamycin, and resveratrol were successfully
identified by using this method.15 In the SPROX approach, the
target proteins are revealed by assessing the thermodynamic
stability change of proteins upon ligand binding by measuring
oxidation rates of methionine-containing residues as a function
of the chemical denaturant concentration.10 CPP was based on
the principle of chemical denaturant induced proteins
precipitation to identify the protein targets of drugs. As the
emerging approaches in monitoring target engagement,
CETSA and TPP reveal drug targets by measuring their
resistance to heat-induced denaturation.16 In CETSA, multiple
aliquots of drug- or vehicle-treated cell lysate were heated to
different temperatures to denature proteins. The proteins are
gradually unfolded to expose the hydrophobic core with the
increasing of temperature, resulting in the precipitation of the
proteins in high temperature. The proteins that are stabilized
by binding with drugs have higher resistance to the heat-
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induced precipitation. Thus, the change in the stability of the
proteins could be measured by comparing the fractions of
soluble proteins at high temperature between the drug-treated
and vehicle-treated samples. In CETSA, the soluble proteins
are separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS−PAGE) and the potential proteins are
quantified by Western blotting.13 Although this method is a
great tool to validate the drug targets, it is not applicable to
discover unknown drug targets at the proteome-wide level. To
circumvent this limitation, the TPP approach was developed
for high-throughput identification of protein targets. Instead of
using Western blotting as the readout, a quantitative
proteomics approach was used to quantify proteins in soluble
fractions, which allowed the discovery of ligand-induced
stabilization of proteins at the proteome level.17,18 This
method was widely used to probe the interaction of small
molecules with proteins in living cells, cell lysates, and even
animal tissues.17,19,20 Overall, the above approaches were all
based on the principle that the proteins are stabilized after the
binding of the drugs. The significant feature of these methods
is that no modification of the drug is required.
Due to the ligand-induced stabilization, the ligand-binding

protein targets are less sensitive to protease hydrolysis,
oxidative denaturation, heat denaturation, and chemical
denaturant. And therefore, corresponding methods (e.g.,
DARTS, SPROX, TPP, and CPP) are developed to screen
drug targets. It is well-known that proteins could be denatured
and precipitated by organic solvents,21 and therefore, we
hypothesized that this can be used for the probing of drug−
protein interactions. Herein, we developed a novel method, the
solvent-induced protein precipitation (SIP) approach, to
identify the protein targets or off-targets of drugs, which was
based on the concept that ligand-binding proteins were more
tolerant to organic solvent. Organic solvent precipitates
proteins by decreasing the dielectric constant and competing
for protein hydration, which is different from thermal
denaturation induced proteins precipitation. Some proteins
such as BCR-ABL are not responsive to thermal denaturation
after binding with dasatinib,12 implying that the target space
identified by different approaches may be complementary.
Furthermore, chemical denaturation is more rigorous than
temperature denaturation in a thermodynamic measurement.
In addition, proteomic coverage yielded by the SIP approach is
similar to that of the conventional bottom-up experiment,
which is better than that produced by SPROX. The developed
SIP approach was first evaluated with two model drugs of
MTX and SNS-032 and successfully revealed the known
targets. The ability of SIP to identify target binding was further
validated by using the broad-specificity kinase inhibitor
staurosporine, which induced stabilization shifts of many
protein kinases. Last but not the least, geldanamycin was
studied for the discovery of potential off-targets. Protein
NDUFV1 was discovered as a potential off-target of
geldanamycin and validated by using Western blotting.
Additionally, the SIP approach could evaluate the affinity of
the drug−target interaction, and the affinity of the novel target
NDUFV1 of geldanmycin was estimated. We expect the
extensive use of this approach in drug target discovery and
mechanism studies in the future.

■ EXPERIMENTAL SECTION
Materials and Cell Culture. Dimethyl sulfoxide (DMSO),

NP-40, protease inhibitor cocktail, formic acid (FA),

dithiothreitol (DTT), iodoacetamide (IAA), and trypsin
(bovine, TPCK-treated) were purchased from Sigma-Aldrich
(St. Louis, MO, U.S.A.). Methotrexate (MTX) was purchased
from Sigma-Aldrich; SNS-032, staurosporine, and geldanamy-
cin were purchased from Selleck (Houston, TX); RPMI 1640
medium and phosphate-buffered saline (PBS, pH 7.4, 1×)
were purchased from Gibco (Gaithersburg, MD). Acetonitrile
and methanol (HPLC grade) were from Merck (Darmstadt,
Germany). Pure water used in all experiments was purified
with a Milli-Q system (Millipore, Milford, MA). The
centrifugal filter unit was purchased from Sartorius. HeLa
and 293T cells were cultured in RPMI 1640 containing 10%
fetal bovine serum (FBS) (Gibco, New York) and 1%
streptomycin (Beyond, Haimen, China) under the condition
of 37 °C, 5% CO2.

Preparation of Cell Extract for Stabilization Profiling.
Cells were harvested and washed with cold PBS three times.
Subsequently, cells were lysed using PBS containing 0.2% NP-
40 at pH 7.4, and then supplemented with 1% EDTA-free
cocktail. The cell suspensions were frozen using liquid
nitrogen, followed by thawing at 37 °C using a water bath.
When the cell suspensions were thawed about 60%, they were
transferred on ice to continue thawing. This procedure was
repeated three times. The soluble proteins in the supernatant
were separated from cell debris by centrifuging at 20 000g for
10 min at 4 °C. The supernatant was divided into two aliquots;
one aliquot was treated with a drug prepared in DMSO (the
drug concentrations of MTX, SNS-032, staurosporine, and
geldanamycin were 100, 100, 20, and 100 μM, respectively),
and the other aliquot was treated with an equivalent amount
DMSO alone as vehicle. After the incubation of the protein
extract with the drug or vehicle for 20 min at room
temperature using a rotometer at normal rotating speed, the
extract was divided into seven aliquots of 100 μL in new 600
μL tubes. The denaturation was initiated by addition of an
organic solvent mixture of acetone/ethanol/acetic acid
(A.E.A.) with ratio of 50:50:0.1 to reach the final percentage
of organic solvent ranging from 9% to 19%. Subsequently, the
mixtures were equilibrated at 800 rpm for 20 min at 37 °C.
Supernatants were collected after the mixtures were centri-
fuged at 20 000g for 10 min at 4 °C. One portion was used for
Western blotting analysis, and the left portion was stored at
−80 °C for the subsequent mass spectrometry (MS)-based
quantification. The protein concentration was determined by a
BCA protein assay kit (Thermo Fisher Scientific, San Jose, CA,
U.S.A.).

Sample Preparation for MS Analysis. The above
supernatants including the protein samples with or without
ligands were processed with a filter-aided sample preparation
(FASP) technique.22 First, the equal volume of samples in the
control group and drug-treated group were concentrated using
a 10 k ultrafiltration tube (Sartorius AG, Germany) under the
condition of 14 000g at 4 °C. The protein samples were
washed two times with 8 M urea in the 50 mM HEPES, pH
8.0, the disulfide bonds were then reduced by addition of 20
mM DTT at 700 rpm for 2 h at 37 °C, followed by alkylation
of the proteins by 40 mM IAA in dark at room temperature for
40 min. Subsequently, the protein samples were washed two
times with 50 mM HEPES, and then trypsin was added to the
samples at a ratio of 1:20 (enzyme/protein, w/w) for digestion
at 37 °C for 16 h. The resulting peptides were then subjected
to dimethyl labeling.23 Subsequently, the two differentially
labeled digests were mixed, and then subjected to desalting
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with a C18 solid-phase extraction (Waters, Milford, MA)
according to the manufacturer’s protocol. Finally, the desalted
samples were lyophilized in a SpeedVac (Thermo Fisher
Scientific, San Jose, CA, U.S.A.) and stored at −80 °C before
use.
Liquid Chromatography−Tandem Mass Spectrome-

try Analysis. The analysis of tryptic peptides was performed
on an Ultimate 3000 RSLCnano system coupled with a Q-
Exactive-HF mass spectrometer, controlled by Xcalibur
software v2.1.0 (Thermo Fisher Scientific, Waltham, MA,
U.S.A.). The dimethyl-labeled peptide samples were resolved
in 0.1% formic acid/water and were quantified by using a
NanoDrop 2000 (Thermo Fisher Scientific, U.S.A.). Briefly, 1
μg of the resuspended peptides was automatically loaded onto
a C18 trap column (200 μm i.d.) at a flow rate of 5 μL/min.
The capillary analytical column (150 μm i.d.) was packed in-
house with 1.9 μm C18 ReproSil particles (Dr. Maisch
GmbH). The mobile phases A and B were 0.1% FA and 80%
ACN/0.1% FA, respectively. The flow rate was set as 600 nL/
min. The gradient of the mobile phase was developed as
follows: 9−13% mobile phase B for 1 min; 13−27% B for 79
min; 27−45% B for 17 min; 45−90% B for 1 min; 90% B was
maintained for 10 min; and finally equilibration with mobile
phase A for 12 min.
The liquid chromatography−tandem mass spectrometry

(LC−MS/MS) system was operated in data-dependent MS/
MS acquisition mode. The full mass scan acquired in the
Orbitrap mass analyzer was from m/z 350 to 1750 with a
resolution of 60 000 (m/z 200). The MS/MS scans were also
acquired by the Orbitrap with a 15 000 resolution (m/z 200),
and the AGC target was set to 5 × 104. The spray voltage and
the temperature of the ion transfer capillary were set to 2.6 kV
and 275 °C, respectively. The normalized collision energy for
higher-energy collisional dissociation (HCD) and dynamic
exclusion were set as 27% and 20 s, respectively.
Protein Identification and Quantification. Raw files

were processed with MaxQuant (version 1.5.3.30.). The MS/
MS spectra were searched against the Uniprot human database
containing 70 037 entries (June 2018) with the Andromeda
search engine in MaxQuant. Carbamidomethylated cysteine
was searched as a fixed modification, whereas oxidation of
methionine and N-terminal protein acetylation were searched
as variable modifications. Multiplicity was set to 2; dimethLys0
and dimethNter0 were light labeling, whereas dimethLys4 and
dimethNter4 were heavy labeling. Trypsin was set as the
proteolytic enzyme, and up to two missed cleavages were
allowed. Precursor and fragment mass tolerances were set at 10
ppm and 0.02 Da, respectively. The false discovery rate was set
to 0.01 for both proteins and peptides. Moreover, the options
of requantify and match between runs were required.
Normalized H/L ratios were used for subsequent statistical
analysis.
Data Processing. The data exported from MaxQuant was

analyzed using Excel software. The normalized H/L ratio was
presented as log2 fold change (FC) to generate a scatter plot
based on LC−MS/MS data from two replicate runs. The
proteins that were identified in both replicate runs were used
for the subsequent analysis. The maximum average value was
kept as the final log2 FC(H/L normalization ratio) if the protein target
was identified in different samples. The proteins with average
log2 FCH/L normalization ratio) > 1 or < −1 in different samples of
the same set of experiments were combined and considered as
the total potential protein targets. The scatter plots were

carried out by Graphpad Prism 7 software (Graphpad
Software, Inc., La Jolla, CA).

Target Validation with Western Blotting. The soluble
proteins in supernatants were separated by means of SDS−
PAGE and were transferred onto a poly(vinylidene difluoride)
(PVDF) membrane. The membrane was blocked with 5% skim
milk. Primary anti-DHFR, anti-CDK9 (Subways, China), anti-
HSP90AB1, anti-NDUFV1 (Proteintech, Chicago, IL), and
anti-GAPDH (Abcam, Cambridge, U.K.) antibodies, secon-
dary rabbit antimouse HRP-IgG, and goat antirabbit HRP-IgG
antibodies (Abcam, Cambridge, U.K.) were used for
immunoblotting. The chemiluminescence intensities were
visualized and quantified by the ECL detection kit (Thermo
Fisher Scientific, U.S.A.), and the images were obtained by
using a Fusion FX7 imaging system (Vilber Infinit, France).
The protein abundance was normalized by the protein
intensity in the 9% A.E.A.-treated sample.

Affinity Evaluation with Dose-Dependent Response
Assay. The affinity of the drug−target interaction was
determined by dose-dependent response assay. The drug
solutions with different concentrations (101, 100, 10−1, 10−2,
10−3, 10−4, 10−5, 10−6, 10−7, 10−8, 10−9 μM) were prepared by
10-fold diluting of geldanamycin stock solution of 10 μM. After
HeLa cell lysates were treated with drug with different
concentrations, each sample was treated with 15% A.E.A.,
followed by the procedure outlined above in the detailed
information on sample preparation in cell lysate. The
supernatants were analyzed by Western blotting, and the
band intensity was plotted with Graphpad Prism software.
For validation of the novel protein target NDUFV1 of

geldanamycin in dose-dependent response assay, the concen-
tration of geldanamycin was starting at 100 μM and gradually
diluted as a 10-fold dilution (102, 101, 100, 10−1, 10−2, 10−3,
10−4, 10−5, 10−6, 10−7, 10−8 μM) following the procedure
outlined above for the experiment on dose-dependent
response.

Protein−Protein Interaction, Gene Ontology, and
Pathways Analysis. The interaction of protein hits and
gene ontology (GO) analysis was analyzed by using the online
tool STRING (https://string-db.org/). The pathways analysis
was conducted by using Reactome (http://reactome.org/).
The clusters were arranged by Graphpad Prism 7 software.

■ RESULTS AND DISCUSSION
Establishment of the SIP Approach. Organic solvents

such as acetone, ethanol, methanol, and acetonitrile are often
used to precipitate proteins to remove contaminants. The
precipitation is mainly attributed to two reasons, i.e., decrease
in protein solubility resulting from reduction of the dielectric
properties of the solution and destruction of the hydration
membrane of the protein.24 The ligand-binding protein
complex has a lower energy state and therefore requires
more energy to be unfolded than the free protein. Thus, in
principle, the target proteins will become more resistant to the
denaturation and precipitation induced by the treatment of
organic solvent after the binding of the drugs. We hypothesized
that the organic solvent induced protein precipitation can also
be used to screen drug targets. In this study we explored a
widely used organic solvent system (acetone/ethanol/acetic
acid = 50:50:0.1, v/v/v, abbreviated as A.E.A.) to denature and
precipitate proteins for the screening of drug targets. The
workflow of this SIP approach is shown in Figure 1. Briefly,
two aliquots of cell lysate were incubated with and without a
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drug, respectively. Then, the same volume of organic solvent
mixture A.E.A. was added to the two lysates to initiate protein
precipitation. To demonstrate the stability difference with the
binding of the drug in organic solvent, we explored a series of
A.E.A. percentages from 9% to 19% for protein precipitation.
After precipitation, the soluble proteins are separated from
aggregated proteins by centrifugation. Theoretically, proteins
will be more resistant to precipitation at a certain percentage of
solvent when they bind to drugs. Therefore, potential drug
affinity proteins will be determined by quantitative proteome
analysis of the supernatants of cell lysates after precipitation. In
this workflow, the two protein samples with/without the drug
were collected for comparative proteome analysis after protein
digestion and stable isotope dimethyl labeling. All the samples
were analyzed by LC−MS/MS replicate, and only the proteins
quantified in both runs were used for further analysis. The
average log2 FC(H/L normalization ratio) > 1 or < −1 was considered
as the potential protein targets.
Validation of the Approach by Model Drugs.

Methotrexate, a well-characterized model drug, was used to
evaluate the feasibility of this method. MTX is an anti-folate
drug which selectively inhibits dihydrofolate reductase
(DHFR) to prevent the synthesis of tetrahydrofolic acid and
thus causes the death of cancer cells.20 In this study, 293T cell

lysate was incubated with 100 μM MTX for 20 min at room
temperature, and was then treated with different percentages of
organic solvent mixture A.E.A. After the removal of
precipitates, we quantified the abundance of protein target
DHFR in the supernatant by Western blotting. As shown in
Figure 2A, the DHFR signal in the control lysate started to
decrease at 11% A.E.A. and almost completely disappeared at
15%, which indicated that the DHFR protein completely
precipitated at this solvent concentration. However, the signal
of DHFR for MTX-incubated cell lysate barely decreased at a
much higher solvent percentage of 17% A.E.A. The Western
blotting-based curve of DHFR protein abundance exhibited
significant stabilization shifts in the presence of MTX (Figure
2A). Next, the samples treated with 13% and 15% A.E.A. in the
control and drug-treated groups were subjected to FASP and
dimethyl labeling for quantitative proteomics. Through mass
spectrometry analysis, DHFR was identified in the two labeled
samples, and the maximum average log2 FC(H/L normalization ratio)
nearly reached 4, indicating significant stabilization after the
binding of the drug. This proteomics readout was well-
consistent with the result of Western blotting (Figure 2, parts
B and C). We explored our approach to another example of
SNS-032, which was designed as an inhibitor of cyclin protein
to prevent the proliferation of tumor cells.25 As we expected,
after treatment with 11% and 12% A.E.A., the Western
blotting-based curve of CDK9 protein abundance exhibited
significant stabilization shifts in the presence of SNS-032
(Figure 2D). Subsequently, the two labeled samples treated
with 12% and 13% A.E.A. in the control and drug-treated
groups were subjected to dimethyl labeling and quantitative
proteomics analysis. Two known targets CDK2 and GSK-3α
toward drug SNS-032 were identified (Figure 2, parts E and
F). Moreover, the average log2 FC(H/L normalization ratio) of CDK2
and GSK-3α were 1.23 and 1.13, respectively (Figure 2, parts E
and F), indicating the drug binding induced protein
stabilization. The above data confirmed that the SIP approach
was able to identify drug targets with high specificity.

Application of the Approach to a Pan-Kinase
Inhibitor. The SIP approach was further extended to the
screening of the targets of the broad-specificity kinase inhibitor
staurosporine. The 293T cell extracts treated with staurospor-
ine or vehicle were subjected to organic solvent induced
protein precipitation with 15%, 16%, and 17% A.E.A., and the
resulting supernatants were analyzed by the above-mentioned
proteomic workflow in two runs. Overall, 1752, 1648, and
1566 proteins were quantified in the three A.E.A.-treated
samples in the staurosporine experiment. Though over 1500
proteins were quantified in each experiment, only a few
proteins were found to have significant changes after the
binding of the drug. In total, 12, 9, and 5 proteins displayed
stabilization shifts that passed our significance criteria in the
three samples, and seven, five, and four protein kinases were
identified among them (Figure S1A−C). It was found that
STK4 kinase was the most consistently observed hit and was
identified in all the three different percentages of A.E.A.-treated
samples. Several kinases such as SIK, KCC2D, STK10, and
PHKG2 were identified twice among the three samples.
Bringing the protein kinase targets identified in the three
samples together, totally nine kinases were identified as target
proteins for staurosporine (Table S1). In addition, we also
observed 11 non-kinase proteins stabilized after the binding of
drug (Table S1). This indicated that non-kinase proteins could

Figure 1. Schematic representation of the organic solvent induced
protein precipitation (SIP) approach for the screening of drug targets.
The cell lysate was incubated with or without drugs and treated with a
particular percentage of organic solvent mixture (acetone/ethanol/
acetic acid, A.E.A.) to precipitate proteins. After A.E.A. treatment, the
soluble proteins were separated from precipitated proteins by
centrifugation. The supernatants with/without drug treatment were
subjected to a filter-aided sample preparation protocol and quantified
by stable isotopic dimethyl labeling based proteomics. The proteins
with consistently quantified change over 2 folds in two replicates are
considered as the potential targets.
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be the target proteins of kinase inhibitors, which was also
reported in previous studies.12

Savitski et al. have performed a comprehensive study to
screen the targets of staurosporine by the TPP approach.12 In
their study, the samples from 10 different temperatures were
labeled with the neutron-encoded isobaric mass tagging
reagents (TMT10) and analyzed with two-dimensional
reversed-phase liquid chromatography−tandem mass spec-
trometry (2D RP-RPLC−MS/MS), which resulted in the
quantification of 7677 proteins (Figure S2A). In total, the
thermal profiles comprised 260 protein kinases, of which 51
(19.62%) were determined to be the target proteins according
to the melting curves (Figure S2B), while in this study, the
samples from three different solvent concentrations were
separately subjected to dimethyl labeling and 1D RPLC−MS/
MS analysis, which quantified only 1854 proteins (Figure
S2A). Due to the poor proteome coverage, only 19 protein
kinases were quantified in this study. Among them, 47.37% (9/
19) were found to be significantly stabilized after binding of
the drug and determined to be the potential target proteins
(Figure S2B). The comparison of the quantified kinases and
the determined protein kinase targets between SIP and TPP is
given in Figure S2. Because of the high proteome coverage of
the TPP studies, 15 protein kinases quantified in this study
were included in the 260 protein kinases (Figure S2B). As
these 15 protein kinases were quantified in both studies, it is of
interest to see if they showed a stabilization shift in both cases.
It was found that only five protein kinases had significant
stabilization shifts in both TPP and SIP (Figure S2C). There
were four protein kinases including SIK, KCC2D, STK10, and
KKCC1 that showed significant stabilization only in the SIP
approach but not in the TPP approach, and no protein was
found to have significant stabilization shift only in the TPP
approach (Figure S2C). The comparison would be fairer if the

proteome coverage for SIP was equivalent to that of TPP.
However, the above data already indicated that target proteins
identified by the different precipitation approaches are
complementary.

Discovery of Off-Targets for Geldanamycin. Geldana-
mycin is the pioneering and potent inhibitor of HSP90 by
binding to the unique ATP/ADP binding domain of
HSP90.26,27 However, it was withdrawn from clinical trials
due to the serious side effects which lead to severe
hepatotoxicity.28 Therefore, SIP was applied to construct the
target space of geldanamycin, which should reveal the intended
on-targets and the unexpected off-targets.
By using Western blotting, we investigated the effect of

different A.E.A. percentages on the precipitation of a known
target protein HSP90AB1 of geldanamycin with and without
the presence of geldanamycin in the total cell lysate of HeLa
cells. It can be seen from Figure 3A that HSP90AB1 started to
precipitate when the A.E.A. percentage increased from 15% to
17%. And it was obvious that the HSP90AB1 in the drug-
treated sample was more resistant to organic solvent induced
precipitation (Figure 3A), indicating the target protein was
stabilized by geldanamycin. On the basis of the above
investigation, samples treated with 15%, 16%, and 17%
A.E.A. were subjected to dimethyl labeling for MS analysis at
the proteome level, as obvious precipitation was observed for
these samples.
After quantitative proteomics analysis, 1670, 1594, and 1405

proteins were quantified in the three A.E.A.-treated samples of
geldanmycin experiment (Figure S3), respectively. Among
them, 53 protein hits with average log2 FC(H/L normalization ratio) >
1 and 33 protein hits with average log2 FC(H/L normalization ratio) <
−1 were discovered, and they were considered as direct and
indirect candidate targets of geldanamycin. These hits were
ranked by average log2 FC(H/L normalization ratio) values (Tables S2

Figure 2. SIP approach to identify the known targets of MTX and SNS-032. (A) Western blotting confirming the stabilization of DHFR by MTX in
293T cell lysate. The relative band intensity was normalized by the protein intensity in the 9% A.E.A.-treated sample. Scatter plot of fold change of
DHFR protein abundance in (B) 13% and (C) 15% A.E.A.-treated samples. The target hits were obtained by LC−MS/MS data from two replicate
runs. (D) Western blotting confirming the stabilization of CDK9 by SNS-032 in 293T cell lysate. The relative band intensity was normalized by the
protein intensity in the 9% A.E.A.-treated sample. Scatter plot of fold change of CDK9 protein abundance in (E) 12% and (F) 13% A.E.A.-treated
samples. The target hits were obtained by LC−MS/MS data from two replicate runs.
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and S3). In fact, it is arbitrary to define the criterion for
screening target proteins as log2 FC. Loosening filtering
criteria is able to improve the sensitivity of target proteins
identification, but also has the risk to increase false positive
identifications.
As expected, the three known protein targets of

geldanamycin, HSP90AA1, HSP90AB1, and HSP90B1, were
successfully identified, and the maximum average log2
FC(H/L normalization ratio) values were 4.90, 2.83, and 1.25 (Table
S2), indicating significant stabilization was yielded after
binding of geldanamycin. HSP90AA1 was reproducibly
identified among these three samples with different A.E.A.
percentages (Figure 3B−D). Furthermore, the other HSP90
isoforms such as HSP90AB2P and HSP90AB4P were also
reproducibly identified, and the maximum average log2
FC(H/L normalization ratio) values were 1.41 and 2.97, respectively
(Table S2).
All stabilized and destabilized protein hits excluding the

known HSP90 family proteins were subjected to gene ontology
and pathways analysis. It was found that most of the protein
hits were involved in metabolism, oxidation−reduction
processes, and mitochondria function (Figure S4A−D). Our
result was consistent with the previous study demonstrating

reactive oxygen species mediate geldanamycin-induced hep-
atotoxicity by phenotypic analysis.29 The above data
collectively demonstrated that the hepatotoxicity induced by
geldanamycin may be due to the promiscuous off-target effects
(Figure S4E). The identification of these target proteins
indicated the high reliability of this approach to construct the
target space.
It was worth noting that protein NDUFV1 was the top

candidate target and repeatedly identified in all the three
different percentages of A.E.A.-treated samples (Figure 3B−
D). NDUFV1 is the core subunit of the mitochondrial
membrane respiratory chain NADH dehydrogenase, which was
also known as Complex I,30 and the other subunit NDUFAB1
of mitochondrial Complex I was also found to be stabilized
(Figure 3D). We further used Western blotting to confirm
whether NDUFV1 was stabilized after incubation with
geldanamycin. The Western blotting detection of soluble
proteins illustrated that the abundance of NDUFV1 protein
without geldanamycin decreased significantly at 12% A.E.A.
(Figure 3E), while its abundance with geldanamycin kept
constant even with the highest percentage of A.E.A. (17%).
The Western blotting-based curve of NDUFV1 protein
abundance exhibited significant stabilization shifts in the

Figure 3. Discovery of protein targets of geldanamycin by the SIP approach and validation of screened potential off-target protein NDUVF1
through the Western blotting technique. (A) Western blotting confirming the stabilization of geldanamycin by HSP90AB1 in HeLa cell lysate. The
relative band intensity was normalized by the protein intensity in the 9% A.E.A.-treated sample. Scatter plot of fold change of HSP90AB1 protein
abundance in (B) 15%, (C) 16%, and (D) 17% A.E.A.-treated samples. The target hits were obtained by LC−MS/MS data from two replicate runs.
The red dots represent the well-known protein target HSP90 family (HSP90AB1, HSP90AA1, and HSP90B1) of geldanamycin. The green dots
represent the novel HSP90 isoforms proteins. Blue dots represent potential candidate targets. (E) Western blotting confirming the stabilization of
geldanamycin by NDUFV1 protein in HeLa cell lysate. The relative band intensity was normalized by the protein intensity in the 9% A.E.A.-treated
sample.
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presence of geldanamycin (Figure 3E). Both the quantitative
proteomics and Western blotting readout indicated NDUFV1
was strongly stabilized after binding with geldanamycin, and
therefore NDUFV1 is a high-confidence off-target of
geldanamycin.
Savitski et al.12 reported that the affinity data obtained by

dose-dependent response in TPP were in good agreement with
data from kinobeads competition-binding experiments. There-
fore, we exploited dose-dependent response assay to determine
the affinity of geldanamycin with the well-known protein target
HSP90AB1. The HeLa cell lysate was exposed to different
concentrations of geldanamycin, and then treated with a
defined 15% A.E.A. The detection of the curve fitted by
Western blotting showed the abundance of HSP90AB1
obviously decreased from the concentration at 1 μM (Figure
4A). The half-saturation point of the geldanamycin-binding

HSP90AB1 complex was between 0.1 and 1 μM concentration,
and geldanamycin reached the full occupancy of HSP90AB1
protein around the concentration of 1 μM (Figure 4A). The
affinity of the drug geldanamycin evaluated by the SIP
approach was roughly consistent with previously reported Kd
values (1.2 μM). This is not surprising as the stabilization shift
depends on the fraction of proteins binding to the drug, which

depends on Kd values. Clearly, the SIP approach is also able to
determine the affinity of the drug−protein interaction.
Conventional methods, e.g., isothermal titration calorimetry
(ITC),31,32 require the use of purified protein, which is time-
consuming, and for some cases the purified protein is not
available. However, SIP enables the determination of the
affinity of a drug with a protein target only using cell lysate
when Western blotting readout was applied. If antibody is not
available, quantitative proteomics coupled with dose-depend-
ent response assay could also be applied to determine the
affinity of a drug with its targets. This technique is more
powerful as it can determine the affinity of a drug with multiple
protein targets.
To assess the affinity of geldanamycin for its novel target

NDUFV1, drug dose-dependent response assay at a fixed
A.E.A. percentage of 15% was performed. The Western
blotting-based curve confirmed that the half-saturation point
of the latent target protein NDUFV1 of geldanamycin was
around 10 μM, and geldanamycin reached the full occupancy
at 100 μM, which was about 10 times higher than that in the
interaction between geldanamycin and its known HSP90AB1
proteins (Figure 4B). This result implied that NDUFV1
protein was captured as off-target-induced side effects once the
drug geldanamycin dosage increased, which was well in
agreement with the study that dose-limiting hepatotoxicity of
geldanamycin is due to the quinine moiety.33

Analysis of the Proteins Destabilized by Geldanamy-
cin. We are also interested in the proteins with the reduction
of stability with the addition of ligand to the cell lysate. Ahsan
et. al reported that inhibitors of protein−protein interaction
could cause protein destabilization.34 Savitski et al. reported
that inhibition by staurosporine (ligand) stabilizes the catalytic
subunit (target) but destabilizes the regulatory subunit, which
indicated that staurosporine occupies the binding sites of the
catalytic subunit, resulting in the dissociation of the regulatory
subunit.12 HSP90 inhibitors target the ATP-binding domain,
leading to the dissociation of weak client proteins of
HSP90.35,36 Therefore, the destabilized proteins in this study
were possibly caused by the effect of inhibiting protein−
protein interactions of geldanamycin, which resulted in client
proteins of HSP90 or other protein subunits dissociated from
the protein complexes. The analysis of protein−protein
interactions toward all protein hits confirmed the above
assumption. It was found that there were many interactions
between the stabilized proteins and destabilized proteins
(Figure S5A). Among these 33 destabilized proteins, 22
interacted with stabilized proteins (destabilized protein−
stabilized protein interaction, DSI) in some way, and the
percentage was 60.60% (Figure S5B). The high percentage of
DSI further indicated these proteins were likely dissociated
from the protein complex due to the binding of the drug with a
direct target protein in the protein complex.

■ CONCLUSION
In this study we presented a novel energetics-based approach
to screen drug targets. It relies on the fact that the ligand
binding proteins have higher resistance to solvent-induced
precipitation (SIP). By combining with quantitative proteo-
mics, this SIP approach enables the discovery of drug targets in
the total cell lysate without modification of the drug. This
approach was applied to screen the target proteins of three
model drugs of MTX, SNS-032, and staurosporine. The known
targets were identified as top hits indicating the effectiveness of

Figure 4. Evaluating affinity for ligand−protein interaction through
using the SIP approach. (A) Affinity between geldanamycin and target
protein HSP90AB1 was estimated in HeLa lysate after incubating with
different concentrations of the drug geldanamycin at fixed A.E.A.
concentration by using Western blotting. (B) Measuring the affinity
between geldanamycin and protein NDUFV1 in HeLa lysate after
incubating with different concentrations of the drug geldanamycin at
fixed A.E.A. concentration by using Western blotting.
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this approach. This approach was further applied to explore the
target space of geldanamycin, and 53 proteins directly binding
with drug were screened. Furthermore, the candidate off-target
NDUFV1 was validated by using Western blotting. This
approach can also determine the drug−protein affinity in total
cell lysate using dose−response assay. As an example, the
affinity of the novel target NDUFV1 of geldanamycin was
determined. Taken together, the SIP approach provides a good
platform for drug target identification so as to better
understand the side effects and the mechanism of action.
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