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While targeted therapy based on the idea of attenuating the activity of a preselected,
therapeutically relevant protein has become one of the major trends in modern cancer therapy, no
truly specific targeted drug has been developed and most clinical agents have displayed a degree
of polypharmacology. Therefore, the specificity of anticancer therapeutics has emerged as a highly
important but severely underestimated issue. Chemical proteomics is a powerful technique
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combining postgenomic drug-affinity chromatography with high-end mass spectrometry analysis
and bioinformatic data processing to assemble a target profile of a desired therapeutic molecule.
Due to high demands on the starting material, however, chemical proteomic studies have been
mostly limited to cancer cell lines. Herein, we report a down-scaling of the technique to enable the
analysis of very low abundance samples, as those obtained from needle biopsies. By a systematic
investigation of several important parameters in pull-downs with the multikinase inhibitor
bosutinib, the standard experimental protocol was optimized to 100 pg protein input. At this level,
more than 30 well-known targets were detected per single pull-down replicate with high
reproducibility. Moreover, as presented by the comprehensive target profile obtained from
miniaturized pull-downs with another clinical drug, dasatinib, the optimized protocol seems to be
extendable to other drugs of interest. Sixty distinct human and murine targets were finally
identified for bosutinib and dasatinib in chemical proteomic experiments utilizing core needle
biopsy samples from xenotransplants derived from patient tumor tissue. Altogether, the developed
methodology proves robust and generic and holds many promises for the field of personalized
health care.
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INTRODUCTION

Over the past few decades, intensive research into cancer has led to the identification of a
large number of oncogenes and other genes that are not inherently oncogenic but can
significantly contribute to cancer development and progression. Thus, our understanding of
the causes of cancer and the subsequent molecular pathology has significantly broadened.
Naturally, these findings in cancer fundamentals have also opened new possibilities for both
diagnosis and especially treatment. In this field, one of the greatest milestones was the
advent of targeted therapy that is often connected with the discovery of imatinib (Gleevec)
in the late 1990s. Imatinib revolutionized the treatment of chronic myeloid leukemia (CML)
and was the first of a class of small molecule compounds that modulated the activity of a
desired, therapeutically relevant protein (or in accordance with the present view of targeted
therapy and modulation of the activity of several selected proteins simultaneously). Thus,
neoplastic cells were specifically killed.! Since imatinib entered the market, several other
small-molecule targeted drugs have been approved by the U.S. Food and Drug
Administration agency and the importance of targeted therapy in modern oncology
continues to grow.2

Despite the undeniable success of specific anticancer agents, recent years have shown that
several issues connected with this prospective concept still remain. Undoubtedly, one of the
most frequently discussed topics is drug specificity.3 Even if enormous efforts have been
made to design and develop compounds affecting only given molecular nodes in cancer
circuits (as documented by research programs of many pharmaceutical and biotechnological
companies), no strictly selective agent has been discovered. The majority of novel, potential
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therapeutics displays much broader inhibitory profiles than originally planned. Affecting
unexpected targets can consequently lead to unwanted toxicity and cause a number of
adverse side effects. On the other hand, incidental drug promiscuity does not necessarily
have to be harmful. For example, new targets can lead to an increase in potency of a drug
and/or new clinical indications, as demonstrated by the aforementioned CML drug imatinib.
On the basis of the fact that it is, in addition to BCR-ABL, also a potent inhibitor of c-KIT
and PDGFR, it has been approved for eight other diseases.2 Hence, the determination of the
specificity profile and the delineation of plausible mechanism of action should be an integral
part of the modern drug discovery pipeline.

In recent years, a variety of techniques such as haploinsufficiency profiling, three hybrid
system, phage display, RNAI arrays, gene expression analyses or in silico computational
predictions have been developed and successfully employed in the identification of binding
partners of many promising antitumor agents.*> Moreover, some of these methods have
become available as a commercial service. This is the case especially for the assessment of
inhibitors against a panel of recombinant protein kinases® that is provided, for example, by
Millipore (KinaseProfiler), Invitrogen (SelectScreen Kinase Profiling), or DiscoveRx
(KINOMEscan).”

Proteomics also offers a technology for molecular target identification. An affinity approach
called chemical proteomics employs immobilized drugs to isolate protein interactors from
complex protein mixtures. Analysis of these specific protein sets is then achieved by modern
high-end mass spectrometry (MS) and collected data are subjected to bioinformatic
processing and evaluation. Together, these principles promote chemical proteomics as an
unbiased method that is applicable to any type of biological sample. One of the major
advantages of this particular technology is that it enables the characterization of interacting
proteins in a native form (splice variant, conformation, post-translational modifications, and
expression level) under physiological conditions.8-10

Naturally, as with any analytical technique, chemical proteomics also harbors some
limitations.10 For instance, chemical proteomics usually requires large quantities of
biological material that restricts the majority of studies to cell lines, which at least in theory
can be expanded infinitely. Although these cells are accepted as a valid experimental model
and possess important attributes of primary cancer cells, none entirely display the phenotype
of the original tumor from which the cell lines are derived.1! This difference has been
clearly demonstrated in our recent study with the BCR-ABL kinase inhibitor bosutinib (SKI-
606), in which we have observed distinct target profiles in K562 cells versus peripheral
blood mononuclear cell samples derived from two CML patients.}2 Furthermore, it can be
hypothesized that the possibility to perform systematic chemical proteomic experiments
using as limited amounts of material as can be obtained from clinically relevant samples
would open a new chapter in personalized medicine, particularly considering the emerging
appreciation of the heterogeneity between tumors from different patients and, in fact, within
different areas of any individual tumor.13

By combining acidic elution with gel-free one-dimensional proteomic analysis, we have
previously achieved successful down-scaling of the pull-down procedure to 500 pug
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protein,14 which constituted about 10% of the amounts described in the original protocol.1
In the present study, we describe a further miniaturization of the methodology extending the
range of the application to amounts obtainable from tumor biopsies. To obtain the highest
number of relevant target identifications from 100 pg protein, a group of parameters
affecting gel-free one-dimensional chemical proteomic experiments was addressed in pull-
downs with bosutinib as a model drug. The optimized protocol allowed us to significantly
reduce the input material and also the number of replicates analyzed by liquid
chromatography— mass spectrometry (LC-MS), while still unambiguously identifying
numerous targets of bosutinib. Additionally, successful pull-downs performed with another
important clinical kinase inhibitor, dasatinib, show that the miniaturized protocol can be
potentially applied to other drugs. All of these findings were finally verified in experiments
using core needle biopsies from xenotransplants derived from patient lung tumor tissue.

MATERIALS AND METHODS

Chemicals—All chemicals used in this study were from commercial sources and were of
analytical grade, unless stated otherwise.

Biological Material—Human CML K562 cells (ATCC, Washington, D.C.) were grown in
suspension in RPMI 1640 medium supplemented with 10% fetal calf serum, .-glutamine,
and penicillin/streptomycin and harvested by centrifugation. Harvested cells were washed
with ice cold PBS, snap-frozen in liquid nitrogen and stored at =80 °C until lysed.

Lung tumor biopsies were obtained from patient-derived xenotransplants, as described
earlier.16 In brief, primary tumor specimens were acquired at initial surgery from early stage
nonsmall cell lung cancer (NSCLC) patients, cut into small pieces and immediately
subcutaneously transplanted in immuno-deficient NOD/SCID mice (Taconic, Hudson, NY).
Tumor growth was observed daily and at palpable tumor size, a core biopsy was performed
with an 18 gauge needle. Biopsy samples were snap-frozen in liquid nitrogen and stored at
—80 °C until lysed. Consent for use of human tumor tissue was obtained from all patients
and the study was approved by the University of South Florida Institutional Review Board.

Compounds and Immobilization on Chromatography Media—c-Bosutinib was
generated by Vichem Chemie (Budapest, Hungary) and c-dasatinib was synthesized by
WuXi PharmaTech (Shanghai, China). Compounds were immobilized on NHS-activated
Sepharose 4 Fast Flow (GE Healthcare Life Sciences, Uppsala, Sweden) as follows. Matrix
(100, 50, or 25 pL) was washed with DMSO and incubated for at least 16 h at room
temperature with a defined amount of appropriate compound and 0.1 M triethylamine. The
completion of compound immobilization was verified by the analysis of the supernatant
using HPLC-MS, and unreacted functional groups were blocked with an excess of
ethanolamine (final concentration of 0.8 M). After blocking, the affinity resin was washed
with DMSO prior to use for affinity chromatography.

Preparation of Cell and Tissue Lysate and Drug Affinity Purification
Procedure—K562 cell pellets were resuspended in lysis buffer (50 mM Tris- HCI, pH 7.5;
100 mM NaCl; 0.2% NP-40; 5% glycerol; 1.5 mM MgCl,; 1 mM dithiothreitol (DTT); 25
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mM NaF; 1 mM Na3zVOy; 1 mM phenylmethylsulfonyl fluoride; 5 ug/pL tosyl--lysine
chloromethyl ketone; 1 pg/uL leupeptin; 1 pug/uL aprotinin; 10 pug/uL soybean trypsin
inhibitor), and cells were homogenized by passing the suspension 10 times through a 21
gauge needle. The lysate was incubated for 30 min on ice, and cell debris was removed by
centrifugation (10 min at 20000g followed by 1 h at 100000g). Protein concentration was
determined by Bradford assay (Bio-Rad, Hercules, CA), and the lysate was diluted to the
desired concentration with the lysis buffer. The lysates were either snap-frozen in liquid
nitrogen or used directly for affinity purifications.

Frozen biopsy samples were ground to a fine powder in liquid nitrogen using a precooled
mortar and pestle. The homogenate was transferred to an eppendorf tube and extracted with
150 pL of the lysis buffer for 30 min on ice. After centrifugation, the lysate was then
processed essentially as described above.

All affinity isolations were performed in duplicates, as previously described.1* Briefly,
before performing a pull-down, the affinity resin was washed with precooled lysis buffer.
Cell lysates were cleared by centrifugation (if frozen; 20 min at 100000g) and subjected to
association with equilibrated resin at 4 °C under continuous agitation. Subsequently, the
lysate—resin suspension was centrifuged (3 min at 75g) and transferred to a Micro Bio-Spin
chromatography column (Bio-Rad). The resin was drained by gravity flow and washed with
5 mL lysis buffer and 2.5 mL HEPES/NaOH buffer (HEPES/NaOH, pH 7.5; 100 mM NaCl;
0.5 uM EDTA), respectively. The bound proteins were eluted directly into a glass vial
containing 125, 250, or 500 pL (depending on the elution volume) 1 M triethylammonium
bicarbonate buffer (SIGMA-Aldrich, St. Louis, MO) with 100 mM formic acid (FA), mixed
by gentle vortexing and stored at —20 °C until further analysis. For more detailed
information concerning the entire procedure, see Figure 1.

Solution Digestion of Eluted Proteins and Sample Preparation for Mass
Spectrometry—~Proteins in the neutralized eluate were reduced with 10 mM DTT at 56 °C
for 1 h, alkylated with 55 mM iodoacetamide for 30 min at room temperature in the dark,
and digested overnight at 37 °C with sequencing grade modified porcine trypsin (Promega,
Madison, WI) (Figure 1). The resultant tryptic digest was acidified with 30% trifluoroacetic
acid (TFA) and desalted C18 columns were concentrated in a vacuum centrifuge
(Eppendorf, Hamburg, Germany) to a volume of approximately 2 pL and then reconstituted
to 10 pL with 5% FA.

Liquid Chromatography Mass Spectrometry—Mass spectrometry was performed on
either a hybrid LTQ-Orbitrap XL or an LTQ-Orbitrap Velos mass spectrometer
(ThermoFisher Scientific, Waltham, MA) using Xcalibur, version 2.0.7 and 2.1.0 SP1.1160,
respectively. Both instruments were coupled to Agilent 1200 HPLC nanoflow systems (dual
pump with one precolumn and one analytical column) (Agilent Biotechnologies, Palo Alto,
CA) via a nanoelectrospray ion source using liquid junction (Proxeon, Odense, Denmark).
Solvents for LC-MS separation of the digested samples were as follows: solvent A
consisted of 0.4% FA in water and solvent B consisted of 0.4% FA in 70% methanol and
20% isopropanol. From a thermostatted microautosampler, 8 L of the tryptic peptide
mixture were automatically loaded onto a trap column (Zorbax 300SB-C18 5 um, 5 x 0.3
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mm, Agilent Biotechnologies, Palo Alto, CA) with a binary pump at a flow rate of 45 pL/
min. 0.1% TFA was used for loading and washing the precolumn. After washing, the
peptides were eluted by back-flushing onto a 16 cm fused silica analytical column with an
inner diameter of 50 um packed with C18 reversed phase material (ReproSil-Pur 120 C18-
AQ, 3 um, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany). The peptides were eluted
from the analytical column with a 27 min gradient ranging from 3 to 30% solvent B,
followed by a 25 min gradient from 30 to 70% solvent B and, finally, a 7 min gradient from
70 to 100% solvent B at a constant flow rate of 100 nL/min.1” The analyses were performed
in a data-dependent acquisition mode and dynamic exclusion for selected ions was 60 s. For
the LTQ-Orbitrap XL and Velos, a top 6 and top 15 collision-induced dissociation (CID)
method were used, respectively. No lock masses were used for the Orbitrap XL and a single
lock mass at m/z 445.120024 [Si(CH3),0)6]*8 was employed for the Orbitrap Velos.
Maximal ion accumulation time allowed in the CID mode was 150 ms for MS" in the LTQ
and 1000 ms in the C-trap (LTQ-Orbitrap XL) and 50 ms for MS" in the LTQ and 500 ms in
the C-trap (LTQ-Orbitrap Velos). Automatic gain control was used to prevent overfilling of
the ion traps and was set to 5000 in the MS" mode for the LTQ and 106 ions for a full FTMS
scan. Intact peptides were detected in the Orbitrap XL and Velos at 100000 and 60000
resolution at m/z 400, respectively.

Data Analysis—The acquired raw MS data files were processed with msconvert
(ProteoWizard Library v2.1.2708) and converted into Mascot generic format (.mgf) files.
The resultant peak lists were searched against the human Swiss-Prot database version
v2011.06_20110609 or v2011.12_ 20111220 (35683 and 35879 sequences, respectively,
including isoforms as obtained from varsplic.pl) with the search engines Mascot (v2.3.02,
MatrixScience, London, U.K.) and Phenyx (v2.5.14, GeneBio, Geneva, Switzerland).19
Submission to the search engines was via a Perl script that performs an initial search with
relatively broad mass tolerances (Mascot only) on both the precursor and fragment ions (10
ppm and +0.6 Da, respectively). High-confidence peptide identifications were used to
calculate independent linear transformations for both precursor and fragment ion masses that
would minimize the mean square deviation of measured from theoretical. These
recalibrating transformations were applied to all precursor and fragment ion masses prior to
a second search with narrower mass tolerances (x4 ppm and +0.3 Da). One missed tryptic
cleavage site was allowed. Carbamidomethyl cysteine was set as a fixed modification and
oxidized methionine was set as a variable modification. To validate the proteins, Mascot and
Phenyx output files were processed by internally developed parsers. Proteins with >2 unique
peptides above a score T1, or with a single peptide above a score T2, were selected as
unambiguous identifications. Additional peptides for these validated proteins with score >
T3 were also accepted. For Mascot and Phenyx, T1, T2, and T3 peptide scores were set to
16, 40, and 10 and 5.5, 9.5, and 3.5, respectively (P value < 10e=3). The validated proteins
retrieved by the two algorithms were merged, any spectral conflicts discarded and grouped
according to shared peptides. A false discovery rate (FDR) of <1% and <0.1% (including the
peptides exported with lower scores) was determined for proteins and peptides, respectively,
by applying the same procedure against a reversed database.
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Comparisons between analytical methods involved comparisons between the corresponding
sets of identified proteins. This was achieved by an internally developed program that
simultaneously computes the protein groups in all samples and extracts statistical data such
as the number of distinct peptides, number of spectra, and sequence coverage. Spectral
counts were further used to estimate abundance by the distributed normalized spectral
abundance factor (AINSAF)20 as follows:

dSAF;

ANSAF=——"—
N dSAF,

where

uSpCitm Lo x s5pC;

dSAE: Zm:lu m
L;

Briefly, the distributed spectral abundance factor (dSAF) of protein i is the weighted sum of
spectral counts divided by protein length. Unique spectral counts (uSpC) have the weight of
1. The weight of shared spectral counts (s0C) is a ratio of spectral counts that are unique to
protein i and the sum of all unique spectral counts for M proteins that share peptides with
protein i. Finally, dSAF is normalized against the sum of all dSAFs in the corresponding LC
—MS analysis.

Gene Ontology Annotation Enrichment Analysis—A Cytoscape?! plug-in,
ClueGo,22 was used to identify all enriched gene ontology (GO) molecular function
annotations compared with a reference gene population set as the entire human genome.
Enrichment analysis was based on two-sided minimal-likelihood test on the hypergeometric
distribution that is equivalent to a classical Fisher’s exact test. The Benjamini— Hochberg
correction was employed to adjust P values for statistically enriched GO annotations. To
define an annotation functional group, a kappa score of 0.3 was required. Group leading
terms were assigned according to the highest percentage of found genes per annotation.

RESULTS AND DISCUSSION

Experimental Strategy

The most delicate of all biopsy procedures, a fine needle aspiration, can produce in the order
of 0.85 x 10e6 cells.23 In accordance with our experience this corresponds to approximately
200 pg of protein. Thus, the aim of this study was to achieve a drug pull-down with the
highest possible number of relevant targets identified from a protein input of 100 pg. In
theory, such an amount should enable a duplicate analysis from one patient sample. In the
case of pull-downs with similar target numbers, higher target relative quantities were taken
as the decisive criterion.

For this purpose, bosutinib (SKI1-606) was chosen as the drug of reference (Figure 2A) and
human K562 CML cells?4 as the biological material. This decision was based on the broad
kinase specificity of bosutinib2:14.25 and is advantageous because the number of observed
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kinases and the relative quantities should reflect all changes introduced during the procedure
optimization. We have shown that elution with formic acid and gel-free one-dimensional
proteomic analysis of the isolated proteins results in a comparative target profile (including
all biologically relevant proteins) that can be obtained with a low protein input of 500 pg.14
Therefore, this methodology was adopted as a part of the workflow (Figure 2B). To evaluate
the abundance of isolated proteins, ANSAF measure was used.2 In this study, a
semiquantitative spectral counting approach was chosen because of the (i) ease of
adaptability to any type of biological material, (ii) technical variations related to analyses of
sample replicates, (iii) fact that larger proteins tend to produce more peptides that are
detected by MS, and (iv) peptide inference problems are taken into account. Also, in contrast
to stable isotope labeling methods, such as iTRAQ, TMT, or ICPL, dNSAF does not require
any special sample treatment that can lead to undesirable sample losses.

In the initial experiment of the study, the performance of the published protocol4 with 100
ug protein was examined. As a reference, a pull down with a protein input of 500 ug was
performed. In average, approximately 80 proteins were unambiguously identified with 100
ug of protein. From these, the kinase targets accounted for nearly 25% of all protein
identifications. In the whole group of detected specific interaction partners (25 kinases),
many prominently known bosutinib targets, such as BCR-ABL, SRC kinases (LYN and
YES), CSK, BTK, GAK, EPHB4 and PTK2, were present (Figure 3A). GO molecular
function annotation analysis of the proteins revealed a high enrichment of gene ontology
terms connected to kinase activity (Figure 3B; Figure 1 of the Supporting Information). This
was in agreement with all previously mentioned findings. Interestingly, these results were
very similar to those obtained from the reference pull downs with 500 pg of input protein.
Furthermore, unexpectedly, the quantities of isolated kinases represented by the dNSAFs
were higher when 100 pg of protein was loaded onto the affinity resin (Table 2 of the
Supporting Information).

Overall, the results obtained from these experiments with 100 pg of input material were
highly encouraging as a starting point for further optimization. Although the protein input
was lowered by 5-fold, only 15 targets less than in our previous gel-free one-dimensional
experiments were observed (the overlap between the current and previous study was 19
kinases).1* It should also be stressed at this point that bosutinib target profiles shown in the
paper by Fernbach et al.1 were compiled from 6 LC—-MS analyses, whereas only 2 analyses
were needed to achieve comparable kinase numbers in the present study. Finally, the method
showed good reproducibility, indicated by an overlap of almost 70% of the targets that were
identified in two pull-down replicates. For further optimization, several parameters that can
influence the result of a gel-free one-dimensional chemical proteomic experiment were
selected: (i) resin volume, (ii) concentration of the immobilized drug, (iii) total amount of

ASSOCIATED CONTENT

S Supporting Information

Raw MS data, .mgf, and protein search files for all analyzed pull-down experiments are available in the Peptide Atlas Repository
(http://www.peptideatlas.org/), data set accession code PASS00205. Two supplementary figures as a .pdf file and seven
supplementary tables as Excel files are attached. These files contain detailed information on the GO enrichment analysis (Figure 1),
biopsy samples and corresponding protein yields (Figure 2), basic statistics for all affinity experiments (Table 1) and all identified
peptides, proteins, and target dNSAFs for particular blocks of pull downs (Tables 2-7). This material is available free of charge via
the Internet at http://pubs.acs.org.
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drug, (iv) concentration of the protein lysate, (v) incubation time, (vi) agitation speed, (vii)
elution volume, and (viii) amount of trypsin used for protein digestion (Figure 2B).

Influence of Affinity Resin-Related Parameters

At the binding equilibrium, the formation of complexes between an immobilized drug and
subsequent targets depends on the concentration of the targets, the dissociation constant of
the complex, and the concentration of the immobilized drug. To determine the influence of
the latter, pull-downs were performed with three different resin volumes (25, 50, and 100
pL) bearing six different quantities of immobilized bosutinib (12.5, 25, 37.5, 50, 75, and 100
nmol). This combination provided seven different bosutinib concentrations (for details, see
Figure 1A) and enabled an elaborate and detailed study of these interconnected parameters.

Of the 39 bosutinib kinase targets identified within this series of experiments, only 2 kinases
were seen with 100 L of the resin. On top of that, these identifications were achieved only
if a relatively high amount of bosutinib (50 nmol) was immaobilized. This was in sharp
contrast to target numbers obtained with the other two resin volumes assessed. For instance,
even if 12.5 nmol of bosutinb was used for the pull-down with 25 uL of the resin, 19 kinases
were still detected (Figure 4A). On the basis of this behavior and the fact that the same
amount of eluant (250 pL) was employed for all three resin volumes, we reasoned that the
cause of the poor success rate observed for 100 uL of bosutinib resin was most likely
inefficient elution of retained kinases.

As shown in Figure 3A, if the same amount of bosutinib was immobilized on either 25 or 50
pL of the resin, the number of identified proteins increased with higher drug concentrations.
This increase in the protein identifications was also evident when pull-downs were
performed with the same resin volume but with increasing bosutinib concentration. Notably,
the number of targets did not follow the same general trend. Pull-downs performed with the
same amount of bosutinib tended to provide very similar numbers of observed targets. This
can be highlighted by pull-downs with 37.5 nmol of bosutinib that resulted in the same
number of target identifications (21) for 25 and 50 pL. For the constant resin volume, the
higher quantities of bosutinib led to a higher number of detected kinases with a maximum at
50 nmol (Figure 4A). It can be hypothesized that this interesting phenomenon was due to
steric hindrances preventing the retention of additional target molecules. Other undesired
effects, however, such as competition for positive charge and/or signal suppression by the
other molecules during the MS analysis cannot be completely eliminated.

In summary, the most favorable results (namely, 31 and 30 kinases identified) were achieved
with 50 nmol bosutinib. In a direct comparison, the pull-down variant with 50 pL of resin
(and a bosutinib concentration of 1 nmol/uL) provided higher enrichment of almost all
identified targets, as documented by higher dNSAFs (Figure 4B) and was thus chosen for
further investigations.

Influence of Pull-Down- and Sample Processing-Related Parameters

Aside from the affinity matrix-related parameters, the formation of immobilized drug-target
complexes also involves the concentration of the targets. Other important pull-down-related
parameters are (i) the speed of agitation to ensure optimal binding kinetics and (ii) the
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incubation time that should be sufficient to reach the binding equilibrium. Of the group of
sample processing-related parameters, a potential influence of the elution volume was
indicated by the experiments performed with 100 pL of affinity resin described in the
previous section that were not successful. As a very low amount of eluted proteins is
expected in chemical proteomic experiment with 100 g of protein input, the amount of
trypsin can also play a role in the number of identified proteins (including targets). To be
specific, an optimal amount of trypsin should be determined to facilitate complete digestion
of the eluted protein mixture while avoiding an undesired contamination by overabundant
trypsin autolysis peptides. To address all of these points, a set of pull downs were performed
where the mentioned parameters were systematically altered.

In theory, an increase in the concentration of the protein lysate (i.e., the concentration of the
targets) should lead to an increase in the quantity of retained targets. Contradictory to this
premise, when the lysate with a doubled protein concentration was used for the bosutinib
pull downs, the dNSAFs of target proteins were lower than those obtained with the control
experiments. Furthermore, the use of a diluted lysate led to a moderate increase in both the
number of detected kinases and the subsequent quantities (Figure 5). This discrepancy can
stem from the fact that for these particular experiments, three different incubation volumes
were employed. Ultimately, this could also affect the efficiency of agitation and thus alter
the binding kinetics of the retained targets.

Indeed, target binding kinetics proved to be one of the key pull-down-related parameters in
the experiments, in which the influence of the agitation speed was evaluated. While 10 rpm
used in the control pull-downs proved to be optimal, any changes in the speed were
accompanied by a decrease in target numbers (Figure 5A). Surprisingly, in the case of
lowering the speed to 5 rpm, this decrease was not connected with a decrease in target
quantities. On the contrary, the dNSAFs of retained kinases were higher under these
conditions (Figure 5B).

To verify whether the binding equilibrium was reached, a pull down with prolonged
incubation time (3 h) was performed, and the obtained results were compared with the
control. Neither the number of identified targets nor the target quantities showed any major
differences (Figure 5). On the basis of this observation, it was concluded that the incubation
time was already optimized. However, this is certainly a parameter that may vary somewhat
with any given drug.

The importance of an optimal elution volume was demonstrated by pull downs with 125 and
500 pL of 100 mM FA. As anticipated, less kinase targets were detected if the elution
volume was reduced by half (125 pL). The results from this pull-down were also
compromised at the level of kinase dNSAFs. This is clearly represented, e.g., by the signal
of BTK. Elution with 500 pL of formic acid did not alter any of the monitored variables
(Figure 5).

The only parameter that did not show any clear trend was the amount of trypsin used for
digesting the eluted proteins. No matter what amount (1.25, 0.625, or 0.3125 ug) was used,
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the results were almost identical (Figure 5). Therefore, it was decided to retain the original
trypsin input of 1.25 ug.

Taken together, the optimal parameters elicited from the described pull-down experiments
were as follows: (i) 50 nmol of a drug immobilized on (ii) 50 pL resin, (iii) a protein lysate
concentration of 0.5 ug/uL (with the incubation volume of 200 L), (iv) an agitation speed
of 10 rpm, (v) an incubation time of 2 h, (vi) an elution volume of 250 L, and (vii) 1.25 ug
of trypsin for digestion of the eluted proteins.

An Aside: The Effect of Orbitrap Instrumentation

All of the results discussed above were acquired on a hybrid LTQ-Orbitrap XL mass
spectrometer. Nonetheless, in the course of this project, an LTQ-Orbitrap Velos mass
spectrometer was installed in our laboratory. Compared to the former LTQ-Orbitrap XL, the
LTQ-Orbitrap Velos provides increased sensitivity and remarkably accelerated scanning and
detection rates. This is achieved, primarily, by a combination of (i) a new, more efficient and
robust atmosphere/vacuum ion guide (S-lens)26 and (ii) a fast scanning dual-pressure linear
ion trap.2” As such, the LTQ-Orbitrap Velos confers a marked advantage when analyzing
limited but still complex protein samples.28 For this reason, the performance of this
instrument was assessed by LC—MS analysis of miniaturized drug pull-downs. Using the
same protein lysate, a bosutinib pull-down following the optimized protocol was performed
in duplicate, analyzed on the LTQ-Orbitrap Velos, and compared to the corresponding pull-
down performed as earlier in this study (see previous sections) (Figure 6A).

As expected, the number of protein identifications markedly increased with the use of the
LTQ-Orbitrap Velos. In total, almost 300 proteins were detected, including about 80% of the
proteins previously observed with the LTQ-Orbitrap XL. While the number of identified
proteins markedly increased, there were only 8 additional targets using the LTQ-Orbitrap
Velos. With a high overlap between the two target data sets (Figure 6B), it appears that by
employing the optimized protocol, the majority of the targets that were retained by the
affinity resin had already been identified with the LTQ-Orbitrap XL instrumentation.
Therefore, it was concluded that the use of the LTQ-Orbitrap Velos in the initial phases of
the study would not have influenced our subsequent optimization decisions. This is
particularly pertinent if one considers that all the investigated changes that were introduced
in the early phase of the study were at the level of the affinity separation performed off-line.
On the other hand, the LTQ-Orbitrap Velos detected more protein interactors of direct
targets than the LTQ-Orbitrap XL (Figure 6, panels B and C). It was therefore decided to
employ the Orbitrap Velos instrument for all following sample analyses.

Application of the Miniaturized Pull-down Protocol to Dasatinib

Miniaturization of the drug pull-down procedure using bosutinib was successful, however, a
question arose as to whether the optimized protocol was drug dependent. To shed light on
this issue, the protocol was applied to dasatinib (Sprycel), another multikinase inhibitor that
is approved for CML (Figure 2A).2° Importantly, the protein interaction profile of dasatinib
in K562 cells has been characterized,15 and although the overall target spectrum is
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substantially different, several targets are shared with bosutinib. Thus, together these two
drugs allow an evaluation of the applicability of the new method.

Using a previously validated dasatinib analogue as bait,1>:30 22 different kinases were
identified in duplicate pull-downs (22 and 18, respectively, with an overlap of 19 kinases).
Among these, the cognate dasatinib targets BCR-ABL and ABL2 and SRC kinases YES and
LYN were the most prominent. Other important interactors of dasatinib were the negative
regulator of the SRC kinase family CSK, the TEC kinases BTK and TEC, the tyrosine
kinase KIT, the serine/threonine kinase GAK, and several MAP kinases (Table 6 of the
Supporting Information).

Although the number of kinases identified in the dasatanib pull-downs was lower than with
bosutinib, the data obtained from the miniaturized protocol correlated well with the results
from our previous studies.1215:30 Thijs fact, together with the observation of clinically
important dasatinib targets and several unique kinase interactors (i.e., KIT and TEC)
indicates that the miniaturized pull-down protocol can be extended to other drugs of interest.
Nevertheless, the need for some additional fine tuning on a drug-by-drug basis may be
warranted.

Miniaturized Pull-Downs in Tumor Biopsies

In order to validate the suitability of the optimized protocol for clinical samples at
microgram levels of protein input, the scenario of a patient obtaining an image-guided
needle biopsy was simulated by using primary lung cancer patient-derived xenotransplants.
patients diagnosed with early stage NSCLC by transplantation of surgical tumor specimens
into mice.1® When tumors became palpable, core biopsies were taken, samples lysed (Figure
2 of the Supporting Information), and duplicate pull downs performed with the protein
lysates, using bosutinib and dasatinib as affinity probes.

Altogether, 60 distinct kinase targets were identified; 41 of these were found to be
associated with bosutinib and 47 with dasatinib. Again, many well-known clinical targets
were present in both of the drug target profiles. For example, the dasatinib target profile was
almost identical to that published by us two years ago3! and included several SRC (SRC,
LYN, and YES) and SRC-related kinases (FRK and PTK®6). Another kinase family that was
markedly enriched in the dasatinib pull-downs was the ephrin receptor family represented by
EPHA1, EPHA2, EPHA4, EPHB2, EPHB3, and EPHBA. In addition to tyrosine kinases,
dasatinib also retained multiple serine/threonine kinases such as GAK and various MAP
kinases (Figure 7). The two replicates performed for each drug shared more than 60% of the
identified targets, which is consistent with a high reproducibility of all experiments
throughout this study.

In conclusion, the optimized protocol presented here proved to be well suited for routine
target profiling from limited protein samples such as those acquired from tissue biopsies.
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CONCLUSIONS AND OUTLOOK

In this article, we report a successful adaptation of the current chemical proteomic
experimental protocol to protein levels that can be obtained from clinical biopsy samples.

By optimization of eight preselected protocol parameters, the required protein input was
downscaled to 100 pg. With the use of core needle biopsies from lung cancer
xenotransplants, the identification of a large number of relevant kinase targets and secondary
interactors of the two FDA-approved drugs bosutinib and dasatinib was demonstrated.

We believe this improved technology will have an important impact on personalized
medicine. It is now possible to evaluate the physical interactions that a given drug can have
with desired target proteins in clinical samples prior to initiation of a particular therapeutic
regimen. Looking forward, the concept of combining a miniaturized chemical proteomic
methodology with other techniques such as molecular imaging, deep sequencing and
proteomic and metabolomic profiling is tantalizing. Such an integrative “-omics” approach
could provide a wealth of valuable data on the unique genetic, biological, and therapeutic
response of patient tumors, thus aiding in fine-tuning suitable treatment strategies.
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Figure 1.

Detailed procedure of bosutinib pull-down experiments. (A) Summary of bosutinib resin
setups that were used for the investigation of affinity resin influences. In these experiments,
the resin was incubated with 100 pL of K562 cell lysate (protein concentration of 1 pug/uL)
at 4 °C for 2 h under continuous stirring (10 rpm). The elution volume was 250 pL, and the
amount of trypsin used for protein digestion was 1.25 pg. For each affinity resin volume, the
increasing concentration of bosutinib is marked by a shaded triangle. (B) Summary of the
experimental conditions employed for the assessment of pull-down- and sample-processing
effects. 50 nmol of bosutinib immobilized on 50 UL of the Sepharose resin (bosutinib
concentration of 1 nmol/pL) was used for all listed pull-downs.
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Figure 2.

Overview of the experimental strategy. (A) Chemical structures of the two clinical kinase
inhibitors used in this study and the immobilization reaction to produce the desired affinity
resins. (B) The overall experimental workflow. The assessed parameters are denoted by
appropriate pictograms.
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Resin volume (L) 50 50
Total amount of immobilized drug (nmol) 25 25
Drug concentration (nmol/uL) 0.5 0.5
Protein identifications 140 17 93 69
Target identifications 28 19 21 24
Targets shared 17 17
Total number of observed targets 30 25

Examples of prominent targets included in the dataset

BCR-ABL, ABL2, LYN, YES,
CSK, BTK, GAK, EPHB4, PTK2,
TBK1, MLTK, BMP2K

B Number of GO annotations
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Figure 3.
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Drug pull-down miniaturization: a proof-of-priniciple. (A) Summary statistics of the initial
pull-downs with two different amounts of protein. The table shows protein and target
identifications for both replicates performed per pull-down variant. (B) GO functional
annotation groups found among the proteins identified in the pull-downs with 100 ug protein
input. GO terms related to kinase functions are in bold italics.
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target: FYN (P06241) Tyrosine-protein kinase Fyn

target: AAK1 (Q2M2I8) AP2-associated protein kinase 1

target: SRC (P12931) Proto-oncogene tyrosine-protein kinase Src

target: CDK16 (Q00536) Cyclin-dependent kinase 16

target: MAP4K4 (095819) Mitogen-activated protein kinase kinase kinase kinase 4

target: NA (bcrabl) BCR-ABL fusion protein

target: MAP3K2 (Q9Y2U5) Mitogen-activated protein kinase kinase kinase 2

target: SLK (Q9H2G2) STE20-like serine/threonine-protein kinase

target: MAP4KS5 (Q9Y4K4) Mitogen—activated protein kinase kinase kinase kinase 5

target: MLTK (QSNYL2) Mitogen-activated protein kinase kinase kinase MLT

target: PKMYT1 (Q99640) Membrane-associated tyrosine- and threonine-specific cdc2-inhibitory kinase
target: YES1 (P07947) Tyrosine-protein kinase Yes

target: TBK1 (QOUHD2) Serine/threonine-protein kinase TBK1

target: PRKAA1 (Q13131) 5'-AMP-activated protein kinase catalytic subunit alpha-1

target: CAMK2G (Q13555) Calcium/calmodulin-dependent protein kinase type Il subunit gamma

target: BMP2K (QINSY1) BMP-2~-inducible protein kinase

target: LYN (P07948) Tyrosine-protein kinase Lyn

target: GAK (014976) Cyclin-G-associated kinase

target: MST4 (Q9P289) Serine/threonine-protein kinase MST4

target: CSK (P41240) Tyrosine-protein kinase CSK

target: MAP2K2 (P36507) Dual specificity mitogen-activated protein kinase kinase 2

target: CSNK1D (P48730) Casein kinase | isoform delta

target: MAP2K1 (Q02750) Dual specificity mitogen-activated protein kinase kinase 1 :
target: BTK (Q06187) Tyrosine-protein kinase BTK

(]

Figure 4.
Affinity resin effects. (A) Summary statistics of pull-down experiments investigating

thirteen different affinity resin designs. The table shows protein and target identifications for
both replicates performed per pull-down variant. (B) Heat map showing relative quantities
of all targets identified for each pull-down. Presented dNSAF values are calculated means of
the original dNSAFs obtained from relevant duplicate pull-downs. The most efficient pull-
down variant is highlighted in red.
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Target identifications 24 27 27 28 25 21 21 18 25 21 24 33 20 20 23 26 24 30 21 28
Targets shared 21 22 18 16 20 23 15 20 22 18
Total number of observed targets 30 33 28 23 26 34 25 29 32 31
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: SRC (P12931) Proto-oncogene tyrosine—protein kinase Src
: MAP3K3 §099759) Mitogen-activated protein kinase kinase kinase 3

:WEE1 (P 0291) Wee1-like protein kinase
: MA (Q12851) Mitogen-activated protein kinase kinase kinase kinase 2
o SIK2 (09HOK1) Serine/threonine-protein kinase SIK2
3 STK10 (3694804) Serine/threonine-protein kinase 10
2) Serine/threonine—-protein kinase ULK3
: CAMKZD 5 13557) Calcium/calmodulin-dependent protein kinase type Il subunit delta
B 6239) Tyrosine—protein kinase Lck
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= PTKZB (Q14289) rotein—tyrosine kinase 2-beta
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: AAK1 (Q2M218) AP2-associated protein kinase 1
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: PTK2 (Q05397) Focal adhesion kinase 1
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: EPHB4 (P54760) Ephrin type—B receptor 4
: MAP4K4 (095819) Mitogen—-activated protein kinase kinase kinase kinase 4

: ABL2 (P42684) Abelson tyrosine—protein kinase 2
: SLK (Q9H2G2) STE20-like serine/threonine-protein kinase

Figure 5.
Pull-down procedure and sample processing effects. (A) Summary statistics for pull-downs

examining selected parameters of the pull-down procedure and subsequent sample
processing. The table shows protein and target identifications for both replicates performed
per pull-down variant. (B) Heat map showing relative quantities of all targets identified for
each pull-down. Presented dNSAF values are calculated means of the original ANSAFs
obtained from relevant duplicate pull-downs. Affinity resin parameters used for all pull-
downs were as follows: (i) 50 UL of the affinity resin and (ii) bosutinib concentration of 1
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nmol/uL. The pull-down with the parameters chosen for further experiments is highlighted
in red.
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Figure 6.
Miniaturized pull-downs analyzed on two different Orbitrap instruments. (A) Schematic

representation of the experiment. (B) The overlap of the total protein and target
identifications and combined identifications of targets and the bound interacting proteins.
(C) Interaction network of targets and the annotated protein partners that were identified
with the LTQ-Orbitrap Velos. The information on protein interactions were downloaded
from the following databases: BioGRID,32 IntACT,33 MINT,3 InnateDB,3> CORUM,36
and DIP.%'.
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Figure 7.
Interaction network of bosutinib and dasatinib in core biopsy samples. Names of human

proteins are written in upper case, and murine proteins are marked in lower case with the
first letter capitalized. Proteins, for which it was impossible to exclude the presence of a
certain homologue or choose from two taxon-related variants due to peptide inference are
labeled with an asterisk. The information on protein interactions were downloaded from
BioGRID,%? IntACT 33 MINT,* InnateDB,3> CORUM, 3¢ and DIP3’ databases.
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