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Preface

Protein and lipid kinases are often the master regulators of cell signaling in eukaryotic 
systems. The human genome codes for more than 500 of these enzymes and their misregu-
lation has been shown to be involved in the onset and progression of many diseases includ-
ing cancer and inflammation. Therefore, small molecule kinase inhibitors have become 
important research tools for the elucidation of many biological roles of kinases and their 
mechanisms of action. In addition, kinase inhibitors are now successful drugs in a number 
of liquid and solid tumors. In fact, about one dozen molecules are currently approved for 
clinical use and 200 more molecules are in different stages of clinical evaluation. Kinase 
inhibitors thus contribute significantly to the drug pipelines of pharmaceutical and biotech-
nology industries and to the growing need for the treatment of cancer and inflammation.

There are many challenges in the discovery and development of kinase inhibitors both 
for research and clinical use and thus, many methods are being devised and applied to 
understand the often complex functional relationships between kinases and the respective 
inhibitors. In this book, experts in kinase biology, drug discovery, and clinical research present 
a series of exemplary methods that can be used to address these challenges.

To set the scene, two introductory reviews discuss how kinase inhibitors can be used to 
target cancer and inflammation. The themes covered span a wide range of topics from the 
structural basis of kinase inhibition, to mechanistic aspects, resistance formation, and ani-
mal models. The following three chapters present biochemical kinase activity assays for 
protein and lipid kinases. These include the classical recombinant enzyme assays which 
today still are workhorses in the evaluation of kinase inhibitor potency and selectivity. 
However, the discovery of novel kinase inhibitors increasingly attempts to target protein 
domains that are distinct from the kinase domain and its ATP pocket. The rational for these 
approaches is to provide better selectivity of the inhibitors because they might better reflect 
the actual mechanisms of action of kinase activation and deactivation.

Two major and often related issues in the development of kinase inhibitors as drugs or 
research tools are their selectivity and toxicity which is why six chapters of this book are 
devoted to these topics. Apart from issues such as hepatotoxicity, which is a major problem 
in all areas of drug development, the structural conservation of kinase domains in general 
and ATP binding sites in particular pose a number of extra challenges as many small mole-
cules have the propensity to inhibit many kinases. In cancer therapy, this may sometimes be 
advantageous because many cancers represent a molecularly heterogeneous group of dis-
eases. However, multikinase inhibition may also lead to toxicity which may prevent the use 
of these agents particularly in chronic applications. Classically, selectivity profiling is per-
formed using large panels of recombinant kinase assays. More recently, proteomic approaches 
are being followed as they provide a means to study inhibitor selectivity in cells or tissues, 
which is thought to represent a more realistic biological assay context than individual kinases 
tested in the absence of other cellular components.

Kinase inhibitors may impact a biological system very specifically or rather broadly. The 
full appreciation of the potential of a kinase inhibitor should therefore include an evaluation 
of its impact at the level of individual signaling pathways, cellular model systems, or the 
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entire biological system. As examples, the last five chapters in this book describe methods 
that identify individual kinase–substrate relationships, measure the phosphorylation status 
of proteins in response to kinase inhibitor treatment, and identify resistance mechanisms by 
which many tumors eventually escape therapeutic intervention.

It is obviously beyond the scope of this book to cover the field of kinase inhibitors in 
its entirety. However, the individual chapters aim to provide modern and relevant exem-
plary methods that scientists may implement in their laboratories to accelerate or strengthen 
their research and drug discovery programs.

Freising, Germany Bernhard Kuster
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Chapter 1

Targeting Cancer with Small-Molecular-Weight  
Kinase Inhibitors

Doriano Fabbro, Sandra W. Cowan-Jacob, Henrik Möbitz,  
and Georg Martiny-Baron 

Abstract

Protein and lipid kinases fulfill essential roles in many signaling pathways that regulate normal cell functions. 
Deregulation of these kinase activities lead to a variety of pathologies ranging from cancer to inflammatory 
diseases, diabetes, infectious diseases, cardiovascular disorders, cell growth and survival. 518 protein kinases 
and about 20 lipid-modifying kinases are encoded by the human genome, and a much larger proportion 
of additional kinases are present in parasite, bacterial, fungal, and viral genomes that are susceptible to 
exploitation as drug targets. Since many human diseases result from overactivation of protein and lipid 
kinases due to mutations and/or overexpression, this enzyme class represents an important target for the 
pharmaceutical industry. Approximately one third of all protein targets under investigation in the pharma-
ceutical industry are protein or lipid kinases.

The kinase inhibitors that have been launched, thus far, are mainly in oncology indications and are 
directed against a handful of protein and lipid kinases. With one exception, all of these registered kinase 
inhibitors are directed toward the ATP-site and display different selectivities, potencies, and pharmacoki-
netic properties. At present, about 150 kinase-targeted drugs are in clinical development and many more 
in various stages of preclinical development. Kinase inhibitor drugs that are in clinical trials target all stages 
of signal transduction from the receptor protein tyrosine kinases that initiate intracellular signaling, through 
second-messenger-dependent lipid and protein kinases, and protein kinases that regulate the cell cycle.
This review provides an insight into protein and lipid kinase drug discovery with respect to achievements, 
binding modes of inhibitors, and novel avenues for the generation of second-generation kinase inhibitors 
to treat cancers.

Key words: Kinase inhibitors, Cancer, CML, Oncogene, Small-molecular-weight compounds, Kinase 
inhibitor binding mode

Abbreviations

AML Acute myeloid leukemia
B-ALL B-cell acute lymphoblastic leukemia
CEL Chronic eosinophilic leukemia
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CML Chronic myeloid leukemia
CMML Chronic myelomonocytic leukemia
RCC Renal cell cancer
NSCLC Non-small-cell lung cancer
GIST Gastrointestinal stromal cancer
CSF1R colony-stimulating factor 1 receptor
EGFR Epidermal growth factor receptor
FLT3 FMS-related tyrosine kinase 3
GIST Gastrointestinal stromal tumor
NSCLC Non-small-cell lung cancer
PDGFR Platelet-derived growth factor receptor
RCC Renal cell carcinoma
Ph+ Philadelphia chromosome positive
VEGFR Vascular endothelial growth factor receptor

Protein and lipid kinases represent, after GPCRs and proteases, 
one of the most important target classes for treating human disor-
ders. In fact, one third of the protein targets under investigation by 
pharmaceutical companies are protein or lipid kinases. Deregulation 
of the reversible phosphorylation that governs cellular processes 
leads to the development of a number of malignant pathological 
disorders (1–7). Many human malignancies are associated with 
activated protein or lipid kinases or inactivated phosphatases due to 
mutations, chromosomal rearrangements, and/or gene amplification 
(1, 8–11). Approximately 50 of the 100 known genes that have 
been directly linked to the induction and maintenance of cancer 
encode protein kinases (8, 12–15).

Given the role played by various protein and lipid kinases in 
cancer, it is not surprising that the majority of kinase inhibitors are 
being developed in life-threatening oncology indications, a thera-
peutic area in which there is a greater tolerance for side effects. All 
protein and lipid kinases share a conserved catalytic kinase domain. 
The kinase domain is a bilobal structure where the N-terminal lobe 
consists mainly of -sheets and the C-terminal domain contains 
alpha helices (8, 12–17). The two lobes are connected by the 
 so-called hinge region, which lines the ATP-binding site that is 
targeted by the majority of small-molecular-weight kinase inhibi-
tors (8, 12–17). In the past decade, 11 of these small-molecule 
kinase inhibitors have been approved for clinical use (Table 1). 
These registered kinase inhibitors target only a few members of the 
kinome, including the tyrosine receptor kinases EGFR, ERBB2, 
VEGFRs, Kit, PDGFRs, the nonreceptor tyrosine kinases ABL and 
SRC, and only one Ser/Thr-specific kinase, the atypical protein 
kinase mTOR (Table 1). The commercial success of imatinib has 

1. Introduction
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attracted considerable interest and has triggered many efforts leading 
to the identification of broad-spectrum inhibitors of BCR-ABL1 
and its imatinib-resistant mutants, while targets such as phospho-
inositide-3 kinases (PI3Ks), mTOR, AKT, and cell-cycle regulating 
kinases are getting increasing attention (18–22).

The major challenge that kinase drug discovery for the treat-
ment of cancer is currently facing is related to the molecular mech-
anisms underlying the various forms of cancer, and research is 
mainly geared to identify the following: the “addiction of tumors” 
to the target kinase (4, 5), the emerging resistance to kinase inhibition 
(23–25), the patients most likely to respond to a given kinase 
inhibitor treatment as well as the identification and validation of 
novel kinase targets for the treatment of cancer. Genome-wide 
screening for kinase mutations has revealed how the mutational 
status of the inherited variants of the various kinome members may 

Table 1 
Registered kinase inhibitors

Compound Kinase target Cancer target Company

Imatinib (Glivec,  
Gleevec, STI571)

ABL 1–2, PDGFR,  
KIT

CML, Ph+ B-ALL,  
MML, CEL, GIST

Novartis

Gefitinib (Iressa,  
ZD1839)

EGFR NSCLC AstraZeneca

Erlotinib (Tarceva,  
OSI-774)

EGFR NSCLC, pancreatic  
cancer

OSI, Genentech Inc,  
Roche

Lapatinib (Tykerb, 
GW2016)

EGFR, ERBB2 Breast cancer Glaxo SmithKline

Dasatinib (Sprycel, 
BM-354825)

ABL1–2, PDGFR,  
KIT, SRC

CML Bristol Myers

Nilotinib (Tasigna, 
AMN107)

ABL1–2, PDGFR,  
KIT

CML Novartis

Sunitinib (Sutent, 
SU11248)

VEGFR1–3, KIT, 
PDGFR, RET,  
CSF1R, FLT3

RCC, GIST Pfizer

Sorafenib (Nexavar,  
Bay 43-9006)

VEGFR2, PDGFR,  
KIT, FLT3, BRAF

RCC Onyx and Bayer 
Pharmaceuticals

Pazopanib (Votrient, 
GW-786034)

VEGFR1–3,  
PDGFR, KIT,

RCC GlaxoSmithKline

Everolimus (Afinitor, 
Rad001)

mTOR RCC Novartis

Temsirolimus (Torisel, 
CCI-779)

mTOR RCC Wyeth
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be associated with increasing risk of various cancer conditions 
(8–10). Additional investigation of deregulated kinase activities in 
cancer by phosphoproteomics, analysis of gene amplifications/
mutations will not only lead to the identification of new kinase 
targets but also allow a better prediction of drug responses in 
patients (1, 12, 13, 25, 26). The finding that protein kinases with 
a gain of function mutation appear to be either more sensitive or 
resistant to inhibition by kinase inhibitors compared to the wild 
type variant has opened new avenues to kinase drug discovery 
approaches (1, 23, 25, 27, 28). In addition, multiple clinical studies 
have revealed that various protein kinases escape resistance by 
either mutating key residues in their catalytic domains or by devel-
oping compensatory mechanisms allowing to bypass the kinase 
target by overexpression of alternative kinases or other oncogenes 
(3, 29–34). All of these issues have prompted the pharmaceutical 
industry and small biotech companies to come up with strategies 
that may allow them to override these various types of resistances 
including compounds capable of circumventing the target related 
drug resistance (35–40).

Another important area of kinase drug discovery is focused on 
understanding the selectivity profile of kinase inhibitors as well as 
of targeting kinases by novel approaches (41, 42). Although there 
is a continuous debate on how selective a kinase inhibitor needs to 
be when used in cancer indications, the development of kinase 
inhibitors with outstanding selectivity is likely to be important not 
only for minimizing side effects and allowing chronic treatment of 
non-life-threatening diseases but also to better understand the on- 
and off-target pharmacology of kinase inhibitors.

To date, 11 small-molecular-weight kinase inhibitors have been 
launched for cancer indications (Table 1). These include imatinib 
(Glivec®, STI571, Novartis AG) (43), gefitinib (IressaTM, ZD1839. 
AstraZeneca Inc.) (44), erlotinib (TarcevaTM, OSI-774, Genentech 
Inc.) (45, 46), Lapatinib (Tykerb®, GW2016, GlaxoSmithKline) 
(47), sorafenib (Nexavar®, Bay 43–9006, Onyx and Bayer 
Pharmaceuticals) (48), sunitinib (Sutent®, SU11248; Pfizer, Inc.) 
(49), dasatinib (SPRYCEL®, BM-354825, Bristol-Myers Squibb) 
(39), nilotinib (Tasigna®, AMN107, Novartis) (36), pazopanib 
(VotrientTM, GW-786034, GlaxoSmithKline) (50), torisel 
(Temsirolimus®, CCI-779, Wyeth Pharmaceuticals) (51), and 
everolimus (Afinitor®, RAD001, Novartis AG) (52). Everolimus, 
an orally active and potent immunosuppressive agent that inhibits 
T cell proliferation (53), has been already approved as Certican® 
for the prophylaxis of organ rejection of heart and kidney (54). 

2. Current Status 
of Protein and 
Lipid Kinase Drug 
Discovery

2.1. Approved Protein 
Kinase Inhibitors  
for the Treatment  
of Cancer
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This rapalog is to date the only kinase inhibitor that has been 
registered for nononcology indications. All other approved kinase 
drugs are active against more than one type of cancer where the 
pivotal registration trials are ongoing (55).

Imatinib, a phenyl-amino-pyrimidine derivative targeting the 
inactive conformation of the ABL1 kinase, was the first kinase 
inhibitor used in clinical trials for the treatment of chronic myelog-
enous leukemia (CML) (23, 56). The ABL1 kinase is constitutively 
activated in more than 95% of CML due to a chromosomal trans-
location leading to the Philadelphia (Ph) chromosome (43, 56). 
The success of imatinib in CML patients may be considered unique 
among cancers, as CML is caused by a single molecular abnormality 
and during its chronic phase can be regarded as a myeloproliferative 
disorder rather than leukemia (23, 57). Owing to its multitargeted 
nature, imatinib, has since then been approved for various other 
cancer indications including Ph+ALL (targeting ABL1) (57), gas-
trointestinal stromal tumors (GIST) (targeting mutant forms of 
KIT and PDGFR) (27, 58–61), recurrent and/or metastatic 
dermatofibrosarcoma protuberans (targeting PDGFR) (62), myel-
odysplastic and/or myeloproliferative diseases (targeting PDGFR, 
KIT, and/or ABL1) (57, 63), and hypereosinophilic syndrome 
(targeting PDGFR) (57). Imatinib has also been used in nononcol-
ogy indications (targeting PDGFR) for the treatment of pulmonary 
arterial hypertension, a severe, incurable blood vessel disorder 
(64). Imatinib and other kinase inhibitors are known to generate 
target dependent resistance, in particular in advanced stages of GIST, 
CML, or non-small-cell lung cancer (NSCLC) (23, 24, 61). More 
potent drugs, such as nilotinib, another phenyl-amino-pyrimidine 
with a selectivity profile similar to imatinib or drugs with a binding 
mode different from imatinib, such as the amino-thiazole dasatinib, 
a potent BCR-ABL1 inhibitor with a broad selectivity spectrum, 
have been approved for imatinib-resistant CML (65).

The indolinone-derivative sunitinib, a multikinase inhibitor, 
with a broad selectivity spectrum targeting the active conformation 
of VEGFR, PDGFR, FGFR, KIT, and FLT3, was approved for the 
treatment of renal cancer as well as second-line therapy in imatinib-
resistant GIST (66–68). Although sorafenib is a multikinase inhibi-
tor like sunitinib, its kinase specificity, chemical structure and mode 
of binding are quite distinct from sunitinib. Sorafenib is a urea 
derivative that was originally designed to target the RAF kinase was 
found later to bind to the inactive conformation of the VEGFR 
kinase (69). Owing its potent activity against VEGFR and PDGFR, 
sorafenib was first approved for the treatment of renal cell and 
hepato-cellular carcinoma (70). Similarly, pazopanib, a 2-amino 
pyrimidine targeting VEGFR, PDGFR, and KIT has been approved 
for the treatment of advanced renal cell carcinoma (50) (Table 1).

Another important cancer target is the EGFR family of RTPKs, 
which comprises four members with various ligands, with a complex 
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signaling through their homo- or heterodimerization (71, 72). The 
4-anilino-quinazolines gefitinib and erlotinib target the active confor-
mation of the EGFR kinase, while lapatinib, a dual kinase inhibitor, 
binds to a particular inactive conformation of EGFR and ERBB2 
(HER2/neu) (73–75). Both, gefitinib and erlotinib have been 
approved for the use in second- and third-line therapy for advanced 
NSCLC (73, 74). Interestingly, gefitinib demonstrated a much higher 
response rate and survival benefit in Asian than in American patients, 
due to specific activating mutations in the EGFR receptor in a small 
subset of the Asian patients conferring enhanced sensitivity to gefitinib 
(24). Recently, erlotinib in combination with gemcitabine has been 
approved for the treatment of patients with metastatic pancreatic can-
cer, while lapatinib has been approved for the treatment of a particular 
set of advanced or metastatic breast cancers overexpressing ERBB2 
(74, 75). The clinical successes of these EGFR kinase inhibitors 
have been hampered by the fact that the late stage NSCLC displays 
many levels of cross talk along several pathways of signal transduction, 
allowing cancer cells to escape these types of targeted therapies in 
multiple ways.

The only Ser/Thr-specific kinase inhibitors approved to date 
are two immunosuppressant macrolide rapamycin derivatives (rap-
alogs) temsirolimus and everolimus, which without binding to the 
ATP-site block specifically the raptor function of mTOR (mam-
malian Target of Rapamycin), an atypical protein kinase that is the 
major downstream mediator of the PI3K/AKT pathway (21, 53). 
These two rapalogs are the most selective kinase inhibitors on the 
market as they target a particular allosteric site of the mTOR kinase 
that results in the abrogation of only one aspect of the many mTOR 
functions. The orally administered everolimus has been registered 
as an immunosuppressant for the treatment of transplant rejection 
in 2001 as Certican® (54). Temsirolimus as Torisel® was approved 
in 2007 for the treatment of renal cell carcinoma (76), while 
everolimus as Afinitor® has been registered for advanced metastatic 
renal cancer in 2008 (52, 77). Both rapalogs are currently being 
tested in multiple clinical Phase II/III studies in various cancer 
indications as single agents and in combination with other drugs 
(52, 77) (Table 1).

With the exception of the rapamycin derivatives, these first-
generation kinase drugs bind to the hinge region of the target 
kinase and can be, therefore, considered broadly as ATP mimetics. 
Except for the two rapalogs and lapatinib, which display outstand-
ing selectivity profiles, all of the other registered kinase drugs also 
have many other kinase targets as demonstrated by recently publi-
shed comprehensive biochemical profiling (78, 79). Although 
these profiling data should be taken with a grain of salt, as not all 
of the biochemically identified protein kinases have been shown to 
be inhibited in cell based assays (80), they represent the most 
comprehensive selectivity profile with the broadest kinome coverage. 
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Table 2 
Kinase inhibitors in phase III clinical trials

Code name Name Target Indication Company

CGP-41251; 
PKC-412

Midostaurin PKC, FLT3, KIT AML, Systemic  
Mastocytosis

Novartis

317615;  
LY-317615

Enzastaurin PKC-beta Multiple cancers Lilly

BPI-2009H Icotinib EGFR NSCLC Beta Pharma

BIBW-2992 EGFR, ERBB2 NSCLC, Head and Neck, 
Prostate and Breast 
Cancers

Boehringer 
Ingelheim

HKI-272; WAY-
179272

Neratinib EGFR, ERBB2 NSCLC; Solid Tumors 
Therapy; Breast 
Cancer Therapy

Wyeth

PTK/ZK; PTK-
787; ZK-222584

Vatalanib VEGFR1-3, KIT, 
PDGFR

Multiple cancer, 
angiogenesis

Novartis

NSC-732208; 
AZD-2171

Cediranib VEGFR1-3 Multiple cancers AstraZeneca

AMG-706 Motesanib VEGFR1-3, KIT Multiple cancers Amgen

BIBG-1120 VEGFR1-3, FGFR,  
PDGFR

Multiple cancers Boehringer 
Ingelheim

ZD-6474; 
CH-331; 
AZD-6474

Vandetanib RET, VEGFR1-2, 
FGFR, EGFR

Multiple cancers, 
angiogenesis

AstraZeneca

XL-184; BMS-
907351

RET, KIT, MET, 
VEGFR, FLT3, 
TIE2, PDGFR

NSCLC; Endocrine 
Cancer; Glioblastoma

Exelexis/
Bristol 
Myers

BMS-582664 Brivanib FGFR1, VEGFR2 Multiple cancer Bristol Myers

AB-1010 Masitinib KIT, FGFR-3 Multiple cancer AB Science

SKI-606 Bosutinib SRC, ABL1-2 NSCLC, Colorectal,  
Breast, and Pancreatic 
Cancers; AML

Wyeth

AG-013736; 
AG-13736

Axitinib PDGFR Multiple cancers Pfizer

PF-02341066; 
PF-2341066

MET NSCLC; Solid Tumors; 
Lymphoma

Pfizer

OSI-906 IGF1R Ovarian, Endocrine,  
and Breast Cancers

OSI Pharma

AP-23573; 
MK-8669 
(Ridaforolimus)

Deforolimus mTOR Multiple cancers Ariad/Merck 
& Co

INCB-18424; 
INCB-018424

JAK1, JAK2, TYK2 Hematological Cancers, 
Myeloma

Incyte
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This type of profiling also revealed that the lipid and protein kinase 
inhibitors, which either are currently used as clinical drugs or are 
still under development, display a broader selectivity then originally 
intended (78–80). Together, these results clearly indicate that, 
with a few exceptions, it appears rather difficult to obtain a protein 
kinase inhibitor with a high degree of selectivity by targeting the 
ATP binding site. On the other hand, targeting multiple kinases in 
cancer indications may not necessarily be a disadvantage as many 
more clinical trials are ongoing with these registered kinase drugs 
seeking for line extensions.

More than 130 kinase inhibitors are reported to be in Phase I–III 
clinical development (14, 55). In addition to ongoing Phase III 
clinical studies (Table 2), many more are in clinical Phase I–II and 
preclinical stages (55). It is beyond the scope of this review to 
discuss all the protein kinase inhibitors that are in preclinical devel-
opment and/or clinical Phase I–II. Protein kinase inhibitors not 
listed in Table 2 that are in advanced stages of clinical trials include 
the Flt3/JAK2 inhibitor lestaurtinib (Cephalon) for the treatment 
of acute myeloid leukemia, apatinib (YN968D1) yet another 
VEGFR inhibitor for renal cell cancer, and the cyclin-dependent 
kinase inhibitor alvocidib (flavopiridol, HMR-1275, Sanofi-
Aventis) for the treatment of chronic lymphocytic leukemia and a 
variety of solid tumors (81, 82). Also not listed in Table 2 is the 
VEGF-R2 inhibitor vatalinib (PTK787, Novartis), which failed in 
a pivotal clinical trial in colon cancer (83, 84). Additional protein 
and lipid kinase inhibitors in Phase II include those targeting MEK, 
PI3K, and the cell cycle kinases, while many other protein kinase 
inhibitors that are in Phase I–II target ABL1, EGFR, VEGFR, 
MET, and IGF-R1 (81, 82). It should be noted that of the ongo-
ing Phase II clinical studies, a large proportion accounts for inhibi-
tors of the p38, which are used for treatment of nononcology 
indications such as rheumatoid arthritis. The large numbers of 
kinase inhibitors in clinical development which are for the vast 
majority targeting oncology indications reflect not only the more 
acute nature of the disease but also the greater tolerability with 
respect to potential side effects.

Protein and lipid kinases have evolved to have many different 
regulatory mechanisms and domain structures (1, 11, 12, 15, 17, 
85). Although we have a good knowledge of the structural deter-
minants for kinase inhibition by small molecules binding to the 
ATP-binding site (1, 11, 12, 15, 17, 85), the selectivity and the 
limited set of chemotypes targeting the ATP-binding site, a highly 
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crowded area, have become major issues in kinase drug discovery. 
The molecular and structural understanding of the regulation of 
kinase activity, both at the level of the kinase domain as well as at 
the level of the full length protein kinase has improved significantly 
in the past 10 years. Protein and lipid kinases bind ATP in a cleft 
between the N- and C-terminal lobe of the kinase domain where 
the adenine group of ATP is surrounded by two hydrophobic sur-
faces and makes contact via hydrogen bonds to the connector of 
the two lobes, which is also referred to as the hinge (1, 11, 12, 15, 
17, 85). The ATP cleft is lined by structural elements responsible 
for the catalytic activity of the kinase. These include the flexible 
activation loop (A-loop), which comes either in an open – the hall-
mark for the active ATP bound state of the kinase – or various 
closed conformations, where the substrate sites are either occluded 
and/or other elements of the kinase domain are displaced locking 
the protein kinase in the inactive state (Fig. 1) (1, 11, 12, 15, 17, 
85). Additional important structures are the DFG motif at the start 
of the A-loop, helix-C and the P-loop which contributes to coor-
dination of the phosphates of ATP (17, 86). The position of the 
A-loop, including the DFG motif at its N-terminal which can adopt 
different conformations from fully active to fully inactive, repre-
sents the hallmark for the active or inactive state of the protein 
kinase (Fig. 1) (11, 17, 86, 87). Owing to the spatial arrangement 
of residues important for catalysis, the structures of protein kinases 
in the active state are all very similar, despite the fact that they have 

Fig. 1. Details of the binding of an ATP. The ATP analog (transparent spheres) and substrate peptide (yellow ) in active IRK 
(PDB entry 1IR3, left ) and the location of the same features in inactive IRK (PDB entry 1IRK, right) showing structural ele-
ments and residues important for the mechanism of action: helix-C (orange), P-loop (red ), hinge region (green), catalytic 
loop (blue), activation loop (cyan), conserved lysine (gray ). In the right-hand panel, the location of the DFG motif of the 
active conformation is shown by a transparent surface (gray ).
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different substrate specificities and different regulatory mechanisms 
(Fig. 1) (17). In the active state, the Asp in the DFG motif coordi-
nates one magnesium ion, positioning the phosphates of ATP for 
the transfer of the phosphoryl group, while the Phe in the DFG 
motif packs under helix-C positioning both helix-C and A-loop for 
catalysis – this is the so-called DFG-in conformation (17, 87, 88). 
The position of the catalytic Lys from the 3 strand, often stabilized 
by the formation of a salt bridge with the conserved Glu residue 
from helix-C is responsible for facilitating the phosphoryl group 
transfer (Fig. 1). The extended -sheet conformation of the P-loop 
helps coordinating the phosphates of ATP, while the 6 strand 
forms part of the catalytic loop that facilitates the phosphor trans-
fer to either tyrosine, serine or threonine of the substrate (17, 86) 
(Fig. 1). The catalytic loop is the only element that does not differ 
between the active and inactive states (Fig. 1). The short EF-helix 
at the end of the A-loop with the conserved Glu forms the sub-
strate binding site. The A-loop in the active conformation can be 
stabilized by phosphorylation (Fig. 1) (17, 86). Once the protein 
kinase has transferred the phosphoryl group from ATP to a tyrosine, 
serine or threonine of the substrate protein the protein kinase can 
return to its inactive conformation. In many kinases this involves 
returning the A-loop to the inactive (closed) position where one or 
both substrate sites (ATP and protein) become occluded. This can 
also involve the movement of the A-loop from the DFG-in (active) 
to the DFG-out (inactive) conformation, thus exposing an addi-
tional hydrophobic binding site directly adjacent to the ATP-
binding site (11, 17, 86, 87) (Fig. 1). It should be mentioned that 
not every protein kinase can adopt this particular DFG-out confor-
mation and it is out of the scope of this review to discuss the many 
other ways by which protein kinases can be activated or kept in 
their active or inactive states.

The ATP-binding site has additional distinct features which 
the majority of kinase inhibitors do not exploit, such as the ribose 
binding or the phosphate binding site of ATP (17, 86, 89). The 
whole ATP site can be classified on the basis of shape and amino-
acid composition where the active conformation shows the highest 
similarity, while the inactive conformation shows the highest degree 
of variation.

Protein kinase inhibitors have different modes of binding to lipid 
and protein kinases which can be broadly classified into inhibitors 
that bind covalently or noncovalently to or around the ATP-
binding site.

Inhibitors which bind covalently may have reversible or irreversible 
binding modes depending on whether they have a Michel-acceptor, 
an alkylating or an acylating group (Fig. 2 and Table 3) (1, 11, 12, 15, 
17, 85). Many inhibitors, which bind covalently to the ATP site, 
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Fig. 2. Major cysteine sites in the ATP pocket. A close-up of the ATP pocket of EGFR bound covalently to a quinazoline 
inhibitor via its gk+7 Cys (pdb 2j5e). Frequently occurring Cys sites are shown as sticks and labeled with the kinases in 
which they occur. The sites are named by distance to the closest key residue (clockwise from top: Phi+3, Phi-1, DFG-1, 
gk+7, gk+2; Phi is the F/Y in the GXGXF/YG motif of the P-loop, gk = gatekeeper).

Table 3 
Covalent kinase inhibitors

Kinase Cys-site Inhibitors PDB code References

JAK3 gk+7 CI-1033, PD168393 (155)

PI3K Catalytic lysine Wortmannin (LY294002) 1e7u (156)

EGFR gk+7 CI-1033, PD168393 2j5e, 2j5f, 2jiv (157, 155)

ERK2 DFG-1 Hypothemycin 3c9w, 2e14 (158)

PLK1 Catalytic lysine Wortmannin (LY294002) 3d5x (159)

BTK gk+7 CI-1033, PD168393 (155)

HER4/ErbB4 gk+7 CI-1033, PD168393 (155)

HER2/ErbB2 gk+7 CI-1033, PD168393 (155)

BMX gk+7 CI-1033, PD168393 (155)

RSK1/2 Phi+3 fluoroketone (98)

SRC DFG-1 quinazoline 2qq7, 2qlq, 
2hwo, 2hwp

(160, 161)

The Cys sites are named based on the distance to the closest key residue (see Fig. 2). Kinases are named according to 
Manning.

 usually form a bond to a Cys residue in or around the active site, pre-
venting the binding of ATP to the protein kinase (Table 3) (90, 91). 
The Cys residue in the bottom part of the ATP binding site in EGFR 
and near the DFG-motif of ERK2 kinase (92) was successfully tar-
geted with covalent inhibitors (Fig. 3). In the EGFR field these 
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 covalent inhibitors have progressed to clinical stages where they are 
being evaluated in NSCLC (90, 93, 94). Various other covalent kinase 
inhibitors targeting a Cys have been designed for Fes (95), VEGF-R2 
(96), BTK (97) and RSK2 (98) (Fig. 2 and Table 3). In addition, 
there are many more protein kinases that appear to have a Cys located 
in or around the ATP-binding pocket which could be potentially tar-
geted (Table 3 and Fig. 2) (1, 11, 12, 15, 17, 85). Another type of 
covalent binder is exemplified by Wortmannin which binds to a the 
catalytic Lys in the ATP binding site of the PI3K (99).

The jury is still out as to whether these covalent kinase inhibi-
tors are of clinical use. At least the covalent EGFR kinase inhibitors 
may become useful in targeting the most resistant form of the 
EGFR kinase that emerges upon treatment with the noncovalent 
EGFR inhibitors.

The noncovalent kinase inhibitors can be classified into those which 
either bind (hinge binder) or do not bind (nonhinge binder) to the 
hinge region of the kinase (2, 89). A more refined classification for 
the noncovalent reversible kinase inhibitors is based on whether 
the kinase inhibitors work in an ATP- or non-ATP-competitive 
manner and whether the kinase inhibitors bind to an active or an 
inactive conformation of the kinase (2, 89). The ATP-site-directed 
hinge binders, which are competitive with respect to ATP,  represent 
the vast majority of kinase inhibitors independent of whether they 
bind to the active or inactive form of the kinase domain (87). 

3.2.2. Noncovalent Protein 
and Lipid Kinase Inhibitors

Fig. 3. Binding modes of covalent binders. Ribbon diagrams showing two examples of ATP site inhibitors covalently bound 
to the kinase. On the left a compound (green) is covalently linked to Cys797 (magenta) of EGFR at gk+7 (the lower hinge), 
while on the right hypothemycin (green) is linked to Cys164 (magenta) of ERK2. The sites are named by distance to the 
closest key residue. In both images the helix-C is colored orange and the activation loop is cyan.
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Another distinct, albeit heterogeneous, group of kinase inhibitors, 
which work in a non-ATP-competitive manner, is represented by 
those inhibitors targeting allosteric or remote sites on MEK, 
mTOR, CHK1, ABL, IKK, and AKT, just to name a few (38, 53, 
100–105) (Table 4).

The hinge binding ATP-site-directed compounds targeting 
the active conformation which are often referred to as DFG-in or 
type I protein kinase inhibitors constitute the vast majority of the 
ATP-competitive inhibitors (11, 87). In this case, the A-loop 
adopts the active open conformation typical for the ATP-bound 
state of the kinase where the Asp in the DFG motif coordinates the 
phosphates of ATP and the Phe in the DFG motif stabilizes the 
position of helix-C and the A-loop for catalysis (Figs. 1 and 4b) 
(11, 17, 86, 87). The structures of protein kinases in the active 
ATP-bound state are all very similar, despite the fact that they have 
different substrate specificities and different regulations (Figs. 1 
and 4b) (17). There is also a subset of type I kinase inhibitors that 
binds to inactive kinase conformations and depending on the fea-
tures of these inhibitors, the structures of type-I inhibitor-kinase 
complexes can show remarkable differences (11, 17, 86, 87). For 
example, EGFR liganded to lapatinib adopts a DFG-in conforma-
tion typical of an active kinase, but helix-C is pushed out by lapa-
tinib into an inactive state effectively disrupting the ion pairing 
between the catalytic Lys and the Glu from the helix-C (106) 
(Figs. 1 and 4a). This “DFG-in inactive” conformation has also 
been observed in other kinases and is often referred to as a SRC-
like inactive conformation (107, 108).

There are now plenty of examples to create more selective 
inhibitors that take advantage of either a particular inactive confor-
mation like lapatinib for EGFR (106) or other particular hallmarks 
in the kinase domain that can confer selectivity. For example, many 

Table 4 
Structurally characterized allosteric kinase inhibitors

Kinase
PDB code  
apo/active PDB code allosteric Ligand pIC50 Type DFG

MEK1 3eqc 1s9j CI-1040-like 9.0 Allosteric backpocket In

CDK2 1fq1 3pxf ANS 4.4 Allosteric backpocket In

AKT1 3mv5 3o96 Cpd. 16h 7.2 Allosteric backpocket Out

IGF1R 1m7n 3lw0 Cpd. 10 6.4 Allosteric backpocket Out

CHK1 1ia8 3f9n Cpd. 38 5.9 Substrate region In

ABL 1iep 3k5v GNF-2 8.0 Myristate pocket Out

PDK1 1h1w 3hrf Cpd. 2Z 5.0 PIF pocket In

As a reference, the corresponding apo or active structure is given. Kinases are named according to Manning. 
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Fig. 4. Binding modes of ATP site inhibitors. Lapatinib (green) is bound to a confirmation of EGFR (left ) in which the helix-C 
(orange) is pushed out and the activation loop (cyan) is folded inward compared to the conserved active conformation 
represented by IRK (middle) shown with ATP (green ). Imatinib (green) is a type II inhibitor which binds to an inactive con-
formation of KIT (right ) in which the DFG-motif at the start of the activation loop (cyan) is flipped out to make room for the 
inhibitor, but the helix-C (orange) is not significantly shifted.

of the type I kinase inhibitors that target the active conformation 
utilize the variation in the size, shape, and polarity of the gatekeeper 
residue at the back of the ATP site to gain selectivity, and knowl-
edge about the various inactive conformations of different kinases 
allows one to combine these features (11).

The bias toward kinase inhibitors that target the active confor-
mation of the kinase stems from the early days of kinase drug 
 discovery where an ATP mimetic design together with the use of 
enzymatic assays displaying the highest level of activity were used. 
Classical examples for this type of kinase inhibitor class are gefitinib, 
erlotinib, dasatinib, sunitinib, and most notably staurosporine.

Kinase inhibitors that preferentially bind to the inactive con-
formation of the protein kinase and still have contacts to the hinge 
region are referred to as inhibitors binding to the DFG-out confor-
mation or type II kinase inhibitors (11, 17, 86, 87) (Figs. 1 and 
4c). These kinase inhibitors usually show ATP competitive behav-
ior similar to those kinase inhibitors that target the active confor-
mation. In this case, the movement of the A-loop from the DFG-in 
to the DFG-out conformation exposes an additional hydrophobic 
pocket adjacent to the ATP site that is used by these type II kinase 
inhibitors (11, 17, 86, 87) (Figs. 1 and 4c). In addition, these 
inhibitors share a similar pharmacophore where the Glu residue 
from the helix-C and the backbone amide of the Asp from the 
DGF motif are engaged in hydrogen bonds with the inhibitor (11, 
17, 23). The energetic preference of a kinase to adopt this particu-
lar DFG-out conformation or not can be used to gain selectivity in 
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the design of inhibitors, as done for TIE2 (109) or MET (110). 
The ground rules defining which of the protein kinases in the 
human kinome can adopt the DFG-out remain to be established. 
Kinase inhibitors binding to or stabilizing this inactive DFG-out 
conformation are, for example, imatinib, nilotinib, sorafenib, or 
vatalinib.

The non-ATP-competitive or allosteric kinase inhibitors that 
display no contact to the hinge – also referred to as type III inhibi-
tors, show the highest degree of selectivity by exploiting binding 
sites and regulatory mechanisms that are unique to a particular 
kinase (11, 17, 86, 87) (Figs. 5 and 6). In addition to the DFG-in 
and DFG-out conformations mentioned above, analysis of multi-
ple structures of protein kinases show that combinations of differ-
ent conformational states of helix-C, the DFG motif, the A- and/
or the P-loop can generate various inactive conformations of the 
kinase domain. Moreover, elements outside the kinase domain 
such as the juxta-membrane region or other N-terminal elements, 
the C-terminal tails as well as linkers, and/or other regulatory 
domains required for protein–protein interactions are all impor-
tant elements in the regulation of the catalytic domain (17). 
Therefore, each individual kinase has a preferred inactive confor-
mation, depending on its phosphorylation state and regulatory 
mechanisms involving structures outside the kinase domain. The 
unique combinations of all these structural elements create a struc-
tural diversity that can be used to design selective inhibitors. 
Inhibitors binding to the DFG-out and other inactive conformations 

Fig. 5. Examples of non-ATP-competitive, non-ATP site binders. Ribbon diagrams showing non-ATP site binding modes 
(red ) compared to the ATP site (green). A thioquinazoline binds to a surface-exposed site on CHK1 (a), which retains an 
active conformation and is, therefore, noncompetitive with ATP. By contrast, the uncompetitive MEK1 (b) inhibitor binds 
adjacent to ATP, causing large conformational changes in the helix-C (orange) and the A-loop (cyan). In PDK1 (c), com-
pounds binding in the PIF-peptide pocket are found to be activators of the kinase.
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Fig. 6. Non-ATP site inhibitor (ABL1). Top panel : Ribbon diagrams showing two views about 90° apart of the assembled 
inactive state of Abl kinase induced on the binding of myristate (SH3 domain, green ; SH2 domain, yellow ; type I inhibitor, 
green; myristate, red ; helix-C, orange ; A-loop, cyan). Bottom panel : Similar views of the isolated kinase domain (SH1) in 
complex with a type II inhibitor (imatinib, green) and an ATP-competitive inhibitor binding in the myristate site (GNF-2, red ).

may have several advantages over ATP-site inhibitors, including 
better selectivity and slower off-rates which increase the residence 
time of the inhibitor bound to the kinase (106, 111). However, 
the paucity of available structures for the inactive, unliganded pro-
tein kinases (apo-form) represents a major hurdle in designing 
inhibitors targeting the inactive conformations. Methods that have 
been developed recently use active kinase domain structures as a 
basis for developing models of the DFG-out conformation that are 
useful for ligand screening, ligand docking, and ligand activity pro-
filing studies (112).

The allosteric kinase inhibitors known thus far include com-
pounds such as CI-1040, which inhibits MEK by occupying a 
pocket adjacent to the ATP binding site (100) (Fig. 5b), GNF2, 
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which binds to the myristate binding site of ABL (11, 38, 40) 
(Fig. 6), the pleckstrin homology domain-dependent AKT inhibi-
tors (101, 102), BMS-345541, which inhibits the IKK (103), the 
rapamycin derivatives targeting mTOR (53), and the recently dis-
covered CHK1 inhibitor (105) (Fig. 5a). In addition, targeting the 
allosteric sites on protein kinases may provide means to identify 
activators rather than inhibitors which could be useful for thera-
peutic intervention (113–116).

One of the major challenges in future kinase drug discovery is to 
better understand the cancer dependence of the target kinase and 
anticipate the emerging resistance to kinase inhibitor treatment. In 
most cases, the cancer dependence either is not known or displays 
a high degree of complexity that often makes the selection of 
patients most likely to respond (patient stratification) to a given 
kinase inhibitor treatment an impossible task. Understanding and 
predicting the cross-reactivity of kinase inhibitors in conjunction 
with the knowledge about the cancer dependency of the target 
kinase would allow a more rapid proof-of-concept and the better 
use of kinase inhibitors. The selectivity of kinase inhibitors as well 
as the knowledge about the on- and off-target pharmacology (side 
effects) are still poorly understood. Finally, novel approaches aimed 
at targeting protein kinases outside the ATP-binding pocket war-
ranting new unexplored kinase space and improving the selectivity 
of kinase inhibitors are in their infancy.

Protein and lipid kinases that are involved in the development of 
cancer have a deregulated activity due to gene amplification, muta-
tions, and/or gene rearrangements (1–10). Over time, cancer cells 
acquire intracellular wiring that differ from that of normal cells and 
usually become more dependent on the activity of a specific onco-
gene because, during the multistage carcinogenic process, they 
have lost the function of another gene that normally performs a 
similar function (4, 117, 118). Based on the concept of  “synthetic 
lethality,” inhibiting the activity of an oncogene could selectively 
target the cancer cells and spare the normal cells (117). This may 
be one of the reasons why only the subset of patients that have 
specific activating gain of function mutations in the kinase domain 
of EGFR and/or amplification of the EGFR often display impres-
sive clinical responses to the EGFR inhibitors (24, 28, 119–121).

Lipid and protein kinases appear to be involved in almost every 
cellular signaling responsible for development, maintenance, and 
spreading of cancer. Amplification, overexpression and mutational 
activation of tyrosine kinases play a major role in development, 
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progression, and maintenance of various cancers (1, 8, 16, 25, 34, 
61, 72, 122, 123). In addition, the lipid modifying PI3K together 
with the Ras-Raf-MAPK which represents one of the most mutated 
pathways in cancer are at the receiving end of the receptor tyrosine 
kinases (1, 20, 21, 35, 124). While some protein and lipid kinases 
regulate the proliferation of cancer cells, others play a pivotal role 
in cell cycle regulation and cell survival, DNA damage repair as 
well as in the maintenance of telomeres (5–7, 22). Another impor-
tant process underlying tumor growth involves the growth of new 
blood vessels from preexisting ones. Although a number of factors 
contribute to this growth, the VEGFR and FGFR kinase inhibitors 
have been found to be of potential value in the treatment malig-
nancies that are dependent on angiogenesis (125–127).

The involvement of many protein and lipid kinases in the 
development of cancers is further complicated by the plethora of 
mutations that have been recently identified in different kinases 
(1–3, 8–10). In many instances, these mutations can be linked to 
specific cancers through genomic studies, as has been recently 
highlighted (9, 10). However, the results obtained from these 
large efforts leading to the compilation of the cancer “kinase 
mutatome” have been rather sobering. Although many activating 
mutations in various kinases have been found in a variety of can-
cers, it will take another large effort to unambiguously identify the 
dependence of tumor growth on a particular kinase or its pathway(s). 
The major difficulty is the intrinsic heterogeneity of cancers, in 
particular the late stage forms of cancer that harbor multiple muta-
tions, chromosomal aberrations and display genomic instability. 
Demonstrating the cancer dependence of the kinase target not 
only will lead to the identification of inhibitors of the kinase but 
may also accelerate the proof-of-concept in clinical trials allowing a 
better selection of patients most likely to respond to the targeted 
therapy.

Imatinib currently serves as a paradigm for targeting dominant 
oncogenes. The success of imatinib has initiated debates as to 
whether this paradigm can be translated to other cancers. It may 
well be that the efficacy of imatinib in CML is an exception rather 
than the rule because it is caused by the single aberration (the 
BCR-ABL1 fusion protein), which is absent in normal cells. CML 
can be viewed as a genetically simple neoplasm compared to the 
common epithelial carcinoma of the lung, breast, colon, and pros-
tate. Therefore, cancers caused by mutations at multiple different 
genetic loci may in theory require, in the worst case, a multitude of 
different therapeutic agents. Inhibitors of oncogenic protein and 
lipid kinase pathways may still have activity as single agents if their 
mutational activation leads to a state of “oncogene addiction,” 
possibly due to genetic or epigenetic changes at other loci (4, 128). 
Thus, genetic interactions and genetic complexity may decrease 
rather than increase the number of agents required for the treatment 
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of cancers. As a matter of fact, single-agent activity of imatinib, albeit 
not very durable, was noted against accelerated and blast-phase 
CML, which, in contrast to the early phase CML, are clearly associ-
ated with multiple genetic abnormalities in addition to the canoni-
cal BCR-ABL1 translocation (23, 25). Impressive and durable 
single-agent activity of imatinib has also been observed in GIST a 
multigenic cancer that develops over decades due to recurrent 
chromosomal abnormalities including activating mutations in the 
KIT or PDGF receptors (27, 34, 61, 128). The common denomi-
nator between BCR-ABL1 in CML and KIT/PDGFR in GIST is 
that they both represent the earliest recognizable causal mutations 
in their respective diseases. Therefore, targeting early causal changes 
is likely to be the most successful strategy in the future. To date, 
these considerations have not always been included in the design of 
clinical trials of, for example, inhibitors of EGFR or MEK (129).

On the contrary, clinical responses have also been noted with 
many other kinase inhibitors without a clear rationale, offering 
encouragement that single agents can be active in genetically com-
plex neoplasms, although it is formally possible that the “single-
agent” activity may be due to its fortuitous ability to inhibit multiple 
kinases. The recent introduction of the concept of individualized 
cancer therapy along with the development of selective drugs 
targeting specific alteration in tumors has provided hope for the 
development of more effective treatment strategies.

Because protein and lipid kinases mediate many of the signaling 
pathways by which cancer cells promote proliferation and survival, 
the design of drugs targeting a unique kinase with high specificity 
may not seem appropriate in this indication. The current focus is 
on the development of drugs with multiple effects to overcome 
many, and often overlapping biological pathways that tumors uti-
lize to grow, resist death, and spread. A broad spectrum of target 
kinase inhibition appears to be a desirable property to treat cancers 
either by combining selective kinase inhibitors or using so-called 
multikinase inhibitors that display a lower selectivity. However, an 
unbalanced potency against one but not all targets may limit its 
clinically achievable inhibitory spectrum resulting in suboptimal 
inhibition, which in turn may lead to emergence of resistance. 
Multikinase inhibitors targeting the VEGF-R and/or FGF-R kinase 
families as single agent or in combination appear to perform better 
in clinical trials than the EGF-R kinase inhibitors (129). Although 
combination is the mainstay of cancer therapy, it is still not under-
stood how to successfully combine these novel targeted therapies. 
While the combination of the VEGF targeted monoclonal antibody 
with conventional chemotherapy has demonstrated significant sur-
vival advantage in breast, colon, and lung cancers, the combina-
tion of the EGFR kinase inhibitor gefitinib with conventional 
chemotherapy did not show significant benefit in NSCLC (129). 

4.2. Multikinase 
Versus Selective 
Kinase Inhibitors



20 D. Fabbro et al.

Apart from the fact that the use of two uniquely targeted agents 
should avoid off-target and combination toxicities, allowing maxi-
mal dosing of each agent at the optimal schedule, the clinical ben-
efits of combinations of various kinase inhibitors, or kinase inhibitors 
with other molecularly targeted agents such as inhibitors of Histone 
Deacetylases, hsp90, or aromatase inhibitors remain to be estab-
lished (129).

On the contrary, the single-agent efficacy of highly selective 
kinase inhibitors such as imatinib in CML where the other kinase 
inhibited by imatinib do not to play important roles, lapatinib in 
metastatic breast cancer and everolimus in metastatic renal cancer 
demonstrate that the genetic complexity of tumors appears to be 
overcome by targeting specific pathogenic pathway nodes (4, 117, 
128). In diseases where pathogenic activating mutations have been 
identified such as those in the EGFR gene, uniquely targeted agents 
such as gefitinib or erlotinib might be useful (24, 28). However, 
the 10% response rate to gefitinib in advanced stage NSCLC con-
trasts unfavorably with the 90% response rate to imatinib in CML 
indicating a lack of a therapeutic modality for the remaining 90% of 
the NSCLC patients (129). Alternatively, an appropriate selection 
of patients likely to respond, in particular in the NSCLC setting, 
may significantly increase the therapeutic benefit with the caveat 
that the number of overall patients treated will become smaller.

The choice of single agent versus combination therapy should 
be driven by the need to minimize the emergence of resistance rather 
than assuming that cancer is a multigenic disorder. Cancer genetics 
will guide the integration of conventional therapies (surgery, radia-
tion, chemotherapy) with protein kinase inhibitors and other 
“molecularly targeted” therapies for treating cancer in the future. 
The weight of evidence in the field of kinase inhibitors in solid 
tumors suggests that inhibiting multiple targets produces greater 
benefit over single target inhibition, when no specific pathway drives 
tumor proliferation and survival. Therefore, targeted therapies 
should only be applied to patient populations where the epidemiol-
ogy and molecular pathophysiology of the diseases is genetically well 
understood. Thus, it is of no therapeutic benefit to use targeted 
kinase inhibitor therapies in advanced cancer patients without a well 
defined genetic rationale, in particular in those patients that have 
been heavily pretreated with chemotherapeutic agents (129).

One of the issues that is perceived as major challenge in kinase 
drug discovery is the selectivity for the target kinases, which defines 
the on- and off-target pharmacology (2, 11–14, 16, 17, 87). While 
development of selective kinase inhibitors is likely to be extremely 
important from the standpoint of minimizing drug side effects, 
inhibitors with exquisite selectivity are a must for chronic administra-
tion in non-life-threatening diseases such as many immunological 
dysfunctions (2, 11–14, 16, 87).

4.3. On- and Off-Target 
Pharmacology  
or Selectivity  
of Protein Kinase 
Inhibitors
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Thus, a good understanding of the on- and off-target pharma-
cology in particular with respect to side effects is paramount for the 
design of kinase inhibitors. Unfortunately, there are neither clear 
guidelines nor a general consensus about which kinases of the 
human kinome are “off limits.” The selection of the so-called 
“kinase anti-targets” is rather arbitrary and biased by the availabil-
ity of knockout animal and human genetic data as well as the fact 
that the knowledge of individual kinases is rather anecdotal than 
comprehensive. It should be noted that the function of most of the 
members of the human kinome has to date remained largely unex-
plored. In addition, the potency in biochemical and cellular assays 
of kinase inhibitors, which represents a good starting point, may 
not be translated directly to in vivo downregulation of the kinase 
target and its signaling pathway. Also, the information linking 
adverse side effects of protein and lipid kinase inhibitors with a 
particular protein kinase selectivity profile is only now beginning to 
emerge (130, 131). Moreover, we are still trying to understand the 
side effects that are generated by inhibiting multiple “antitarget 
kinases.” Recent data suggest that simultaneous inhibition of ATM, 
ATR, DNAPK, Aurora, and/or other kinases involved in mitosis 
may be genotoxic (130, 131).

The recent systematic profiling of kinase inhibitors, in broad 
arrays of biochemical (and cellular) assays that offer a coverage of 
more than 80% of the human kinome, has provided ways to better 
define the selectivity profile of drug candidates including the poten-
tial for the discovery of novel mechanisms of actions (78, 80, 132). 
Despite of all of these efforts, we still poorly understand the selec-
tivity profiles with respect to their liabilities regarding preclinical 
toxicity findings and their relevance to patients in the clinic. It is 
hoped that the recent progresses made in molecular profiling will 
further our understanding toward a better assessment and predic-
tion of efficacy versus toxicity. So far, the selectivity of the launched 
small-molecular-weight kinase inhibitors (Table 1) seems not to 
compromise their clinical utility in cancer indications. Comparing, 
for example, the selectivity profile of sunitinib with that of lapatinib 
(see Fig. 1 in ref. 79) shows that sunitinib is less selective and pre-
sumably less well tolerated than lapatinib. Nonetheless, sunitinib is 
being used for the treatment of various late-stage cancers, although 
its selectivity profile would preclude its use in non-life-threatening 
clinical conditions. On the contrary, imatinib, which has been 
shown to have multiple kinase targets, has recently been registered 
also for a nononcology indication (64), suggesting that kinase 
inhibitors could have a more widespread use once their long-term 
use and safety is better understood.

Members of one protein kinase subfamily can be phylochemi-
cally more different than kinases from another class (79). For 
example, imatinib binds very weakly to the more closely related 
SRC, which has a domain structure and regulatory mechanism 
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similar to ABL1, while it binds with high affinity to PDGFR, KIT, 
and DDR (17, 133, 134). The possibility that SRC is unable to 
bind imatinib because it cannot adopt the DFG-out conformation 
has been excluded recently showing that hat inhibitors including 
imatinib can indeed bind to a DFG-out conformation of SRC 
(133, 135). However, it is likely that the energy required for SRC 
to adopt this conformation is greater than for ABL1, and the struc-
ture of imatinib does not compensate for this as well as inhibitors 
that are less hydrophobic in the region that is exposed to the P-loop 
in ABL1. SRC prefers to adopt an inactive conformation where 
helix-C swings out and is stabilized by a short helix in the N-terminal 
part of the A-loop (136). This conformation has also been observed 
in Hck (107), ABL (108) and EGFR (106).

There are now plenty of examples to create more selective 
inhibitors that take advantage of either a particular inactive confor-
mation such as lapatinib for EGFR (106) or other particular hall-
marks in the kinase domain that can confer selectivity.

Drug resistance can either occur by extrinsic compensatory mecha-
nisms or intrinsically by reducing the affinity of the kinase inhibitor 
to its target (137). Mutation of single amino acids in the kinase 
domain resulting in the abrogation of the inhibitory potency con-
comitant with relapses has been documented for inhibitors of 
BCR–ABL1, EGFR, FLT3, KIT, and PDGFR (11, 23–25, 30, 
138, 139). The most commonly found point mutation leading to 
resistance is the one targeting the gatekeeper residue of the kinase, 
whose size and shape regulates the properties of the hydrophobic 
pocket located at the back of the ATP binding site (11, 23–25, 30, 
138, 139). The gatekeeper residue has no contact to ATP but is 
often in close contact with type I and type II kinase inhibitors 
because it is located in the hinge (87). This is the reason why gate-
keeper mutations such as T315I in BCR–ABL1 (23, 25, 29), 
T670I in Kit (27, 138), T674I in PDGFR  (140), G697R in 
FLT3 (139), V561M in FGFR1 (141), T681I of PDGFR  (142), 
and T341M in SRC (143) cause little or no change in kinase activ-
ity but confer inhibitor resistance to a wide spectrum of kinase 
inhibitors (141). In most cases, the gatekeeper mutation sterically 
impedes inhibitor binding (141). By contrast, the gatekeeper 
mutation T790M in EGFR induces resistance to gefitinib and erlo-
tinib by significantly increasing the affinity for ATP and thereby 
reducing the affinity for the kinase inhibitors (24, 30).

Apart from the usual mechanisms of drug inactivation in can-
cer (137) as well as the findings that quiescent tumor stem cells are 
refractory to kinase inhibitors (144) there are additional target 
related mechanisms for resistance that are not based on mutations 
of the target kinase. These include amplification of the target like 
in the case of BCR–ABL1 in CML (145) and/or upregulation of 
alternative kinase pathways such as the receptors for hepatocyte 

4.4. Resistance  
to Protein Kinase 
Inhibitors
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growth factor (MET) or insulin-like growth factor (IGF1R) in the 
acquisition of resistance to EGFR kinase inhibitors (32). Of course, 
any activation of effectors downstream of receptor protein tyrosine 
kinases such as the Ras-Raf-MAPK and/or PI3K/Akt pathway 
override the effects of a receptor tyrosine kinase inhibitor.

Target dependent drug resistance has presented new therapeu-
tic challenges, leading to the development of “second-generation” 
kinase inhibitors that can form covalent bonds with the target and, 
therefore, increase their effectiveness. In attempts to overcome 
resistance to the EGFR inhibitors gefitinib and erlotinib, kinase 
inhibitors that bind covalently to the ATP-binding site of EGFR 
have been developed (90, 93, 94) (Fig. 3a). Another approach is 
to develop noncovalent inhibitors that can tolerate various amino 
acids at the gatekeeper position. Several ATP-site directed inhibi-
tors active against the T315I ABL1 gatekeeper mutant have been 
reported, but thus far only AP24534 has progressed to the stage of 
Phase I clinical trials (146). A further approach is to target the 
kinase with inhibitors that bind to alternative binding sites such as 
On012380 that is presumed to inhibit the ABL1 substrate binding 
site (147). A more remote binding site on the kinase domain is 
addressed by the GNF-2 compound which targets the myristate 
binding site of ABL1 and ABL2 (11, 38, 148). Finally, inhibiting 
pathways or pathway nodes that are utilized by the target kinase 
with alternative approaches targeting the chaperone function of 
Hsp90 (149) or farnesyl-transferase activity (150) have been 
 demonstrated to work in cell culture, and efforts are currently 
underway to apply them clinically.

Small-molecule inhibitors such as imatinib and sorafenib inhibit 
the catalytic function of the kinase by binding to the adenosine 
part of the ATP binding pocket and by stabilizing an inactive 
(DGF-out in this case) conformation. Although, this ATP-
competitive binding mode has improved the selectivity of kinase 
inhibitors due to the need for a specific inactive conformation, 
another potential way to gain selectivity is to identify new classes of 
protein kinase inhibitors that do not compete with ATP at all. 
These so-called type III inhibitors may potentially enable the selec-
tive regulation of specific protein kinases associated with a particu-
lar disease but without affecting other protein kinases involved in 
normal physiology, or without affecting other functions (structural 
or enzymatic) of the kinase. Therefore, targeting a pocket outside 
of the ATP site, also referred to as “out of the box” approaches, 
could add value to the so-called ATP-site-directed or “in the box” 
approaches (ATP mimetics) in terms of new scaffolds, intellectual 

5. Novel 
Approaches  
to Kinase Drug 
Discovery
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property, and selectivity. Out of the box approaches may be 
 particularly relevant for those kinase inhibitors targeting non-life-
threatening diseases and which are not prone to generate resistance 
as has been observed in many oncology indications. In addition, 
these allosteric inhibitors could also be used to address the resis-
tance caused by mutations in the ATP binding site (11, 40, 148).

Unfortunately, only a very limited number of non-ATP-com-
petitive kinase inhibitors have thus far been identified. These 
include the rapamycin analogs as well as the inhibitors for ABL, 
IKK, AKT, CHK1, MEK, SRC, IGF1R, and others (11, 40, 53, 
100–103, 105, 148, 151). In Figs. 5 and 6 only those non-ATP-
competitive kinase inhibitors are shown for which there is a structure 
available. Even though this is only a limited number, it is surprising 
to see in how many ways the protein kinase activity can be inhibited 
(or activated as it is the case for PDK1) by occupying sites outside 
of the ATP pocket.

For example, recently published cocrystal structures of inhibi-
tors bound to CHK1 have revealed an allosteric site, unique to 
CHK1, located in the C-terminal domain not far from the peptide 
substrate binding site. This site consists of a shallow groove linked 
to a small hydrophobic pocket (105) (Fig. 5a). Another non-ATP-
competitive allosteric inhibitor has recently been developed, which 
targets the myristate binding-site located near the C-terminal of 
the ABL kinase domain, as demonstrated by genetic approaches, 
solution NMR, and X-ray crystallography (11, 38, 40, 148) 
(Fig. 6). The binding of GNF-2, like myristate, causes a conforma-
tional change that allows the SH2 and SH3 domains to clamp onto 
the kinase domain and hold it in an assembled inactive state in an 
analogous way to that observed for monophosphorylated SRC 
(11, 38, 40, 148). Therefore, the presence of these two domains is 
required to inhibit the kinase activity of ABL1 (11, 38, 40, 148) 
(Fig. 6). Although this type of myristate pocket is also present in 
SRC, it appears to serve a different function than in ABL1 (148). 
The potential to inhibit MEK allosterically avoiding many of the 
off-target activities often associated with ATP-competitive kinase 
inhibitors has added great value to the attractiveness of MEK as a 
druggable target. The allosteric MEK inhibitors bind to a unique 
allosteric inhibitor-binding pocket between the Mg2+-ATP-binding 
site and helix-C (100) (Fig. 5b). The important key interactions 
between the bound inhibitor and the allosteric pocket have been 
discussed earlier (100). This allosteric site is distinct from the highly 
homologous ATP-binding site and is located in a region where the 
sequence homology to other protein kinases is low. It should be 
noted that these allosteric MEK inhibitors seem to work in a non-
ATP-competitive, rather than an ATP-competitive, manner as they 
require the presence of ATP to impart inhibitory activity (100). 
Low-molecular-weight compounds, which target the hydrophobic 
motif (HM) or HM-pocket, also known as PIF-pocket of the AGC 
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kinases, have the ability to allosterically activate PDK1 by modulating 
the phosphorylation-dependent conformational transition of 
PDK1 (116, 152) (Fig. 5c). Interaction of a low-molecular-weight 
compound able to mimic the phosphorylated HM within the HM/
PIF-pocket activates PDK1 by stabilizing helix-C in the active 
form, which positions the conserved Glu from helix-C correctly to 
coordinate the phosphates of ATP. These data indicate the possi-
bility of developing drugs to modulate phosphorylation-dependent 
conformational transitions in other AGC kinases (116, 152). 
Additional, less well defined pockets and substrate docking sites on 
protein kinases have been described which could in theory be 
exploited to modulate the kinase activity (153).

There are various reasons why the identification of these out of 
the box kinase inhibitors has been so unproductive. Traditional hit 
finding approaches which used recombinant highly activated cata-
lytic domains of protein kinases (often lacking regulatory domains) 
have favored the identification of ATP-pocket binders. Therefore, 
reidentification of the same, highly promiscuous chemical matter 
has plagued many of these kinase screens. Only recently has it been 
realized that not all ATP-site directed kinase inhibitors are created 
alike, with some favoring the inactive over the active kinase confor-
mation and vice versa. Approaches aimed at correcting this bias 
evolved from a better understanding of the molecular and struc-
tural requirements of both substrate binding sites (the ATP and 
protein substrate) as well as the phosphorylation state of the kinase. 
In addition, unbiased cell-based screening of large compound 
libraries, including natural compounds, using well-defined phos-
phorylation readouts has only been recently established (38). These 
cell based screens enable the use of conformations of the target 
kinase that cannot always be obtained in vitro in biochemical assays 
and may provide a head start in obtaining novel types of protein 
kinase inhibitors with the desired degree of selectivity. However, it 
may prove challenging to optimize potency and selectivity using 
the cellular readout only. In any case, the discovery of these novel 
allosteric sites provides an opportunity to design more selective 
protein kinase inhibitors (and activators) that are less compromised 
by ATP competition than typical ATP-site inhibitors.

The large number of kinase inhibitors in clinical development will 
ensure a constant flow of novel targeted therapies to the clinic over 
the next 5 years. The vast majority of these kinase inhibitors are for 
various oncology indications that reflect not only the more acute 
nature of the disease but also the greater tolerability with respect 
to potential side effects. The future of protein kinase-targeted 

6. Concluding 
Remarks
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therapeutics in cancer appears promising, despite the fact that 
 several protein kinase inhibitors that have entered human clinical 
trials are not very specific and did not achieve the anticipated 
results. This situation may be improved by the upcoming second 
generation of kinase inhibitors with a better selectivity that will be 
applied to a genetically better defined patient population. The 
development of kinase inhibitors for non-life-threatening indica-
tions where chronic regimens are being used will require a priori a 
better target selectivity to minimize side effects.

It should be mentioned that all of the mentioned advanced 
kinase inhibitors do not cover more than 10–15% of the whole 
kinome. Ongoing efforts using genome-wide screening in con-
junction with the use of genetic organisms will unravel new disease 
associations and will pave the way for the discovery of many more 
new protein kinase targets in the coming years. Finally, protein 
kinase inhibitors will be important not only for the treatment of 
diseases but also as reagents using a systems biology approach to 
better understand cellular networking. There are many specific 
protein kinase inhibitors that cannot be used as drugs for reasons 
of toxicity or solubility, but are still extremely useful as research 
reagents (130, 154).
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Chapter 2

Small-Molecule Protein and Lipid Kinase Inhibitors  
in Inflammation and Specific Models for Their Evaluation

Matthias Gaestel and Alexey Kotlyarov 

Abstract

The inflammatory response requires complex and coordinated cooperation of different signaling pathways 
and cell types. Therefore, more than 40 different protein or lipid kinases can be regarded as potential small-
molecule inhibitor targets to approach a therapy of acute inflammation, such as septic syndrome, and espe-
cially chronic inflammation, such as rheumatoid arthritis or inflammatory bowel disease. Besides the general 
considerations about selectivity and potency of small-molecule kinase inhibitors, in this chapter special 
emphasis is put on the inflammation-specific methods and assays available for testing potential small-molecule 
inhibitors for their anti-inflammatory activity. Examples for human cell-based assays for characterization of 
the effect of inhibitors on contribution of various cell types, such as monocytes, neutrophils, mast cells, 
T-cells, and synovial fibroblasts, to the inflammatory scenario are given. It is further demonstrated how 
these assays are complemented by rodent models for septic syndrome, rheumatoid arthritis, ulcerative 
colitis, Crohn’s disease, and systemic lupus erythematosus. Finally, it is discussed how the results obtained 
by these methods can be further validated and which future strategies for the treatment of chronic inflam-
mation will exist.

Key words: Animal models, Sepsis, Rheumatoid and collagen-induced arthritis, Crohn’s disease, 
Ulcerative colitis, Lupus erythematosis

Acute and chronic inflammation is based on a complex, multicel-
lular scenario where protein and lipid kinases are involved in many 
steps and places (for recent reviews see refs. 1 and 2). Hence, there 
is a strong potential for the use of small-molecule kinase inhibitors 
to interfere with inflammation and, more relevantly, to contribute 
to therapy of chronic inflammation such as rheumatoid arthritis 
(RA) or inflammatory bowel disease (IBD). After identification of 
the first inflammation relevant protein kinases targeted by Smith 
Kline Beecham compounds of the SB203580-type, the p38 MAPKs 
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 and , more than 15 years ago (3), today a long list of more than 
40 potential target kinases exists (see refs. 1, 4 and Table 1). Several 
small inhibitors against these targets are already in clinical trials, 
while others has to be identified, characterized, and optimized fur-
ther before entering clinics.

Methods of molecular biology are mainly involved in analyzing 
selectivity and potency of small-molecule inhibitors by various 
in vitro assays. To monitor selectivity of protein kinase inhibitors, a 
screen of in vitro activity over a panel of recombinant protein 
kinases (5), competitive binding assays against a kinase expression 
library (6), or a proteomic analysis of the competitive affinity puri-
fication of kinases in the presence of inhibitor molecules (7) are 
carried out. Although some small-molecule inhibitors show rather 
high selectivity, with the exception of rapamycin, which uses a com-
pletely different mechanism of action via cyclophilin-binding, there 
is no monospecific kinase inhibitor identified so far. To increase 
selectivity and potency of kinase inhibitors, there is a general trend 
to shift from ATP-competitive inhibitors to molecules that, in addi-
tion, confer allosteric inhibition of the kinase, such as the p38 
MAPK-inhibitor BIRB 796 (8), or, to inhibitors that  target activator-
kinase, such as the MEK1 inhibitors of the Parke Davis-family and 
the U0126 compound, or kinase–substrate interaction, such as the 

Table 1 
Kinases involved in inflammation (for details and signaling pathways  
see refs. 1, 4)

Kinase superfamily Members involved in inflammation

Receptor tyrosine 
kinases

c-KIT (mast-stem cell growth factor receptor), recepteur d’origine nantais 
(RON), TYRO3, AXL, and MER (TAM) receptor family

Nonreceptor tyrosine 
kinases

Janus kinase (JAK)1/2/3, Tyrosine kinase 2 (TYK2), Lymphocyte cell-
 specific protein tyrosine kinase (LCK), T-cell-specific kinase (TSK or ITK), 
Zeta-chain-associated protein kinase (ZAP)70, Spleen tyrosine kinase 
(SYK), Bone marrow tyrosine kinase in chromosome X (BMX), Bruton’s 
tyrosone kinase (BTK)

Protein-serine/
threonine kinases

IL-1R-associated kinase (IRAK)1/2/4, TGF- -activated protein kinase 
(TAK)1, MAPK kinase kinase (MEKK)3, TNFR-associated factor (TRAF) 
family member-associated (TANK)-binding kinase (TBK)1, inhibitor of B 
(I B) kinase (IKK) / / , Tumor progression locus 2 (Tpl2 or c-COT), 
Extracellular signal-regulated kinase (ERK)1/2, c-JUN N-terminal kinase 
(JNK)1/2, p38 MAPK / , MAPK-activated protein kinase (MAPKAPK 
or MK) 2/3, MAPK interacting kinase (MNK)1/2, Receptor-interacting 
serine–threonine kinase (RIP)

Dual specific protein 
kinases

MAPK kinase 1/2 (MEK1/2), 3/4/6/7 (MKK3/4/6/7)

Lipid kinases Phosphoinositide 3-kinase (PI3K) /
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recently described JNK-inhibitor BI-78D3 (9). Potency of inhibitors 
is usually characterized by the IC50 value – the inhibitor concentra-
tion that is necessary to reduce kinase activity in an in vitro assay to 
50%. When comparing IC50 values, it should be taken into account 
that this value depends on assay conditions, such as ATP and sub-
strate concentration, structure of the recombinant kinase, and the 
presence of further kinase-binding components.

Nevertheless, the above issues are not specific for targeting 
inflammation, but represent general considerations for all small-
molecule kinase inhibitors. For targeting inflammation, the cell-
based assays and the animal models, in which the inhibitory 
molecules has to be tested, are the specific issues and are discussed 
in more detail here.

As stated above, many cell types and cytokines are involved in the 
inflammatory response and, hence, the choice of the inflammatory 
stimulus, cell type and readout parameter for analyzing the anti-
inflammatory action of an inhibitor is crucial. The cell type to be 
analyzed is often chosen according to the known cell-type specific 
function or, if the function is not known, to the expression and 
activity pattern of the kinase targeted by the small molecule. 
However, it may well be that a specific kinase is involved in regula-
tion of inflammatory processes in more than one cell-type. At the 
moment, this is not reflected by the assays, which all try to use only 
one well-defined cell-type. Furthermore, since inhibitors are finally 
searched for therapeutic treatment of humans, preferential cellular 
assays of anti-inflammatory action should use human primary cells 
or cell lines to avoid effects due to structural variations of the kinase 
molecules between species. As a result of these considerations, only 
few cell-based assays seem suited. Owing to the various cellular 
players in inflammation, the cell-based assays always represent only 
a specific part of the inflammatory scenario (Table 2). Monocytes 
are preferred to monitor the effect of small-molecule inhibitors on 
TLR-mediated innate immunity. The prominent TLR4-ligand LPS 
is used as a sepsis-relevant stimulus and secretion of the “master”-
cytokine TNF is an ideal readout parameter. In addition, some-
times the influence of the inhibitor on the phosphorylation of 
intracellular substrates of the kinase of choice is also monitored 
(10, 11). Other aspects of inflammation are better represented by 
mast cells (12), T-cells (13), or neutrophils (11), and appropriate 
assays have been developed using these cell types (Table 2). Also, 
disease-specific primary cells, such as synovial fibroblasts from RA 
patients, were used to monitor the disease-modifying properties of 
the compound more directly (14). IC50 values determined in these 

2. Cell-Based 
Assays for  
Small-Molecule 
Inhibitors to Target 
Inflammation
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cell-based assays are usually higher than the values obtained from 
in vitro assays. This is mainly due to “bioavailability” of the 
 compounds, which includes permeation to the relevant cellular 
compartment, intracellular solubility, competitive off-target binding 
to other cellular components, and intracellular stability of the 
compound.

Table 2 
Examples of cell-based assays

Cells Stimuli Readout

Kinase inhibitors 
analyzed and IC50  
(if available)

Cell line THP-1, human 
monocytic leukemia cell 
line

LPS TNF MK2, Compound 83, 
IC50 = 1.6 M (32)

P38, BIRB 796, 
IC50 = 18 nM (8)

Cell line U937, human 
monocytic leukemia  
cell line

LPS Phospho-Hsp27, TNF MK2, Compound 23, 
IC50 = 4.8 M (10)

Primary human monocytes 
derived from human 
blood buffy coats by 
negative selection

LPS, IL-1b TNF Tpl2/C-COT, 
compound 1, 
IC50 = 0.6 M (33)

Human embryonic kidney 
cells (HEK293) overex-
pressing TLR4

LPS NFkB-dependent 
reporter gene

BTK, Effect of 
LFM-A13  
measured (34)

Human mast cells culture 
derived from cord blood 
CD34+ progenitor cells 
and expanded by Flt3, 
SCF, and IL-6  
treatment (35)

Sensitization with 
IgEkappa, 
stimulation with 
anti-IgE-
antibodies

Degranulation by 
measurement of 
tryptase activity in 
supernatant

SYK, Compound 36, 
IC50 = 70 nM (12)

Human CD4+ T-cell 
purified from whole 
blood

Activation of TCR 
and CD28 by 
anti-CD3- and 
anti-CD28-
antibodies

IL-2 ITK, Compound 8×, 
IC50 = 1.6 M (13)

Human RA synovial 
fibroblasts

IL-1 Phospho-ERK Effect of PD184352 
measured (14)

Human neutrophils 
purified from blood by 
Percoll gradient 
centrifugation

TNF priming, fMLP 
stimulation

Intracellular PIP3, 
Oxidative burst by 
oxidation of 
exogenous cyto-
chrome C in the 
supernatant

PI3K , AS-252424, 
IC50 = 2 M (11)

Cells, stimuli, and readouts, kinases targeted and inhibitors
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Sepsis is a systemic response to infection that includes fever, 
enhanced heartbeat and respiration rate, decreased blood pressure, 
and multiple organ dysfunction. The septic syndrome is observed 
in intensive care units worldwide. It is a major cause of death, with 
mortality rates that range from 20% for sepsis to >60% for septic 
shock. Sepsis is commonly elicited by lipopolysaccharide (LPS), a 
constitutive component of the outer membrane of gram-negative 
bacteria. The part of LPS that causes septic shock is lipid A, which 
acts as bacterial endotoxin. The response to LPS occurs through 
Toll-like Receptors (TLRs) and results in the release of the proin-
flammatory cytokines TNF, IL-1, and IL-6 which trigger the 
inflammatory reactions. Overproduction of these cytokines causes 
pathological amplification of the inflammatory cascade leading to 
sepsis. For mice, two sepsis models are established, which are des-
ignated low-dose and high-dose LPS model.

In the low-dose LPS model, mice are sensitized by preceding 
administration of D-galactosamine, leading to severe depletion in 
hepatic UTP and inhibition of macromolecular synthesis, and sub-
sequently (after 1–3 h) injected with low-dose LPS (15). Mice 
given 300 mg D-galactosamine/kg (typically 20 mg) have a lethal 
dose with 50% survival (LD50) of 0.5 ng LPS per animal, with death 
occurring about 5–9 h later. In the low-dose model, lethality is due 
to massive hepatic necrosis in response to LPS by a process depen-
dent upon TNF and IFN- . Sometimes, D-galactosamine is also 
combined with medium-dose LPS treatment (Table 3).

High-dose LPS challenge of mice is based on intraperitoneal 
or intravenous injection with LPS doses of 25–100 g per animal. 
The LD50 is around 150 g, with lethality after approximately 1.5 
day. The observed mortality is due to cytokine induced endothelial 
cell injury and highly correlates with TNF, IL-1, and IL-6 levels. 
High-dose LPS is the most often used assay for analysis of inhibi-
tory compounds and for characterization of mouse knockouts of 
potential target kinases (Table 3).

RA is an inflammatory polyarthritis of unknown autoimmune-
based origin leading to joint deformation, destruction, and final 
loss of function. Its worldwide distribution has an estimated preva-
lence of 1–2%. In contrast to RA, the factors that induce experi-
mental arthritis in mouse are well established. Such factors are 
living bacteria or bacterial components, adjuvants, cartilage specific 
proteins or other antigens used in different experimental models.

The collagen-induced arthritis (CIA) model (16) is the most 
commonly used and best described model so far. Immunization of 
mice with autologous or heterologous type II collagen with incom-
plete Freund’s adjuvant leads to arthritis with a maximum severity 

3. Inflammatory 
Disease Models 
Appropriate  
for Testing  
of Small Molecules

3.1.  Sepsis Model

3.2. Models for 
Rheumatoid Arthritis
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around day 30. Importantly, CIA is accompanied by expression of 
TNF and IL-1  in the joints. Any blockade of these molecules 
leads to alleviation of arthritis. Accordingly, inhibition or deletion 
of protein kinase targets, such as p38 or MK2, results in decreased 
arthritic score in this model (17, 18) (Table 3).

In the serum transfer model of arthritis, mice expressing the 
KRN T-cell receptor transgene and the MHC class II molecule 
Ag7 (K/BxN mice) develop inflammatory arthritis, and serum 
from these mice, due to pathogenic autoantibodies to glucose-6-
phosphate isomerase, causes similar arthritis in a wide range of 
mouse strains (19). Hence, this model could be extremely useful 
for the investigation of the development of autoimmune-induced 
arthritis.

CD and UC are the two major forms of chronic inflammatory 
bowel disease (IBD). The clinical appearance of IBD is heteroge-
neous, which may reflect an uneven impact of genetic factors, 

3.3. Models  
for Crohn’s Disease 
and Ulcerative Colitis

Table 3 
Examples of animal models of inflammation for testing of inhibitors or mouse 
kinase knock outs

Animal model
Inhibitor application and 
inflammatory stimulus Readout References

Rat or mouse high 
dose LPS model

MK2- or p38-Inhibitors orally 
dosed prior LPS-challenge

Serum TNF measured by 
LC-MS or ELISA

(10, 36)

Mouse (low dose) 
LPS D-gal model

A combination of LPS (5–50 mg 
per kg body weight) and D-gal 
(0.4–1 g per kg body weight) 
simultaneously injected 
intraperitoneally into MK2-KO 
mice

Serum TNF level after 90 
min measured by 
ELISA,

Lethality between  
1 and 24 h

(18, 37)

Collagen-induced 
arthritis in 
DBA/1LacJ mice

Kinase knockout (MK2) mice 
treated with bovine collagen 
type II

Arthritic score,
IL-6 mRNA in paws,

(18)

Collagen-induced 
arthritis in 
DBA/1LacJ mice

Mice treated with bovine collagen 
type II and subsequently with 
daily doses of p38-inhibitor  
Org 48762-0

Arthritic score (36)

Mouse DSS-induced 
chronic ulcerative 
colitis

MEK-inhibitor RDEA119
Orally dosed

Histological colonic 
damage score

(38)

MRL/lpr-mice 
spontaneously 
developing 
symptoms of SLE 
at about month 5

PI3K -inhibitor AS605240 
administered intraperitoneally 
every 12 h starting from month 
2 until month 5

Titer of DNA-specific 
autoantibodies or 
number of CD4+ 
memory T-cells

(28)
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microbial factors in the enteric environment and altered immune 
response in the etiology of IBD. So far, there is no animal model 
which exactly reproduces human IBD. However, some animal 
models resemble certain aspects of IBD and can be used for both, 
further investigation of the underlying pathophysiological mecha-
nisms and validation of therapeutic strategies.

The first suited model is dextran sodium sulfate (DSS)-induced 
colitis. Here, feeding of mice with DSS polymers (30–60 kDa) in 
the drinking water for several days induces an acute colitis charac-
terized by bloody diarrhea, ulcerations and infiltrations with gran-
ulocytes (20). DSS is directly toxic to gut epithelial cells of the 
basal crypts and, hence, affects the integrity of the mucosal barrier. 
The DSS colitis model is particularly useful for studying the contri-
bution of innate immune mechanisms of colitis.

Other models are trinitrobenzene sulfonate (TNBS)- and 
oxazolone-induced colitis. Here, in susceptible strains of mice coli-
tis can be induced by administration of the hapten TNBS (21) or 
the organic compound oxazolone (22) in ethanol. As a result, 
modifications of otherwise nonimmunogenic autologous or micro-
bial proteins transform them immunogenic to the host and causes 
autoimmune colitis with high lethality. In addition, various mouse 
knockouts (KOs) and transgenic mice develop IBD spontaneously 
due to direct or indirect modulation of T-cell function, such as 
IL-2- and IL-10-KO (23, 24), to TNF upregulation by a targeted 
TNF mRNA stabilizing mutation ( ARE, (25)) or perturbations 
in the gut epithelium, such as keratin 8-KO (26).

SLE is a chronic autoimmune disease with deregulated T-cell medi-
ated B-cell activation resulting in inflammation and tissue damage. 
This disease, which is nine times more frequent in women than in 
men and affects around 0.1% of the population, often harms skin, 
joints, heart, kidney, and nervous system. Owing to symptomatic 
treatment with corticosteroids, the mortality was decreased to 
around 20% after 20 years. A genetic model that reflects many 
aspects of SLE is the mouse inbred strain MRL/lpr (lymph prolif-
eration), which carries a homozygote recessive Fas-antigen muta-
tion (27). Together with an additional autosomal dominant 
mutation, which affects the induction of macroscopic skin lesions, 
the lpr mutation accelerates the progression of skin lesions to a 
severe systemic disease similar to SLE.

Male MRL/lpr-mice spontaneously develop symptoms of SLE 
at 5–6 month of age, while females develop SLE 1 month earlier. 
Hence, to analyze the effect of a small-molecule inhibitor of SLE, 
mice have to be treated repeatedly with the compound beginning 
between month 2 and 3.5. As disease-relevant readout, DNA-
specific autoantibodies or CD4+ memory T-cells can be quantified 
after 5 months in these animals (28).

3.4. A Model  
for Systemic Lupus 
Erythematosis
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There are various cell-based and animal models of inflammation 
available for testing efficiency of small-molecule kinase inhibitors in 
inflammation. While the cell-based models of human origin repre-
sent only specific parts of the complex multicellular inflammatory 
scenario, the animal models mirrors the complex scenario much 
better – but 70 million years of divergent evolution between 
rodents and humans make direct transfer of the result to humans 
sometimes problematic. However, a combination of human cell-
based and animal models in evaluation of small-molecule kinase 
inhibitors could be sufficient for characterization of compounds of 
interest before entering clinics. However, inhibitor studies should 
be complemented with studies using mouse knockouts or catalytic-
dead knockins of the target kinase and target knockdown approaches 
in human cells.

Future developments of small-molecule inhibitors in inflam-
mation should take into account that intracellular signaling pro-
ceeds in networks including feedback control (cf. refs. 1, 29). 
Hence, inhibition of a specific kinase target can even increase the 
long-term inflammatory response leading to adverse effects. Better 
understanding of signaling networks will facilitate the combination 
of targets and use of inhibitor cocktails for a specific anti-inflamma-
tory therapy. Finally, since signaling involves kinase cascades with 
specific kinase–kinase and kinase–substrate interaction often based 
on docking motifs, which can be targeted by peptides as well 
(reviewed in refs. 30, 31), the targeting of catalytic activity and 
allosteric properties of protein or lipid kinases should be comple-
mented with targeting specific protein–protein interaction.

Together, there is a strong need and a realistic perspective for 
orally available small-molecule inhibitors for the therapy of inflam-
mation. However, in contrast to the use of small-molecule inhibi-
tors for the treatment of cancer, the treatment of chronic 
inflammation by such molecules will be more difficult, since higher 
efficacy compared with classical treatments, fewer side effects, and 
extraordinary low toxicity are required for the long-term treatment 
of usually non-life-threatening nonmalignant diseases.
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Chapter 3

Measuring the Activity of Leucine-Rich Repeat Kinase 2:  
A Kinase Involved in Parkinson’s Disease

Byoung Dae Lee, Xiaojie Li, Ted M. Dawson, and Valina L. Dawson 

Abstract

Mutations in the LRRK2 (Leucine-Rich Repeat Kinase 2) gene are the most common cause of autosomal 
dominant Parkinson’s disease. LRRK2 has multiple functional domains including a kinase domain. The 
kinase activity of LRRK2 is implicated in the pathogenesis of Parkinson’s disease. Developing an assay to 
understand the mechanisms of LRRK2 kinase activity is important for the development of pharmacologic 
and therapeutic applications. Here, we describe how to measure in vitro LRRK2 kinase activity and its 
inhibition.

Key words: Parkinson’s disease, LRRK2, In vitro kinase assay

Parkinson’s disease (PD) is the second most common neurodegen-
erative disease in the world. It affects approximately 1–2% of the 
US population above the age of 65. The pathological hallmark of 
PD is the presence of cytoplasmic inclusions known as Lewy bodies 
and the degeneration of dopaminergic neurons in the nigrostriatal 
pathway (1). Although the majority of PD cases are sporadic, there 
are familial cases of PD in which mutations in a variety of genes 
have been linked to PD. This suggests an unambiguous role of 
genetic component in the development of PD (2, 3). Previous 
studies provide us various clues for the pathogenesis of PD. The 
identification of the Leucine-Rich Repeat Kinase 2 (LRRK2)-
linked PD has opened up new opportunities for the study of etiol-
ogy of PD and the discovery of novel therapeutic targets for PD.

LRRK2 mutations are very common in Parkinson’s disease 
(PD) patients, both sporadic and familial. LRRK2-linked PD 

1. Introduction
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patients showed very similar clinical and neuropathologic features 
as idiopathic PD (4, 5). Familial mutations within the LRRK2 
gene have been found to cause the alterations of amino acid 
throughout the entire LRRK2 protein (5–11). LRRK2 contains 
multiple functional domains, including two enzymatic domains 
(GTPase domain and kinase domain) and two protein–protein 
interacting domains (N-terminal LRR domain and C-terminal 
WD40 domain) (12). The exact physiological function of LRRK2 
protein is still not yet clear. However, genetic and biochemical 
studies suggest that LRRK2 mutations most likely cause disease 
through a dominant gain-of-function mechanism. Many disease-
associated LRRK2 mutant proteins showed enhanced kinase activ-
ity in the in vitro kinase assay. Expression of LRRK2 protein can 
lead to cytotoxicity in cultured cells and primary neurons. Toxicity 
is dependent on kinase activity and GTP binding activity of LRRK2 
(13–16). To further study kinase activity and toxicity of LRRK2 
protein, an optimized in vitro kinase assay was developed. We show 
that exogenously overexpressed LRRK2 protein can autophospho-
rylate itself and the generic substrate, myelin basic protein (MBP).

 1. Human Embryonic Kidney (HEK) 293 FT cells.
 2. Opti-MEM I Reduced–Serum Media (1×) liquid.
 3. Fetal bovine serum.
 4. TrypLE™ Express with Phenol Red.
 5. Fugene HD Transfection Reagent.
 6. LRRK2: a plasmid containing GST-tagged LRRK2 is available 

from the authors on request.

 1. Phosphate-buffered Saline (PBS, 10× stock): 1.37 mM NaCl, 
27 mM KCl, 100 mM Na2HPO4, and 18 mM KH2PO4. Adjust 
to pH 7.4 with HCl.

 2. Cell lysis buffer: 50 mM HEPES, 150 mM NaCl, 5 mM EGTA, 
0.5% NP-40. Adjust to pH 7.4 with HCl.

 3. Washing buffer: 1× PBS with 0.5% NP-40 and 150 mM 
NaCl.

 4. Gluthathione-Sepharose 4B.
 5. Protein G Sepharose, Protein A Sepharose, or protein G 

Dynabead (see Note 1).

 1. Kinase assay buffer: 20 mM HEPES, 150 mM NaCl, 5 mM 
EGTA, and 20 mM b-Glycerol phosphate. Adjust pH to 7.4. 

2. Materials

2.1. Cell Culture

2.2. Cell Lysis  
and Preparation  
of LRRK2

2.3. In Vitro  
Kinase assay
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Make 2 M b-glycerol phosphate and freeze single-use aliquots 
(500 l) at −20°C.

 2. MgCl2 (2 M stock): Store at room temperature.
 3. Adenosine 5 -triphosphate disodium salt (ATP, 99% purity, 

100 mM stock): freeze single-use aliquots (10 l) at −80°C.
 4. Adenosine 5 -triphosphate, [g-32P]: 6,000 Ci/mmol 10 mCi/ml 

EasyTide. Store at 4°C (see Note 2).
 5. Myelin Basic Protein (MBP, 5 g/ l stock): The assay described 

in this protocol used MBP, dephosphorylated, produced from 
bovine brain. Freeze single-use aliquots (20 l) at −20°C 
(see Note 3).

 6. Laemmli sample buffer (5× stock): 0.25 M Tris–HCl, pH 6.8, 
6% (w/v) SDS, 40% (w/v) glycerol, 0.04% (w/v) bromophe-
nol blue, 12.5% (v/v) -mercaptoethanol. Freeze in 1 ml ali-
quots at −20°C.

 1. Separate gel buffer (4× stock): 1.5 M Tris–HCl, pH 8.8, 0.4% 
SDS.

 2. Stacking gel buffer (4× stock): 0.5 M Tris–HCl, pH 6.8, 0.4% 
SDS.

 3. 30% acrylamide/bisacrylamide solution (see Note 4).
 4. N,N,N ,N -tetramethyl-ethylenediamine (TEMED).
 5. Ammonium persulfate: 10% (w/v) solution in water. Freeze 

single-use aliquots (200 l) at −20°C.
 6. Isobutanol.
 7. Precision plus protein dual-color standards.
 8. Running buffer (10× stock): 250 mM Tris (do not adjust pH), 

1.92 M glycine, 1% (w/v) SDS.

 1. Fixing solution: 10% (v/v) acetic acid, 40% (v/v) methanol in 
water. Prepare fresh solution every time.

 2. Colloidal Blue Staining Kit: any such kit may be used.

 1. Transfer buffer (10× stock): 250 mM Tris (do not adjust pH), 
1.92 M glycine. Prepare working solution by diluting one part of 
stock with seven parts water and adding two parts of methanol.

 2. Nitrocellulose membrane and 3 MM chromatography paper.
 3. Tris-buffered saline with Tween20 (TBST, 10× stock): 200 mM 

Tris–HCl, pH 7.4, 1.37 M NaCl, 0.5% Tween20.
 4. Blocking buffer: 5% (w/v) nonfat dry milk in 1× TBST.
 5. Antibody dilution buffer: 5% (w/v) nonfat dry milk in 1× TBST.
 6. Enhanced chemiluminescent (ECL) reagent and X-ray film.
 7. Horseradish peroxidase (HRP) conjugated anti-GST antibody.

2.4. SDS-
Polyacrylamide  
Gel Electrophoresis

2.5. Coomassie 
Brilliant Staining

2.6. Western Blotting 
for LRRK2
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 1. Storage Phosphor Screen and Cassette.
 2. Phosphoimager: Typhoon 9410 and ImageQuant 6.0 

software.

LRRK2 encodes a kinase domain with highest similarity to the 
mixed lineage kinase (MLK) motif found in proteins that commonly 
have both Ser/Thr and Tyr kinase activities. The most convenient 
method to detect the active form of the kinase is using the phospho-
specific antibodies, such as phospho-p38 MAPK (Thr180/Tyr182) 
and phospho-AKT (S473) antibodies. However, because the phos-
phospecific antibody that detects active LRRK2 is not available yet, 
West et al. (17) developed an assay that measures the ability of 
LRRK2 to phosphorylate generic substrate of kinases, myelin basic 
protein (MBP) by measuring the incorporation of [32P] radioiso-
tope-labeled phosphate to the kinase substrates. This assay also 
detects autophosphorylation of recombinant LRRK2 in the absence 
of any potential cofactor or activators (17). Here, we describe how 
to prepare recombinant LRRK2 and how to measure its activity by 
checking its autophosphorylation and MBP phosphorylation.

Because of technical difficulty in expressing LRRK2 protein, 
sufficient amount of the protein cannot be prepared. Currently, the 
most effective method for preparation of full length LRRK2 pro-
tein is by using mammalian expression systems. Several epitope-
tagged LRRK2 proteins have been developed including myc-LRRK2 
(17), V5-LRRK2 (13), HA-LRRK2 (18), flag-LRRK2 (14), and 
GST-LRRK2 (19). By using these epitope-tagged LRRK2 systems, 
recombinant LRRK2 protein can be prepared after transiently 
expression in HEK293 cells. Prepared recombinant LRRK2 pro-
tein is incubated with inhibitor and/or activator in the presence of 
[ -32P] ATP and MBP. LRRK2 autophosphorylation and MBP 
phosphorylation can be estimated using a Phosphoimager and suit-
able software (e.g., ImageQuant 6.0). Input levels of protein  present 
on the gel are determined by coomassie brilliant blue staining.

 1. HEK293 FT cells are cultured in Opti-MEM I medium sup-
plemented with 10% FBS. Cells are passaged every 3 or 4 days 
when approaching confluence with TrypLE™ Express to new 
culture dishes. For the transfection, confluent cells are split 
into 60-mm culture dish for a single experiment data point.

 2. Fugene HD is used as a transfection reagent to transiently 
express LRRK2 in HEK293 FT cells. Transfection is performed 
1 day after plating the cells. First, dilute 4 g DNA to 0.2 ml 
Opti-MEM I without serum and then add 12 l Fugene HD to 
DNA-diluted medium. Briefly vortex the transfection  mixture 

2.7. Radiography

3. Methods

3.1. Preparation  
of Recombinant  
LRRK2 Protein

3.1.1. Transfection  
for Transient Expression  
of LRRK2 Protein  
in HEK293 FT Cells
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and incubate for 15 min at room temperature. After incubation, 
add the transfection mixture to the cells in a drop-wise manner 
on the medium. Before collecting the cells, incubate for 48 h at 
37°C in a CO2 incubator.

 1. 1 day before collecting the transfected cells, the immune com-
plex of antibody and protein G or protein A has to be pre-
pared. To prepare the immune complex, resuspend protein G 
sepharose or protein A sepharose thoroughly to obtain a 
homogeneous suspension. Transfer 30 l protein G sepharose 
or protein A sepharose to a microcentrifuge tube. Wash with 
1 ml PBS and sediment the resin by centrifugation at 1,000 × g 
for 5 min. Discard the supernatant and repeat this wash step. 
Add 30 l PBS and 1–2 g antibody. Rotate this complex at 
4°C overnight.

 2. Sediment the immune complex by centrifugation at 1,000 × g 
for 5 min. Remove the supernatant and wash the resin with 
1 ml lysis buffer. Sediment the resin by centrifugation at 
1,000 × g for 5 min. The pellet contains the immune complex.

 3. Prepare cold PBS and lysis buffer containing protease inhibi-
tors. After aspirating the medium, add 4 ml of cold PBS to the 
culture dish and place culture dish on ice. After aspirating PBS, 
add 0.5 ml of cold lysis buffer to culture dish. Scrape cells with 
a cell scraper and transfer the lysate to a microcentrifuge tube. 
Vigorously vortex the lysate and rotate at 4°C for 30 min fol-
lowed by centrifugation at 20,000 × g for 15 min.

 4. Take 20 l supernatant to check LRRK2 expression. Mix the 
immune complex (prepared in step 1–2) and cell lysate and 
rotate at 4°C overnight.

 5. Collect the resin by centrifugation at 1,000 × g for 5 min and 
discard the supernatant. Resuspend the resin with 0.5 ml wash-
ing buffer and sediment the resin by centrifugation at 1,000 × g 
for 5 min. Discard the supernatant and repeat the wash three 
more times.

 6. After the last washing step, discard the supernatant and wash 
the resin with 0.5 ml kinase assay buffer. Sediment by centrifu-
gation at 1,000 × g for 5 min and add 20 l kinase assay buffer 
(see Note 5).

 1. Prepare cold PBS and lysis buffer containing protease inhibi-
tors. After aspirating the medium from HEK293 FT cells 
transfected with GST-fusion LRRK2, add 4 ml of cold PBS to 
culture dish and place culture dish on ice. After aspirating PBS, 
add 0.5 ml of cold lysis buffer to the culture dish. Scrape the 
cells with a cell scraper and transfer to a microcentrifuge tube. 
Vigorously vortex the lysate and rotate at 4°C for 30 min fol-
lowed by centrifugation at 20,000 × g for 15 min.

3.1.2. Preparation  
of Epitope-Tagged  
LRRK2 Proteins from 
HEK293 FT Cells

3.1.3. Preparation  
of GST-Fusion  
LRRK2 Proteins from 
HEK293 FT Cells
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 2. Resuspend Gluthathione-Sepharose thoroughly to obtain a 
homogeneous suspension. Transfer 30 l slurry to a microcen-
trifuge tube. Wash the slurry with 1 ml PBS and sediment the 
slurry by centrifugation at 1,000 × g for 5 min. Discard the 
supernatant and repeat this wash step.

 3. Take 20 l supernatant from step 1 to check LRRK2 expres-
sion. Mix the washed slurry and supernatant from step 1. 
Rotate the mixture at 4°C overnight.

 4. Collect the resin by centrifugation at 1,000 × g for 5 min and 
discard the supernatant. Resuspend the resin with 0.5 ml wash-
ing buffer and sediment by centrifugation at 1,000 × g for 
5 min. Discard the supernatant and repeat the washing step 
three more times (see Note 5).

 5. After washing the resin, resuspend the resin with 0.5 ml of elu-
tion buffer without glutathione. After centrifugation at 
1,000 × g for 5 min, discard the supernatant and add 30 l elu-
tion buffer with 20 mM glutathione to the resin. Rotate the 
mixture at 4°C for 30 min. Eluted protein is obtained after 
centrifugation at 1,000 × g for 5 min. Transfer 20 l of eluted 
LRRK2 protein to a microcentrifuge tube.

 1. Prepare 20 l of reaction volume by adding kinase assay buffer 
to recombinant LRRK2 protein.

 2. Inhibitors or activators to be tested can be added at an appro-
priate concentration. The volume of inhibitor/activator must 
not exceed 0.5 l. Preincubate recombinant LRRK2 protein 
and inhibitor/activator mixture for 5 min at 30°C. When 
immunoprecipitated recombinant LRRK2 is used in the kinase 
assay, the reaction tube has to be stirred to prevent sedimenta-
tion of resin. An orbital mixing heating plate will be helpful. 
However, stirring is not necessary when using purified GST-
fusion LRRK2 protein.

 3. The kinase reaction is initiated with addition of 5 l of kinase 
reaction buffer containing 10 mM ATP, 20 mM MgCl2, 2.5 g 
MBP, and 0.5 Ci [g-32P] ATP after preincubation of recom-
binant LRRK2 protein and inhibitor/activator. Incubate the 
reaction for 15 min at 30°C with gentle rocking.

 4. Stop the reaction by adding 6.25 l of 5× Laemmli sample 
buffer. Heat the sample at 75°C for 10 min (see Note 6). 
Sediment the resin at 1,000 × g for 5 min and the supernatant 
is resolved onto a SDS-PAGE gel.

 1. These instructions are for the Mini-PROTEAN Electrophoresis 
System from Bio-Rad Laboratories. Other minigel systems may 
also be used. Prepare two different percentages of SDS-PAGE 
gels. Use a 12% gel to detect phosphorylation of LRRK2 and 
MBP and a 6% gel to confirm LRRK2 expression.

3.2. In Vitro Kinase 
Assay of LRRK2

3.3. SDS-PAGE
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 2. Prepare a 12% separation gel solution by mixing 4 ml (2 ml for 
6%) 30% acrylamide/bis solution, 2.5 ml 4× separation gel 
buffer, 3.5 ml (5.5 ml for 6%) water, 50 ml 10% (w/v) ammo-
nium persulfate solution, and 10 l TEMED per a 1.5-mm 
thick gel. Pour the mixture in a glass gel plate, leaving space for 
stacking gel, and overlay with isobutanol. Polymerization will 
take about 20 min (see Note 7).

 3. Remove the isobutanol and rinse the top of the gel three times 
with water.

 4. Prepare stacking gel solution by mixing 0.5 ml 30% acrylam-
ide/bis solution, 1 ml 4× stacking gel buffer, 2.5 ml water, 
30 l 10% (w/v) ammonium persulfate solution, and 5 l 
TEMED per a 1.5-mm thick gel. Pour the mixture to top of 
the separate gel and insert a 15-well comb. Polymerization will 
take about 20 min.

 5. Prepare running buffer by diluting one part of 10× running 
buffer with nine parts of water.

 6. Set the gel to running chamber and pour the running buffer to 
the upper and lower chambers. Load 35 l of each sample in a 
well and add 3 ml of prestained protein standard.

 7. After completing assembly of units, run the gel at 100 V. When 
dye front is close to bottom of the gel (this will take about 2 h), 
stop and proceed to next step (see Note 8).

 1. The amount of LRRK2 and MBP that has been loaded on the 
gel can be visualized by staining with coomassie brilliant blue. 
For staining, fix the gel with 10% (v/v) acetic acid and 50% 
(v/v) methanol for 30 min on low-speed shaker.

 2. Prepare coomassie brilliant blue solution as described in user 
manual. Briefly, mix 55 ml water, 20 ml methanol, 20 ml 
stainer A, and 5 ml stainer B for two gels. Pour the staining 
solution to gel and shake the gel for 1–2 h.

 3. Decant staining solution when LRRK2 and MBP proteins 
clearly appear on the gel and rinse the gel with water. Shake the 
gel and replace water until background is clear.

 4. Place the gel between sheet protectors and seal with sealer.
 5. Place the sealed gel on the Storage Phosphor Screen Cassette 

and cover it with Storage Phosphor Screen. Expose gel to 
Storage Phosphor Screen overnight.

 6. Read the Storage Phosphor Screen with a Phosphoimager and 
analyze by the ImageQuant 6.0 software.

 1. These instructions are for the Mini-Trans Blot Cell from Bio-
Rad Laboratories. Other western blotting equipment may also 
be used. Prepare 1 L of 1× transfer buffer containing 20% meth-
anol and hold ready a tray that is large enough to submerge 

3.4. Detection  
of Phosphorylated 
LRRK2 and MBP

3.5. Western Blotting 
for LRRK2 Expression
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transfer cassette. Cut two sheets of Whatman 3 MM paper to the 
size of the transfer cassette foam pad and a sheet of the nitrocel-
lulose membrane larger than the size of the separating gel.

 2. Pour the transfer buffer to the tray and place the transfer cas-
sette with a piece of foam pad and a sheet of Whatman 3 MM 
paper on one side of the cassette.

 3. Disassemble the gel units and remove the stacking gel. After 
rinsing the gel with water, place it on a sheet of wet Whatman 
3 MM paper and lay the wet nitrocellulose membrane on top 
of the gel. A further sheet of wet Whatman 3 MM paper is laid 
on the nitrocellulose membrane. Be careful that no bubbles are 
trapped in the resulting sandwich. The second wet foam pad is 
laid on the top and the transfer cassette is closed.

 4. The cassette is placed in the transfer tank such that the nitro-
cellulose membrane is between the gel and the anode. Place a 
cooling unit in the tank and fill it with transfer buffer. To main-
tain a low buffer temperature, a refrigerated/circulating water 
bath can be used. Alternatively, the tank can be placed on ice.

 5. Transfer can be accomplished at either 100 V for 2 h or 25 V 
overnight.

 6. Once the transfer is done, disassemble the units and rinse the 
nitrocellulose membrane with water. Incubate the nitrocellu-
lose membrane with blocking solution for 30 min on low-
speed shaker.

 7. Discard the blocking solution and then rinse the nitrocellulose 
membrane with TBST.

 8. Horseradish peroxidase (HRP) conjugated antibodies against 
most of epitope-tags are available. By using these antibodies, 
you can save incubation times for secondary antibody (see step 
11). Dilute the antibody by 1:5,000 in antibody dilution buf-
fer and incubate the nitrocellulose for 1–2 h at room tempera-
ture on a low-speed shaker.

 9. The antibody is then removed and the membrane is washed 
four times for 10 min with TBST on low-speed shaker.

 10. If you used HRP-conjugated antibodies, skip this step (and 
step 12). Otherwise, prepare the secondary antibody is as a 
1:10,000 dilution in antibody dilution buffer and incubate 
with the nitrocellulose membrane for 30 min at room tem-
perature on low-speed shaker.

 11. Discard the secondary antibody and wash the membrane four 
times for 10 min with TBST on low-speed shaker.

 12. Prepare ECL reagent (e.g., Thermo Scientific) by mixing one 
part of luminol/enhancer solution and one part of stable perox-
ide solution. Be careful not to contaminate each solution. Place 
the membrane on sheet protector, blotted with Kim-Wipes, and 
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then add ECL reagent on the membrane. After covering the 
membrane with the other side of sheet protector, blot the excess 
ECL reagent with Kim-Wipes.

 13. This step is done in a dark room under safe light conditions. 
The sheet protector containing the membrane is placed in an 
X-ray film cassette with X-ray film for a suitable exposure time. 
The film can be developed using a standard X-ray film 
processor.

 1. Protein A sepharose can also be used if your antibody comes 
from rabbit (total Ig) or mouse (total Ig) serum (see 
Subheading 2.2).

 2. The physical half-life of 32P is 14.3 days. Use isotope within 1 
month after manufacture for kinase assay. Take all precautions 
required by your local authorities when working with radioac-
tive isotopes (see Subheading 2.3).

 3. Because purified MBP is usually basally phosphorylated, dephos-
phorylated MBP (commercially available) is better to use as a 
kinase substrate in the kinase assay (see Subheading 2.3).

 4. Acrylamide is neurotoxic when unpolymerized, so care should 
be taken (see Subheading 2.4).

 5. After final washing step, supernatant has to be completely 
removed. Using a 1-ml syringe with a 26 gauge needle will be 
helpful (see Subheading 3.1.2).

 6. LRRK2 may be degraded if boiled at 100°C (see 
Subheading 3.2).

 7. The protein sizes of LRRK2 and MBP are around 280 and 
22 kDa, respectively. To resolve these two proteins on a single 
gel, a 12% SDS-PAGE gel or a 8–16% SDS-PAGE gradient gel 
must be used (see Subheading 3.3).

 8. Because unincorporated radioisotopes are located at the dye 
front on the gel, be careful that the dye is not run off the gel. 
Before staining the gel, cut off dye front to avoid high back-
ground signals on X-ray films (see Subheading 3.3).
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Chapter 4

Measuring PI3K Lipid Kinase Activity

Elisa Ciraolo, Alessia Perino, and Emilio Hirsch 

Abstract

Class IA phosphoinositide-3 kinases (PI3Ks) signaling has recently emerged as a key element in cancer 
development because of its ability to trigger a complex panoply of cellular responses controlling survival 
and proliferation. Many cancers show inappropriately activated PI3K pathway, and tumors with high PI3K 
activity are frequently resistant to traditional chemotherapy. Indeed, preclinical studies demonstrated a 
prominent role for the PI3K pathway in cancer cell survival and growth, thus validating PI3K as a potential 
drug target in cancer. The emerging interest in inhibiting PI3Ks in cancer have prompted the aggressive 
development of new selective PI3K pathway inhibitors as cancer therapy, and many of these molecules are 
currently in early-phase clinical trials. In this chapter, we describe methods to measure the PI3K lipid 
kinase activity in vitro, which is the standard procedure to test the efficacy of inhibitors.

Key words: PI3K, PI3K lipid kinase activity, Phosphatidylinositol 3,4,5-trisphosphate, Phosphati-
dylinositol, PI3K inhibitors

Signal transduction downstream of tyrosine kinase receptors 
(RTKs) needs lipid production to activate the intracellular signal-
ing cascade (1). Among them, membrane lipids such as phosphati-
dylinositol 3,4,5-trisphosphate (PI(3,4,5)P3), act as a docking site 
for cytoplasmic signaling proteins. PI3Ks are lipid kinases that trig-
ger the production of PI(3,4,5)P3. While the unique member of 
class IB, PI3K , is mainly activated by G protein-coupled receptors 
(GPCRs), class IA PI3K signaling is clearly triggered by activated 
RTKs (2). Upon receptor activation, the PI3K regulatory subunit 
p85 is recruited to the tyrosine-phosphorylated motifs on the 
receptor, and this event triggers the lipid kinase activity of PI3K. 
At the same time, this localizes the enzyme next to the plasma 
 membrane, in proximity of its lipid substrate phosphatidylinositol 
4,5-bisphosphate (PI(4,5)P2).

1. Introduction
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RTKs have emerged as important targets for drug design in 
cancer, and many RTK inhibitors are now used as new pharmaco-
logical agents such as Gleevec for the treatment of chronic myeloid 
leukemia (3) or Iressa for lung cancer (4). Nevertheless, the admin-
istration of these drugs often causes the development of resistance 
that usually compromises the response to therapy and the progno-
sis. One of the most common events that contribute to the estab-
lishment of drug resistance is the propensity of the cell to activate 
the PI3K/AKT pathway (5). Indeed, since the PI3K signaling 
pathway is strictly controlled by RTKs, an ideal RTK inhibitor 
should be effective in downregulating at the same time the RTK 
activity and the PI3K-Akt pathway. On the contrary, in human 
cancer another mechanism of PI3K activation, independent from 
RTKs has emerged. Indeed, PI3K was found to be mutated and 
overexpressed in many tumors (6). The simple overexpression of 
wild-type class IA PI3K is sufficient to induce an oncogenic pheno-
type in cultured cells (6). More recently, somatic activating muta-
tions have been identified in the class IA PI3K catalytic subunit 
p110 , these mutations occur in up to 30% of common epithelial 
cancers including colon, breast, prostate and endometrial cancers 
(7). All these findings have encouraged the development of new 
PI3K inhibitors and several small molecules that inhibit PI3K are 
now in clinical trials. These molecules differ in their selectivity, 
ability to inhibit a specific PI3K isoform, and potency. The in vitro 
measurement of PI3K lipid kinase activity provides a measurement 
of both selectivity and potency.

Herein, we describe the method to measure the lipid kinase 
activity of these enzymes in vitro. Many antibodies against the dif-
ferent PI3K isoforms are now commercially available, which allows 
the analysis of the activity of each PI3K isoform in different con-
texts. In addition, several companies offer recombinant enzymes 
that are ready to use. We first describe how to measure the lipid 
kinase activity of PI3Ks isolated from cells in the presence or 
absence of stimuli. Second, we describe how to measure the lipid 
kinase activity of recombinant proteins in the presence or absence 
of inhibitors.

 1. Phosphate Buffered Saline (PBS): 137 mM NaCl, 2.7 mM 
KCl, 10 mM Na2HPO4, and 1.76 mM KH2PO4 pH 7.4 in 
bidistilled water. Sterilize by autoclaving.

 2. Trypsin/EDTA solution (10×): 5.0 g/l porcine trypsin and 
2 g/l EDTA in 0.9% sodium chloride. Sterilize and filter prior 
to use.

2. Materials

2.1. Cell Culture  
and Lysis
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 3. Lysis Buffer for protein extraction: 20 mM Tris–HCl pH 8.0, 
138 mM NaCl, 5 mM EDTA, 2.7 mM KCl, 1 mM MgCl2, 
1 mM CaCl2, 5% glycerol, 1 mM sodium-o-vanadate, 1 g/ml 
aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, 1%, Nonidet 
P-40 (NP40), 20 mM NaF, 10 mM Sodium Pyrophosphate.

 4. Bradford protein assay: The methods described here use a com-
mercial kit. Any assay measuring protein content may be used.

 5. Cell culture medium: Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% FBS, 2 mM glutamine, 
100 g/ml streptomycin, and 100 units/ml penicillin.

 6. Growth factors: 1 M insulin in DMEM; 1 M IGF-1 in 
DMEM.

 1. Washing Buffer: 0.1 M Tris–HCl pH 7.4, 0.5 M LiCl.
 2. Kinase Buffer: 20 mM HEPES–HCl pH 7.4, 5 mM MgCl2.
 3. p85 Antibody: The methods described here have been tried 

and tested with the commercially available p85 antibodies from 
Cell Signaling Technology and Upstate.

 4. IRS-1 antibody: The methods described here have been tried 
and tested with the commercially available IRS-1 antibodies 
from Cell Signaling Technology, Upstate and Santa Cruz 
Biotechnology.

 5. Protein G-coupled sepharose beads: available from several 
commercial sources.

The methods described here have been tried and tested with the 
commercially available lipids and recombinant enzymes from Jena 
Bioscience.

 1. Phosphatidylinositol (PI) stock solution: 1 mg/ml L- -PI 
Phosphatidylinositol from bovine liver in CHCl3–MetOH (2:1 
v/v). Store aliquots (300 l) at −80°C.

 2. Phosphatidylserine (PS) stock solution: 1 mg/ml L- -
Phosphatidylserine from porcine brain in CHCl3–MetOH 
(9:1 v/v). Store aliquots (300 l) at −80°C.

 3. TGX-221 inhibitor: 200 M stock in 100% DMSO (see Note 1).
 4. Recombinant proteins: p110 /p85 , p110 /p85 , p110 /

p85 , and p110 .
 5. Cold ATP: 6 mM ATP in bidistilled water. Store single-use 

aliquots at −20°C. Do not freeze and thaw aliquots to avoid 
hydrolysis.

 6. Radioactive ATP: 32P- ATP, specific activity 6,000 Ci/mmol.

2.2. Immunoprecipi-
tation of PI3K

2.3. PI3K Lipid  
Kinase Assay
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 1. Thin Layer Chromatography (TLC) plates.
 2. TLC Buffer: 45%:35%:8.5%:1.5% (v/v) CHCl3–MetOH–

H2O–25% NH4OH.

Class IA PI3K are heterodimeric enzymes constituted by a regula-
tory and a catalytic subunit. Five regulatory subunits exist (p85 , 
p55 , p50 , p85 , and p55 ), which interact with three catalytic 
subunits (p110 , p110 , and p110 ) (8). While p110  and p110  
are ubiquitously expressed in mammals, p110  expression is 
 predominant in leukocytes. In vitro, class IA PI3Ks are able to 
generate three different inositols: the phosphatidylinositol 3-phos-
phate (PI(3)P), phosphatidylinositol (3,4)-bisphosphate (PI(3,4)
P2), and phosphatidylinositol (3,4,5)-trisphosphate (PI(3,4,5)P3) 
(Fig. 1) (9). Here, we describe how to measure the production of 
PI(3)P by PI3K. In particular, we first describe the methods to 
assay the lipid kinase activity associated to the p85 regulatory sub-
units and to the activated RTKs. Second, we describe how to mea-
sure the lipid kinase activity by using PI3K recombinant proteins.

 1. Grow NIH-3T3 cells in 10-cm cell-culture dishes in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% FBS, 
2 mM glutamine, 100 g/ml streptomycin and 100 units/ml 
penicillin at 37°C in a 5% CO2 atmosphere. When cells are 
confluent, they are passaged with 1× trypsin/EDTA onto 
either a new 10-cm dish to maintain the culture or to a 15 cm 
dish to perform the experiment. Cells usually grow very fast, 
reach confluence after 48 h, and can be split 1:4 or 1:5.

 2. When a 15-cm dish is confluent, transfer the dish on ice and 
wash twice with ice-cold PBS. Discard PBS carefully.

 3. Add 500 l of ice-cold Lysis Buffer to the dish and incubate 
for 10–15 min at 4°C with moderate shaking. Scrape lysed cells 
from the dish and centrifuge at 8,000  g for 10 min at 4°C in 
a 1.5-ml tube (see Note 2).

 4. Collect supernatant in a new tube and measure protein concen-
tration with the Bradford Protein Assay as follows. Dilute the 
concentrated Bradford Protein Assay Dye Reagent 1:5 in bidis-
tilled water and transfer 1 ml of this reagent into a 1 ml polysty-
rene cuvette. Add to the cuvette 5 l of the cell lysate and mix 
until the solution changes color completely. Read the absor-
bance in a visible light spectrophotometer at 595 nm. Compare 
the absorbance value with a standard curve (see Note 3).

 5. Incubate 1–2 mg of protein extract with 5 g of anti-p85 
 antibody, followed by the addition of protein G-coupled sephar-
ose beads. Incubate the sample for 2 h at 4°C with rotation.

2.4. Thin Layer 
Chromatography

3. Methods

3.1. Immunoprecipi-
tation of PI3K Activity 
from Cells Using an 
Anti-p85 Antibody
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 6. After incubation, immune complexes bound to the beads are 
centrifuged for 4 min at 2,000 × g at 4°C. Discard the superna-
tant and keep the beads.

 7. Wash the beads two times with 1 ml of Lysis Buffer, two times 
with 1 ml of Washing Buffer, and two times with 1 ml of Kinase 
Buffer (see Note 4).

 8. After the last wash step, carefully remove all of the supernatant 
using a flat-end syringe. Take care not to disrupt the protein G 
Sepharose bead pellet. Resuspend beads with 40 l of Kinase 
Buffer.

 9. Proceed as described in Subheading 3.3.

Fig. 1. PI3K substrates and products. While in vivo class I PI3Ks are able to phosphorylate 
only Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P

3) to produce Phosphatidylinositol 
3,4,5-trisphosphate (PI(3,4,5)P

3), in vitro they also use the Phosphatidylinositol (PI) and 
Phosphatidylinositol 4-phosphate (PI(4)P) to generate Phosphatidylinositol 3-phosphate 
(PI(3)P) and Phosphatidylinositol 3,4-bisphosphate (PI(3,4)P

2).
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The insulin receptor (IR) and the insulin-like growth factor-1 
receptor (IGF-1R) are RTKs that transmit the signal to intracellu-
lar pathway via an adaptor such as the insulin receptor substrate 
IRS. To date, four members of the IRS family (IRS-1, IRS-2, IRS-
3, and IRS-4) have been identified. Upon extracellular ligand bind-
ing, tyrosine-phosphorylated motifs on the RTK function as 
docking sites for IRS proteins. Subsequently, the IRS itself is 
directly phosphorylated by the receptor. This event enables the 
IRS proteins to activate PI3K though the direct interaction with 
p85. Thus, in this section we describe the method to measure the 
PI3K activity associated to IRS-1 after stimulation with insulin or 
IGF-1 (10).

 1. Grow NIH-3T3 cells in 15-cm cell culture dishes in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented with 10% 
FBS, 2 mM glutamine, 100 g/ml streptomycin and 
100 units/ml penicillin at 37°C in a 5% CO2 atmosphere.

 2. When cells are confluent, split cells so that each dish contains  
2–4 × 106 cells. The day after, two dishes are washed twice with 
PBS and then maintained serum-starved overnight in DMEM 
supplemented with 2 mM glutamine, 100 g/ml streptomy-
cin, and 100 units/ml penicillin at 37°C in a 5% CO2 
atmosphere.

 3. After starvation, stimulate one plate for 5 min with DMEM 
supplemented with 1 M of insulin or 1 M of IGF-1. After 
stimulation, transfer both plates (stimulated and unstimulated) 
very quickly on ice, discard the stimulus and then wash plates 
once with ice-cold PBS (see Note 5). Remove all the PBS.

 4. Add 500 l of Lysis Buffer to each plate and incubate for 
10 min at 4°C with moderate shaking. Scrape lysed cells from 
the dish, collect in a 1.5-ml tube and centrifuge at 8,000 × g for 
10 min at 4°C. Transfer the supernatant to a new tube and use 
all protein extract for the immunoprecipitation (next step).

 5. Incubate proteins with 5 g anti-IRS-1 antibody, followed by 
addition of protein G sepharose beads. Incubate sample for 2 h 
at 4°C with rotation (see Note 6).

 6. After incubation, centrifuge immune complexes bound to the 
beads for 4 min at 2,000 × g at 4°C. Discard the supernatant 
and keep the beads.

 7. Wash the beads twice with 1 ml of Lysis Buffer, twice with 
1 ml of Washing Buffer, and twice with 1 ml Kinase Buffer.

 8. After the last washing step, carefully remove all the supernatant 
using a flat-end syringe and resuspend the beads with 40 l of 
Kinase Buffer.

 9. Proceed as described in Subheading 3.3.

3.2. Immunoprecipi-
tation of PI3K Activity 
from Stimulated Cells 
Using the Anti-IRS-1 
Antibody
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 1. Determine the specific activity (SA) of the commercial radioac-
tive ATP. The specific activity is specified as of the calibration 
date (provided by the supplier). This must be taken into con-
sideration when calculated concentrations in mass-dependent 
applications. The specific activity on any day prior to the cali-
bration date can be calculating using the formula shown in 
Fig. 2a. The specific activity on any day after the calibration 
date can be calculated using the formula shown in Fig. 2b.

 2. To prepare Substrate Solution I (at least 300 l), add 300 l of 
1 mg/ml PS stock solution and 300 l of 1 mg/ml PI stock 
solution to a 1.5-ml tube. Dry the lipids very carefully under a 
stream of nitrogen gas. Resuspend dried lipids in 300 l of 
Kinase Buffer and sonicate for 15 sec at moderate amplitude 
prior to use (see Note 7). Keep lipids on ice.

 3. To prepare Substrate Solution II (10 l for each sample), 
mix 0.1 l of the 6 mM cold ATP stock solution and 5 Ci 
of radioactive 32P-ATP with Kinase Buffer to reach a final 
 volume of 10 l.

3.3. Lipid Kinase 
Assay to Measure PI3K 
Lipid Kinase Activity

Fig. 2. Formulas to calculate the specific activity (SA) of commercial radioactive ATP. SAcal is the specific activity on the cali-
bration date. DF is the fraction of current radioactivity that will remain on the calibration date (see Table 1). For example, for 
a date 8 days prior to the calibration date DF = 0,678. SA

theo is 9120 for the theoretical specific activity of carrier free 32P.

Table 1 
Decay chart

day 0 1 2 3 4 5 6 7 8 9

0 1.000 0.953 0.906 0.865 0.824 0.785 0.748 0.712 0.678 0.646

10 0.616 0.587 0.559 0.532 0.507 0.483 0.460 0.436 0.418 0.396

20 0.379 0.361 0.344 0.328 0.312 0.297 0.283 0.270 0.257 0.245

30 0.233 0.222 0.212 0.202 0.192 0.183 0.174 0.166 0.158 0.151

40 0.144 0.137 0.130 0.124 0.118 0.113 0.107 0.102 0.096 0.093

50 0.088 0.084 0.080 0.077 0.073 0.069 0.066 0.063 0.060 0.057

60 0.054 0.052 0.049 0.047 0.045 0.043 0.041 0.039 0.037 0.035

This table is used to calculate the specific activity of 32P- ATP at a date different from the assay date
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 4. Add 10 l of the Substrate Solution I and 10 l of the Substrate 
Solution II to the immunoprecipitates (see Subheadings 3.1 
and 3.2).

 5. Allow the kinase reaction to proceed at 30°C for 10 min under 
constant mixing.

 6. Stop the reaction by adding 100 l of 1 N HCl.
 7. Extract lipids by adding 200 l of CHCl3/MetOH (1:1 v/v). 

Vortex and centrifuge for 4 min at 2,000 × g. After centrifuga-
tion, two liquid phases are present. Collect the lower phase 
(the organic phase containing the phosphorylated lipids) and 
transfer to a new 1.5-ml tube (see Note 8).

 8. Make three holes in the lid of each tube and dry lipids in a vacuum 
concentrator for 30 min at room temperature (see Note 9).

 9. Continue to Subheading 3.5.

 1. Dilute 100 ng of recombinant p110  in 10 l of Kinase Buffer 
to obtain a concentration of 10 g/ml (see Note 10).

 2. Dilute the PI3K inhibitor TGX221 in Kinase Buffer to a concen-
tration of 200 nM.

 3. Prepare Substrate Solution I and Substrate Solution II as 
described in Subheading 3.3.

 4. Using a 1.5-ml tube, mix 10 l of recombinant protein, 30 l 
of 200 nM TGX221, 10 l of Substrate Solution I, and finally 
10 l of the Substrate solution II.

 5. Allow the kinase reaction to proceed at 30°C for 10 min under 
constant mixing.

 6. Stop the reaction by adding 100 l of 1 N HCl.
 7. Extract lipids by adding 200 l of CHCl3/MetOH solution 

(1:1 v/v). Vortex and centrifuge for 4 min at 2,000 × g. After 
centrifugation, two phases are present. Collect the lower phase 
(the organic phase containing the phosphorylated lipids) and 
transfer to a new 1.5-ml tube (see Note 8).

 8. Make three holes in the lid of each tube and dry lipids in a vacuum 
concentrator for 30 min at room temperature (see Note 9).

 9. Continue with Subheading 3.5.

 1. Handle the TLC plate carefully and always wear gloves to avoid 
contamination of the silica gel layer.

 2. Heat the TLC plate in an oven at 57°C for 15–30 min. The 
TLC plate needs to be dried carefully because humidity on the 
silica gel interferes with chromatography.

 3. Sample should be spotted on the TLC plate at 1.5 cm distance 
(or more) from the base of the plate. Using a pencil and a 
ruler, trace a line at 1.5 cm distance from the base. Take care 

3.4. Measurement  
of PI3K Lipid Kinase 
Activity Using 
Recombinant Protein, 
in the Presence  
or Absence of PI3K 
Inhibitors

3.5. Thin Layer 
Chromatography
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when you use the pencil since the silica gel is delicate and 
scratches should be avoided.

 4. Resuspend dried lipids in 30–40 l of a CHCl3–MetOH solu-
tion (2:1, v/v). Mix by flicking the tube with a finger to resus-
pend the lipids.

 5. By using a glass syringe, collect the resuspended lipids and apply 
5–10 l drops of the sample on the TLC plate following the 
line traced with the pencil and allow the sample to dry at room 
temperature (see Note 11).

 6. Clean the glass syringe with CHCl3–MetOH solution (2:1, 
v/v) between samples to avoid carry-over of material from one 
sample to the other.

 7. Following the last sample application, allow the TLC plate to 
dry for 5–10 min at room temperature.

 8. Develop the TLC plate using the Chromatographic Buffer in a 
glass chromatography tank. Dip the sample side of the TLC 
plate into the buffer (see Note 12). The buffer will be absorbed 
by the silica gel and it will drag lipid along by capillary action. 
Because different analytes ascend the TLC plate at different 
rates, separation of lipids is achieved. In this case, since only 
the Phosphatidylinositol 3-phosphate (PI(3)P) is produced, 
the TLC chromatography separates the lipids from unbound 
32P-ATP, which remains at the traced start line.

 9. Remove the TLC plate from the tank when the solvent front 
has reached 3 cm from the top.

 10. Dry the TLC plate for 10–15 min at 37°C and expose it to 
radiographic film for different time points. The time of expo-
sure will depend on the intensity of the signal and has to be 
determined empirically (see Note 13).

 1. Do not dissolve the TGX-221 powder in less than 100% 
DMSO, since this may lead to the formation of aggregates in 
water (see Subheading 2.3, step 3).

 2. It is critical to keep cell lysate, PBS and Lysis Buffer on ice 
during all manipulations to minimize the risk of protease and 
phosphatase activity (see Subheading 3.1, step 3).

 3. Prepare a standard curve of absorbance versus micrograms of 
albumin and determine amounts from the curve. Determine 
concentrations of original samples from the amount protein, 
volume/sample, and dilution factor, if any. Consider that the 
Bradford method is sensitive to about 5–100 g of protein (see 
Subheading 3.1, step 4).

4. Notes
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 4. Keep all solutions and samples in ice to minimize risk of 
 protease and phosphatase activity. In addition, many lipid 
kinases are sensitive to detergents. Do not use sodium dodecyl 
sulfate (SDS) in the lysis buffer, since SDS kills lipid kinase 
activity and causes protein denaturation. On the contrary, 
NP40 inhibits PI3K activity and it is, therefore, crucial to 
remove all the detergent solution by careful wash with WB and 
KB solutions. Immunoprecipitates are generally washed by 
pelletting protein G beads by centrifugation (4 min at 
2,000 × g), aspirating 90% of the supernatant and adding 1 ml 
of the next washing solution (see Subheading 3.1, step 7).

 5. It is important to transfer very quickly the plates on ice and keep 
them on it during all passages to block at the same time the stimu-
lation and any phosphatase activity (see Subheading 3.2, step 3).

 6. Since phosphotyrosine are not stable for long time at 4°C and 
hydrolysis may occur, do not incubate the immune complexes 
for more than 2 h at 4°C. In addition, do not use frozen cell 
lysates, since freezing destroys protein-protein interactions (see 
Subheading 3.2, step 5).

 7. Dry lipids only with nitrogen gas. Nitrogen is an inert gas and 
does not hydrolyze lipids. When you dry PI and PS with nitro-
gen, check that chloroform and methanol are completely evap-
orated; otherwise, residual solvent cause PI and PS precipitation 
when KB is added. Sonication should be performed on ice. 
Moreover, resuspend lipids in at least 300 l of KB, since a 
smaller volume is difficult to sonicate. The PI should appear 
cloudy at first and eventually clear. Excessive sonication results 
in oxidized, precipitated lipid. Once sonicated, the lipid mix-
ture should not be frozen, and any excess should be discarded 
(see Subheading 3.3, step 2).

 8. Generally, the lower phase can be removed using a 200 l gel 
loading tip. By keeping the tip on the bottom of the tube, the 
lower phase can be removed from the bottom upward, taking 
care not to contaminate it with the upper phase (see 
Subheadings 3.3, step 7 and 3.4, step 7).

 9. Dried lipids may be stored at −20°C for several days (see 
Subheadings 3.3, step 8 and 3.4, step 8).

 10. The amount of protein used in the lipid kinase assay depends 
on the specific activity of the PI3K isoform. When PtdIns are 
used as substrate, p110 beta display less lipid kinase activity 
than alpha (11). Generally, the amount of p110 used in this 
assay is variable from 10 to 1 g for each reaction. For exam-
ple, as shown in Fig. 3, we use 100 ng of p110  recombinant 
protein in the presence or absence of the p110  specific 
 inhibitor TGX221 (see Subheading 3.4, step 1).

 11. If you have more samples, spot them leaving enough space 
between each one (at least 1.5 cm, see Subheading 3.5, step 5).
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 12. When you dip the plate into the buffer make sure that the liq-
uid does not cover the spotted samples. In a chromatography 
tank, as displayed in Fig. 4 we suggest the use of 30–40 ml of 
chromatography buffer (see Subheading 3.5, step 8).

 13. Although the radioactive lipid kinase assay has been success-
fully used for many years, the use of the radioactive 32P isotope 
has several disadvantages, including licensing restrictions, dis-
posal costs, short shelf-life, and potential health risks associated 
with exposure. In addition, the screening of new potential 
inhibitory molecules recently has required the development of 
new non radioactive high-throughput screening strategies with 
similar sensitivity. To this day, different companies offer new 
methods for the in vitro measurement of the PI3K lipid kinase 
activity. Here, we present two examples of new lipid kinase 
assays. These assays are versatile, since that they can be adapted 
to all protein kinases including the lipid protein kinase. The 
Adapta® Universal Kinase Assay Kit is a fluorescence-based 
immunoassay for the detection of the ADP production. The 
ADP formed during the lipid phophorylation by PI3K is 
detected through a TR-FRET signal whose reduction is 
 proportional to the ADP produced. The ADP-GloTM Kinase 
Assay is a luminescent kinase assay that measures the ADP 

Fig. 3. Lipid kinase assay. Left panel: Lipid kinase assay of the p110  recombinant protein 
in presence or absence of specific inhibitor. The recombinant protein was incubated with 
100 nM of TGX221. Samples were loaded (origin) on the TLC and run in a chromatographic 
chamber. In the presence of inhibitor, p110  is not able to produce PI(3)P and no signal is 
detectable. Right panel: Lipid kinase activity associated to p85. Class IA PI3Ks were 
immunoprecipitated with 5 g of anti-p85 antibody. Immunocomplexes were then incu-
bated with the appropriate amount of 32P-ATP and substrate (PI) and loaded on the TLC 
plate (origin). The signal corresponding to the PI(3)P product is clearly detectable on the 
radiographic film.
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Fig. 4. TLC chromatography tank. This is an example of a TLC developing chamber able to 
hold and run five 20 × 20 cm TLC plates.

formed in a kinase reaction. During the assay, the ADP formed 
by the lipid kinase activity is converted to ATP, which is the 
substrate of a Luciferase, leading to the consequent production 
of light. In this assay, the luminescent signal directly correlates 
with the amount of the produced ADP (see Subheading 3.5, 
step 10).
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Chapter 5

A Fluorescence Polarization Assay for the Discovery  
of Inhibitors of the Polo-Box Domain of Polo-Like Kinase 1

Wolfgang Reindl, Klaus Strebhardt, and Thorsten Berg 

Abstract

Polo-like kinase 1 (Plk1) is a key player in mitosis and has been widely recognized as a therapeutic target 
for many human cancer types. Apart from its kinase domain, Plk1 harbors a protein–protein interaction 
domain dubbed “polo-box domain” (PBD), by which the enzyme binds to its intracellular anchorage sites 
and to at least a fraction of its substrates. Recent evidence indicates that the inhibition of the PBD by small 
molecules is feasible and might allow for the discovery of highly specific inhibitors of the enzyme. This 
chapter details the practical work necessary to set up an assay based on fluorescence polarization for the 
discovery of inhibitors of the Plk1 PBD, which can be used for high-throughput screening in a 384-well 
format.

Key words: Binding assay, Fluorescence polarization, High-throughput screening, Polo-box domain, 
Polo-like kinase 1

The serine/threonine kinase Plk1 (1–3) is of crucial importance 
for several steps in mitosis and is generally considered to be a target 
for antitumor therapy. Apart from its catalytic domain, Plk1 has a 
protein–protein interaction domain termed “polo-box domain” 
(PBD), which is required for proper intracellular localization of the 
enzyme and for docking to at least a subset of the enzyme’s sub-
strates (4, 5). The PBD binds to peptide motifs bearing a core 
S-(pT/pS)-(P/X) motif. Because the PBD is unique to the family 
of polo-like kinases, it has been hypothesized that inhibitors of the 
Plk1 PBD could be more specific than ATP-competitive inhibitors 
(3, 5). In fact, small molecules that target the function of the Plk1 
PBD have already been shown to effectively induce mitotic arrest 

1. Introduction
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in cancer cells (6–8). In this chapter, we describe a detailed 
experimental procedure for a previously reported assay system 
based on fluorescence polarization (9) that can be used in high-
throughput screening campaigns to identify small-molecule 
inhibitors of the Plk1 PBD (6, 8).

Fluorescence polarization assays monitor the increase in rota-
tional mobility of a relatively small molecule upon separation from 
a larger binding partner (10). The small binding partner is repre-
sented by a peptide known to bind to the Plk1 PBD. It is labeled 
with 5-carboxyfluorescein at its N-terminus (6, 9). Excitation of 
the fluorophores with linearly polarized light leads to excitation of 
only those fluorophores which have the proper orientation relative 
to the plane of polarization of the light. Thus, at the time of excita-
tion, all excited fluorophores (whether their attached peptides are 
protein-bound or not) are orientated in a uniform manner. If the 
peptide is bound to the Plk1 PBD, it rotates relatively slowly as 
part of the high-molecular weight complex, which results in a rela-
tively uniform spatial orientation of the peptide/protein complex 
at the time of fluorescence emission. This is recorded as a high 
value of the fluorescence polarization. Small molecules that are able 
to inhibit the function of the Plk1 PBD liberate the fluorophore-
labeled peptide, which in turn rotates more rapidly, leading to 
a lower degree of spatial orientation at the time of fluorescence 
emission, and thereby to a lower value of the fluorescence 
polarization.

 1. Kanamycin (200× stock): 500 mg kanamycin in 50 mL water. 
Sterile filter and store at −20°C in 5 mL aliquots. Working 
concentration: 50 g/mL.

 2. Chloramphenicol (1,000× stock): 340 mg chloramphenicol 
in 10 mL ethanol. Sterile filter and store at −20°C in 1 mL 
aliquots. Working concentration: 34 g/mL.

 3. LB medium is supplemented with kanamycin and chloramphen-
icol at the indicated final concentrations briefly before use.

 4. LB agar is supplemented with kanamycin and chloramphenicol 
at the indicated final concentrations briefly before pouring.

 5. Isopropyl- -D-thiogalactopyranoside (IPTG, 1 M, 1,000  
stock): 5 g IPTG in 21 mL of water. Sterile filter and store at 
−20°C in 2 mL aliquots. Working concentration: 1 mM.

 6. Binding buffer (8× stock): 4 M NaCl, 160 mM Tris–HCl, 
40 mM imidazole, pH 7.9. Sterile filter and store at room tem-
perature. Dilute 125 mL of 8× binding buffer with 875 mL 
water to obtain the working concentration and store at 4°C.

2. Materials

2.1. Protein Expression
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 1. Phenylmethanesulfonyl fluoride (PMSF, 100 mM, 200× stock, 
Sigma-Aldrich): 0.87 g PMSF in 50 mL ethanol. Store at 4°C. 
Working concentration: 0.5 mM.

 2. Aprotinin (200× stock, Calbiochem): 5,000 K.I.U (Kallikrein 
Inhibitory Units)/mL water. Working concentration: 
25 K.I.U/mL. Store at 4°C.

 3. Dithiothreitol (DTT, 1 M, 1,000× stock): 1 g DTT in 6.48 mL 
water. Sterile filter and store in 1 mL aliquots at −20°C. Working 
concentration: 1 mM.

 4. Charge buffer (8× stock): 400 mM NiSO4. Sterile filter and 
store at room temperature. Dilute 125 mL of 8× stock with 
875 mL water to obtain the working concentration.

 5. Wash buffer A (8× stock): 4 M NaCl, 160 mM Tris–HCl, 
480 mM imidazole, pH 7.9. Sterile filter and store at room 
temperature. Dilute 125 mL of 8× stock with 875 mL water to 
obtain the working concentration and store at 4°C.

 6. Wash buffer B (8× stock): 4 M NaCl, 160 mM Tris–HCl, 
1.6 mM imidazole, pH 7.9. Sterile filter and store at room 
temperature. Dilute 125 mL of 8× stock with 875 mL water to 
obtain the working concentration and store at 4°C.

 7. Elution buffer (4× stock): 2 M NaCl, 80 mM Tris–HCl, 4 M 
imidazole, pH 7.9. Sterile filter and store at room temperature. 
Dilute 125 mL of 4× stock with 375 mL water to obtain the 
working concentration and store at 4°C.

 8. Dialysis buffer: 400 mM NaCl, 50 mM Tris–HCl, pH 8.0, 
1 mM EDTA, 1 mM DTT, 10% glycerol, 0.1% Nonidet P-40. 
Add DTT immediately before use. Store at 4°C.

 9. SpectraPor® dialysis membrane: Spectrum, MWCO 3,500.
 10. Millex®-HA sterile syringe filters: Millipore, 0.45 m.
 11. Poly-Prep® chromatography columns: Bio-Rad, size 0.8 × 4 cm.

® resin: Novagen.

 1. HPLC-purified peptides: 2 mg 5-carboxyfluorescein-
GPMQSpTPLNG, 10 mg MAGPMQSpTPLNGAKK, and 
10 mg MAGPMQSTPLNGAKK. All peptides have a free 
C-terminus; the latter two peptides also have a free N-terminus. 
Store the peptides at 4°C in the dark.

 2. Assay buffer: 50 mM NaCl, 10 mM Tris–HCl, pH 8.0, 1 mM 
EDTA, 1 mM DTT, 0.1% Nonidet P-40, 10% DMSO. Add the 
DTT immediately before use. Sterile filter and store at 4°C.

 3. Inhibition buffer: 50 mM NaCl, 10 mM Tris–HCl, pH 8.0, 
1 mM EDTA, 1 mM DTT, 0.1% Nonidet P-40, 7.2% DMSO. 
Add the DTT immediately before use. Sterile filter and store 
at 4°C.

2.2. Protein 
Purification

2.3. Binding Assays
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 4. Screening buffer: 50 mM NaCl, 10 mM Tris–HCl, pH 8.0, 
1 mM EDTA, 1 mM DTT, 0.1% Nonidet P-40, 9.5% DMSO. 
Add the DTT immediately before use. Sterile filter and store 
at 4°C.

 5. Microtiter plates: Corning 384-well assay plate, black, non-
treated, Cat. no. 3573.

 1. We have recently described the cloning of human Plk1 amino 
acids 326–603 into a modified pET28a vector containing an 
N-terminus 10× His-tag and a modified multiple cloning site 
consisting only of cleavage sites for FseI (F) and AscI (A) 
(6, 9). This plasmid (denoted pET28a-FA-Plk1PBD) was used 
in our studies and is available from the authors on request. 
Like the commercial vector, the above one carries a kanamycin 
resistance gene.

 2. Incubate 9 L of competent Rosetta BL21DE3 cells with 
pET28a-FA-Plk1PBD (10 ng dissolved in 1 L water) for 
5 min on ice. Subsequently, the sample is first incubated at 
42°C for 30 s and then on ice for 2 min. After addition of 
50 L LB medium without antibiotics, the sample is spun on a 
rotating wheel for 1 h at 37°C. The entire sample is placed on 
LB plates containing kanamycin and chloramphenicol. Pick a 
single colony and set up a streak plate containing kanamycin 
and chloramphenicol. Incubate for 14 h at 37°C.

 3. 10 mL of LB medium containing kanamycin and chloram-
phenicol are inoculated with a single colony from the streak 
plate and shaken for 14 h at 37°C.

 4. This culture is used as a starter culture for 1 L of LB medium, 
which is grown at 37°C and shaken at 140 rpm in a conical 
flask with chicanes until an OD600 of 0.5–0.6 is reached.

 5. At the OD600 of 0.5–0.6, the culture is transferred to room 
temperature under continued shaking. After 15 min, the liquid 
will have reached room temperature, and the OD600 will be 
approximately 0.8–0.9. At this point, 1 mL of a 1 M IPTG 
solution in water is added to induce protein expression, and the 
flask is continuously shaken at room temperature for 14 h.

 6. The bacterial culture is transferred to centrifuge buckets and 
the culture is centrifuged at 1,500 × g for 15 min at 4°C. The 
clear supernatant is removed and discarded. The pellet is fro-
zen at −80°C to facilitate the subsequent lysis of the bacterial 
walls. The pellet is stable at −80°C for at least several 
months.

3. Methods

3.1. Protein Expression 
and Purification
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 7. After thawing on ice, the pellet is re-suspended in 40 mL binding 
buffer by pipetting the liquid up and down repeatedly. Add 
200 L PMSF and 200 L aprotinin.

 8. The suspension is divided into four equal parts and each  sample 
is sonificated four times on ice using a Sonoplus HD70 sonica-
tor (Bandelin GmbH) for 2 min at 70% power level and 70/30 
pulse/pause interval. The samples are placed on ice for at least 
2 min in between sonifications. Because PMSF is unstable 
under aqueous conditions, additional 50 L of PMSF are 
added to the samples after the third sonification cycle. Parallel 
to step 8, prepare the affinity column as described in step 10.

 9. Combine the four samples and centrifuge the suspension at 
40,000 × g for 20 min at 4°C. The suspension is filtered through 
a Millex®-HA sterile filter (0.45 m) to remove cell debris and 
other insoluble components.

® resin into a Poly-Prep® chroma-
tography column and let the liquid run out through the column. 
Rinse first with 4 mL of autoclaved water, then apply 6.5 mL 
of NiSO4 solution, and finally apply 4 mL of binding buffer.

 11. Apply filtered supernatant to the column at 4°C. Collect the 
flow-through and apply it to the column for a second time. 
Add PMSF and aprotinin to all buffers used. Collect all frac-
tions from this point on. Add 12.5 mL of binding buffer, 5 mL 
of wash buffer A, and 2.5 mL of wash buffer B. Wait for the 
liquid on top of the column to run through the column before 
adding the next buffer. Add 5 mL of elution buffer and collect 
two separate fractions of 2.5 mL. In case the eluted protein 
begins to precipitate (as indicated by clouding of the solution), 
add more elution buffer to the protein solutions immediately.

 12. Check the purity of elution fractions by SDS-PAGE. Combine 
clean fractions.

 13. Dialyze the combined clean protein fractions against 100-times 
the volume of dialysis buffer at 4°C for at least 8 h. Change the 
dialysis buffer and repeat the procedure twice. Determine con-
centration via Bradford assay. Snap-freeze 50–100 L aliquots 
in liquid nitrogen, and store at −80°C until use.

 1. Weigh approximately 1 mg of peptide 5-carboxyfluorescein-
GPMQSpTPLNG (average molecular weight: 1,438 g/mol) 
into a glass vial and add dry DMSO to a final concentration of 
2 mM (see Note 1). This corresponds to adding 348 L of 
DMSO per mg of peptide. Pipette the DMSO solution up and 
down repeatedly to ensure complete and homogenous solu-
tion of the peptide. Prepare 10 L aliquots of the 2 mM pep-
tide solution in Eppendorf tubes. Seal tops with parafilm and 
store aliquots at −20°C.

3.2. Binding Assays
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 2. Add 1 L of the 2 mM solution of 5-carboxyfluorescein-
GPMQSpTPLNG to 4 mL assay buffer in a 15 mL Falcon 
tube. After mixing, add 21 L of this solution to 329 L assay 
buffer to generate a 30 nM solution of 5-carboxyfluorescein-
GPMQSpTPLNG. This quantity is sufficient for generating 
one binding curve. All steps are carried out at room tempera-
ture. The final solution is stored in the dark on ice or at 4°C.

 3. Dilute your stock of purified, dialyzed protein prepared in step 
13 of Subheading 3.1 to a concentration of 3,840 nM with 
assay buffer. Prepare 8 twofold dilutions (1,920, 960, 480, 
240, 120, 60, 30, and 15 nM) containing at least 80 L of 
each concentration. These quantities are sufficient to generate 
a single binding curve (see Note 1).

 4. Combine 66.7 L of the protein solutions generated in step 3 
with 33.3 L of peptide solution in nine different Eppendorf 
tubes. As negative control, dilute 33.3 L of peptide solution 
with 66.7 L assay buffer in an additional tube. Mix the con-
tents thoroughly.

 5. Incubate the samples for 15 min at room temperature.
 6. Of each tube, transfer three aliquots of 30 L into three adja-

cent wells of a 384-well microtiter plate. Fill three additional 
wells of the microtiter plate with assay buffer for control 
purposes.

 7. Using a microplate reader equipped for monitoring fluores-
cence polarization, excite the fluorophores with linearly polar-
ized light (485 nm) and read the fluorescence emission parallel 
and perpendicular to the plane of excitation at 535 nm. Define 
wells containing assay buffer only to allow the instrument to 
subtract the background fluorescence before calculating the 
fluorescence polarization values. After reading, cover the plate 
with a plastic lid and store it at room temperature in the dark 
for additional measurements. An Ultra Evolution microplate 
reader (Tecan) was used for the experiments described here.

 8. Plot binding curve in SigmaPlot (SPSS Science Software) or 
similar graph analysis software. Fit a curve through the data 
points (e.g., Hill four parameters). Determine the Kd-value of 
the peptide–protein interaction. This corresponds to the pro-
tein concentration at which half-maximal binding occurs (based 
on the extrapolated maximum value of fluorescence polariza-
tion for infinitely high protein concentrations) (see Fig. 1).

 9. The assay must be sufficiently stable with regard to time to be 
used for screening. To this end, you need to verify that the 
binding curve does not significantly change over the time 
required to perform the screen, which will take approximately 
1–2 h for each individual plate, but can take significantly lon-
ger for large compound collections. Thus, read the plate again 
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after an additional 1, 2, 4, 6, and 8 h starting from the time the 
solutions were transferred to the plate. Cover the plate with a 
plastic lid and store it at room temperature in the dark in 
between measurements. Plot the binding curves obtained at 
the various time points into the same diagram. Instability over 
time is indicated by an increase in the Kd-values. The assay 
should be stable over a minimum of 1 h in order to be of prac-
tical use (see Note 2).

 10. From the binding curve taken after 1 h of incubation in the 
plates, select a protein concentration to be used in the subse-
quent inhibition experiments. Two effects must be carefully 
balanced in this respect. On the one hand, the size of the assay 
window (defined as the difference in fluorescence polarization 
between unbound fluorophore-labeled peptide and peptide in 
the presence of protein, see Fig. 1) increases with protein con-
centration, which facilitates the distinction between actual 
inhibition by a test compound from assay noise. On the other 
hand, saturation of binding will occur at higher protein con-
centrations, which makes it harder to detect active compounds 
in a screen. To balance the two counteracting effects, we rec-
ommend choosing a protein concentration corresponding to 
the Kd-value or slightly exceeding it. This will allow for a rea-
sonably sized assay window (preferably larger than 100 mP), 

Fig. 1. Binding of the peptide 5-carboxyfluorescein-GPMQSpTPLNG to the Plk1 PBD as 
determined by fluorescence polarization. The figure illustrates that protein concentrations 
corresponding to the K

d-value or slightly exceeding it are suitable for use in the assay. In the 
example depicted here, the K

d-value was determined to be 26 nM, and 45 nM protein was 
chosen for further assay development. Assay windows obtained for Plk1 PBD concentra-
tions of 26 nM and 45 nM are indicated by the solid and dashed arrows, respectively (9).
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while avoiding saturation of binding between the peptide and 
the protein. In the example shown in Fig. 1, the Kd-value was 
determined to be 26 nM, and a final protein concentration of 
45 nM was chosen for assay development (9).

In order to verify that the increase in fluorescence polarization 
observed upon addition of your protein construct to the fluoro-
phore-labeled peptide comprising the PBD binding motif is in fact 
caused by the specific, reversible interaction between the peptide 
and the protein, the effects of a positive and negative control pep-
tide must be assessed.

 1. Weigh in approximately 1 mg of positive control peptide 
MAGPMQSpTPLNGAKK (average molecular weight: 1,611 g/
mol) and negative control peptide MAGPMQSTPLNGAKK 
(average molecular weight: 1,531 g/mol). Generate a 10 mM 
stock solution in dry DMSO (to this end, add 62.1 L DMSO 
per mg of positive control peptide and 65.3 L DMSO per mg 
of negative control peptide). Mix thoroughly. Prepare 10 L 
aliquots in Eppendorf tubes. Seal tops with parafilm and store 
at −20°C.

 2. Prepare the following solutions of positive and negative control 
peptides by adding dry DMSO to the 10 mM stock solutions: 
5 mM, 2.5 mM, 500 M, 250 M, 50 M, 25 M, 5 M, 
2.5 M, 500 nM, and 50 nM. For a single inhibition curve, 
prepare 5 L of each dilution (see Note 3).

 3. Prepare 1 mL of a 30 nM solution of the fluorophore-labeled 
peptide 5-carboxyfluorescein-GPMQSpTPLNG in assay buf-
fer and keep the solution in the dark at 4°C or on ice. This 
quantity will be sufficient for a single inhibition experiment 
with both the positive and the negative control peptides.

 4. Prepare 1.7 mL of protein solution in inhibition buffer at a 
1.55-fold higher concentration than the concentration chosen 
for assay development and keep on ice. This quantity will be 
sufficient for a single inhibition experiment with both the posi-
tive and the negative control peptides.

 5. Add 2 L of the dilution of the positive and negative control 
peptide prepared in step 2 to 64.7 L of protein solution pre-
pared in step 4. As control, add 2 L of DMSO to 64.7 L of 
this protein solution. Also add 2 L of DMSO to 64.7 L inhi-
bition buffer without protein. Mix all samples thoroughly by 
pipetting at least half of the volume in the tubes up and down 
repeatedly, as DMSO tends to sink to the bottom of the wells. 
Incubate for 1 h at room temperature.

 6. Add 33.3 L of the 30 nM fluoropeptide solution prepared in 
step 3 to each sample, mix thoroughly, and incubate for 15 min 
at room temperature.

3.3. Inhibition Assays
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 7. Transfer 30 L aliquots of each tube into three adjacent wells of 
a 384-well microtiter plate. Also, fill three adjacent wells with 
30 L of assay buffer.

 8. Read fluorescence polarization by excitation at 485 nm and 
emission at 535 nm. Define the wells containing assay buffer 
only as blank controls so that the instrument can subtract 
background fluorescence before calculating fluorescence 
polarization.

 9. Using the binding curve for an incubation period of 1 h in the 
microtiter plates obtained in step 9 of Subheading 3.2, convert 
the fluorescence polarization values to percent binding between 
protein and fluorophore-labeled peptide. The fluorescence 
polarization obtained from the wells containing fluorophore-
labeled peptide in the absence of protein should correspond to 
the theoretical binding value of 0% binding. The fluorescence 
polarization obtained from the fluorophore-labeled peptide in 
the presence of protein should correspond to the theoretical 
binding value of 100% binding. Small deviations from the the-
oretical values are common; larger deviations indicate that the 
experimental conditions used for the binding curve differ from 
the ones used for the inhibition curve.

 10. Plot the inhibition curve and determine at what concentration 
a well-fitted curve (e.g., four parameters logistic curve) crosses 
the mark of 50% binding to determine the IC50 value of the 
positive control. The negative control is not expected to show 
significant inhibition at concentrations of 10 M (Fig. 2).

Fig. 2. Inhibition of binding between 5-carboxyfluorescein-GPMQSpTPLNG and the Plk1 
PBD by the positive control peptide MAGPMQSpTPLNGAKK (solid circles), and the unphos-
phorylated negative control peptide MAGPMQSTPLNGAKK (squares) obtained in the pres-
ence of 10% DMSO (9).
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 1. Prepare an amount of protein solution in screening buffer 
sufficient for three 384-well plates with protein ( 10 mL per 
plate) at 1.5-times the final protein concentration chosen for 
assay development. Add 19.9 L of this protein solution to 
columns 1–22 of a 384-well microtiter plate.

 2. Add 100 nL of test compounds dissolved in DMSO into col-
umns 1–20 using a pintool. Mix by shaking and incubate for 
1 h at room temperature.

 3. Add 0.5 L of a 600 M solution of positive control peptide in 
DMSO into the wells in column 22.

 4. For each screening plate, prepare 4 mL of a 30 nM solution of 
5-carboxyfluorescein-GPMQSpTPLNG in assay buffer. Add 
10 L of this solution to columns 1–22 of the 384-well micro-
titer plates. Mix by pipetting or shaking. Incubate for 15 min 
at room temperature. Centrifuge plate at 1,000 × g for 2 min at 
room temperature (see Note 4).

 5. Add 30 L of a 10 nM solution of the fluorophore-labeled 
peptide 5-carboxyfluorescein-GPMQSpTPLNG in assay buf-
fer into column 23.

 6. Add 30 L of assay buffer into the wells in column 24.
 7. Read fluorescence polarization of the entire plate. Define the 

blank wells (column 24) to allow for subtraction of background 
fluorescence before calculation of fluorescence polarization. 
The values obtained from the wells containing fluorophore-
labeled peptide only (column 23) are defined as 0% binding. The 
values obtained from the wells containing fluorophore-labeled 
peptide and protein (column 21) are defined as 100% binding 
(see Note 5). Convert the fluorescence polarization values to 
percent inhibition by means of the binding curve for the rele-
vant time of incubation generated in step 9 of Subheading 3.2. 
The values obtained from the wells containing fluorophore-
labeled peptide, protein, and positive control peptide (column 
22) do not enter into the calculations, but serve as a control to 
assure reversibility and specificity of binding under the given 
experimental conditions (see Notes 6–9).

 1. The diluted fluorophore-labeled peptide and the thawed pro-
tein aliquots can be used for up to 3 days when kept on ice or 
at 4°C; however, we recommend using freshly thawed aliquots 
and freshly prepared fluorophore-labeled peptide solutions to 
minimize the risk of assay variations due to deteriorated 
reagents (see Subheading 3.2).

3.4. Application  
of the Assay  
to High-Throughput 
Screening

4. Notes
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 2. While the presence of 1 mM dithiothreitol (DTT) in the assay 
buffer increases protein stability, it may interfere with the activ-
ity of some reactive test compounds. We found that the assay is 
almost similarly stable with respect to time in the absence of 
DTT (see Subheading 3.2).

 3. Store diluted positive and negative control peptides in a drying 
cabinet or under similar conditions with reduced humidity at 
room temperature. Diluted peptides are stable for up to 3 days 
(see Subheading 3.3).

 4. An alternative screening approach that would minimize addi-
tion steps during screening would be to mix the protein and 
the fluorescein-labeled peptide on the large scale required for 
screening, plate out approximately 30 L of the mixture, and 
to add the test compounds afterwards. This procedure should 
yield virtually identical results for reversible inhibitors; how-
ever, competitive irreversible inhibitors may display lower 
activity under the alternative conditions (see Subheading 3.4).

 5. The number of the control wells and their position on the plate 
in the high-throughput screens depends on the formatting of 
the screening library and the flexibility of the screening robot. 
Leaving as little as one column (e.g., column 24) free for con-
trols would still allow be sufficient. Minimum controls are (a) 
three wells containing assay buffer only (blank controls for 
background fluorescence), (b) three wells containing fluoro-
phore-labeled peptide and protein (defines 100% relative bind-
ing), (c) three wells containing the fluorophore-labeled peptide 
in assay buffer, without protein (defines 0% binding), and (d) 
three wells containing fluorophore-labeled peptide, protein, 
and 10 M final concentration of positive control peptide 
(indicates the degree of reversibility of binding between fluo-
rophore-labeled peptide and protein under the given experi-
mental conditions) (see Subheading 3.4).

 6. The assay as described here contains approximately 10% DMSO 
in all solutions which are ready for analysis of fluorescence 
polarization (9). The assay also works in the absence of any 
DMSO, and any intermediate concentrations of this co-solvent. 
Thus, the protocol can be adapted to lower DMSO concentra-
tions under the formal condition that identical DMSO con-
centrations are used for the binding curves and the screening. 
However, in practice, the error introduced by matching data 
sets generated under slightly different DMSO concentrations 
is negligible. In this context, it should be pointed out that for 
practical reasons, the DMSO concentration in the control wells 
representing the bound state (9.7% DMSO) and the inhibited 
state (11.3% DMSO) slightly deviate from 10%. This can easily 
be improved by the aid of additional buffers and solutions, but 
doing so does not lead to significantly different screening 
results (see Subheading 3.4).
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 7. Before screening a large set of test compounds, it is advisable 
to verify that the protein batch prepared for the screen leads to 
the desired value of fluorescence polarization. We have noticed 
on several occasions that variations in the pipetting scheme 
used for setting up dilution series (i.e., the number of dilution 
steps and the concentrations of the intermediate dilutions) can 
influence the activity of the protein at the final dilution. Large-
scale preparations of protein batches used for screening usually 
require less predilution steps than the small-scale preparations 
used for assay development; these variations in the pipetting 
schemes can lead to unexpected results (see Subheading 3.4).

 8. We recommend screening the compound library in duplicate, 
and to follow-up only those compounds which show a certain 
inhibition in both duplicate screens. This reduces the number 
of hits that require follow-up. In our experience, inhibition 
data that occurred in only one out of two duplicate screening 
plates are usually not reproducible when the assay is repeated 
manually (see Subheading 3.4).

 9. Setting the threshold percentage of inhibition in a screen is 
somewhat arbitrary and depends on the expectations of the 
experimenter regarding the activity of interesting compounds 
or on whether a certain hit rate has been predefined. We sug-
gest screening at final compound concentrations between 10 
and 50 M in initial screens of nontargeted libraries, and select 
compounds that show 50% inhibition under these conditions 
(see Subheading 3.4).
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Chapter 6

Assessment of Hepatotoxicity Potential of Drug  
Candidate Molecules Including Kinase Inhibitors  
by Hepatocyte Imaging Assay Technology and Bile  
Flux Imaging Assay Technology

Jinghai J. Xu, Margaret C. Dunn, Arthur R. Smith, and Eric S. Tien 

Abstract

Kinases are members of a major protein family targeted for drug discovery and development. Given the 
ubiquitous nature of many kinases as well as the broad range of pathways controlled by these enzymes, 
early safety assessments of small molecule inhibitors of kinases are crucial in identifying new molecules with 
sufficient therapeutic window for clinical development. Failure or attrition of drug candidates in late-stage 
pipelines due to hepatotoxicity is a significant challenge in the drug development field. Herein we provide 
detailed methods for the hepatocyte imaging assay technology (HIAT) and the bile flux imaging assay 
technology (BIAT) to evaluate drug-induced liver injury (DILI) potentials for drug candidates. Optimized 
culturing methods for primary human hepatocytes, both freshly isolated and prequalified cryopreserved 
cells, are also presented. The applications of these high-content cellular imaging technologies in the evalu-
ation of p38 and Her2 kinase inhibitors are highlighted to illustrate the usefulness of the research meth-
odology in a compound screening as well as mechanistic investigative setting.

Key words: Mechanism-based drug profiling, Translational toxicology, Hepatocellular damage, 
High-content screening and analysis, Primary cell culture, Cellular imaging, Drug safety evaluation, 
Discovery toxicology, Toxicity test

Kinases have long been targets for small molecule and biologic 
therapies due to their diverse functionality and central roles in sig-
naling pathways. Therapeutics have been designed to inhibit kinases 
to treat inflammation, cancer, and a multitude of other diseases 
(1, 2). The p38 mitogen-activated protein kinase (MAPK) and 

1. Introduction
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human epidermal growth factor receptor 2 (Her2) are two  examples 
of kinases that have been targeted to treat inflammation and can-
cer, respectively (3–6). The challenge with targeting such influen-
tial proteins is the potential for affecting nonspecific pathways that 
can lead to undesirable outcomes (i.e., side effects) (7–9).

Drug-induced liver injury (DILI) has been cited as the major 
impediment for drug development and the leading cause of drug 
withdrawal after approval for marketing by drug regulatory agen-
cies around the world (10). While significant efforts and invest-
ments have been made to screen out drug molecules that have the 
propensity to form reactive metabolites that can covalently bind 
biomolecules, recent validation studies have shown that the corre-
lation between such covalent binding studies and clinical manifes-
tation of DILI is rather poor (11). On the one hand, it is well-known 
that some drugs can form covalent binding adducts in the liver 
without causing hepatotoxicity at therapeutically used doses. Good 
examples of these include acetaminophen (10) and paroxetine 
(12). On the other hand, it is known that other drugs can cause 
clinical hepatotoxicity without any evidence of reactive metabolite 
formation or covalent binding. Those examples include drugs that 
can induce steatohepatitis (e.g., perhexiline), cholestasis (e.g., 
erythromycin estolate), or other mixed hepatocellular and hepato-
biliary injuries (e.g., telithromycin, ximelagatran). Hence, a 
renewed thinking in experimental testing paradigm to better pre-
dict human clinical DILI drugs is needed.

We have applied a combined design of employing more rele-
vant human cellular systems (i.e., primary human hepatocytes), 
testing at physiologically relevant concentrations (i.e., liver-relevant 
multiples of therapeutic Cmax), and measuring a panel of prelethal 
but highly toxicologically relevant endpoints (i.e., quantitative 
imaging measurements of major toxicity mechanisms), toward pre-
dicting clinical DILI (13). Since the combined testing strategy uti-
lized primary human hepatocyte cultures and cellular imaging 
technology, we called it hepatocyte imaging assay technology 
(HIAT). In a comprehensive validation study of more than 300 
drugs and chemicals, HIAT has been demonstrated to exhibit a 
true-positive rate of 50–60% for even the idiosyncratic human 
hepatotoxic drugs and an exceptionally low false-positive rate of 
0–5% (13). As such, the overall concordance of HIAT (which is a 
rapid in vitro test) and human idiosyncratic DILI is on par with the 
traditional combined animal testing strategies employing rodents, 
dogs, and monkeys over a much longer period of time (14). If one 
further combines HIAT, which identifies many idiosyncratic human 
hepatotoxic drugs missed by the animal toxicological studies, with 
the more traditional preclinical safety studies, one can achieve a 
true-positive rate of over 75% while still maintaining a very low 
false-positive rate of 0–5% (assuming no false-positive DILI find-
ings by animal testing). In addition, the drug-induced intrahepatic 
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cholestasis mechanism was previously not covered by the HIAT 
method. Hence, we have extended the previous work to include 
bile flux imaging assay technology (BIAT) to investigate chole-
static mechanisms and pathways. In this chapter, we describe the 
proper human hepatocyte culturing techniques, the combination 
of cellular imaging measurements one can apply on these cultures, 
and the applications of such methodologies on both p38 and Her2 
small molecule kinase inhibitors. These applications span from 
identifying potential mechanisms of hepatotoxicity (p38 and Her2) 
to selecting better drug candidates devoid of such hepatotoxic 
potential (i.e., identifying best-in-class compound among all known 
p38 inhibitors).

The key to any toxicology and safety assessment in primary 
human hepatocytes is properly cultured cells. The main character-
istics of properly cultured hepatocytes are: sandwich culture with 
extracellular matrices, confluent cell monolayer with few dead cells, 
three-dimensional morphology with tight cellular junctures that 
exhibit bile canaliculi, and hepatobiliary transport functions. 
Hepatocytes cultured in such a configuration exhibit their natural 
polarity (sinusoidal membrane vs. canalicular membrane) with 
both expression and function of a compendium of drug uptake and 
efflux transporters (15, 16). Fundamentally, it is the right balance 
of such uptake and efflux transporters that dictate how much drug 
cells “see” intracellularly, which ultimately dictate the correct and 
quantitative prediction of drug-induced effects, both pharmaco-
logic and toxicological effects. Immortalized human hepatic cell 
lines or other hepatoma cell lines often lack such cellular polarity, 
or transporter balance which could lead to erroneous prediction 
(17, 18). Mastery of hepatocyte culture techniques opens up an 
impressive array of drug discovery opportunities centered on the 
human liver. Since it is long known that human livers differ from 
animal livers in drug uptake transporters, metabolizing and conju-
gating enzymes, efflux transporters, and a plethora of other hepatic 
metabolism and signaling pathways, it is our belief that by employ-
ing properly cultured human hepatocytes, better translational 
medicine predictions can be made toward the ultimate human 
outcome.

Proper evaluation of hepatotoxic potential also requires a com-
bined measure of multiple indicators of cellular health. This is anal-
ogous to a person taking a blood test where multiple biomarkers 
are simultaneously measured to predict human health and diag-
nose potential illness. The HIAT (13) is a multiplexed imaging 
assay designed to maximize the predictive value toward clinical DILI, 
including idiosyncratic DILI, from a single in vitro experiment. 
The BIAT, the second assay protocol described in this chapter, 
measures the activity of the bile salt export pump (BSEP) but the 
technique opens up the possibility of examining other hepatobil-
iary transporters depending on the specific fluorescent probes used. 
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A skilled person in the field can easily adapt these protocols toward 
other imaging (e.g., steatosis, phospholipidosis, cytoskeletal effects, 
mitochondrial stress, endoplasmic reticulum (ER) stress, apopto-
sis, immunofluorescence, protein trafficking, distribution, and 
concentration, cytomics, etc.), and biochemical measurements 
(e.g., protein production, biomarker discovery and validation, 
ELISA, enzyme leakage, genomics, proteomics, metabonomics, 
lipidomics, ribonomics, etc.), for both drug safety and drug effi-
cacy evaluation purposes.

The MAPK p38 alpha represents a point of convergence for mul-
tiple signaling processes that are activated during inflammation, 
making it a key potential target for the modulation of cytokine 
production (7). However, despite many years of research and 
development by several biopharmaceutical companies, no p38 
alpha inhibitor has become drug to date. Among the top reasons 
of attrition for these drug candidates are dose-limiting side effects, 
especially elevated liver enzymes and skin rash (9).

Since HIAT has been developed and validated with over 300 
drugs and drug candidates (13), the selection of safer p38 MAPK 
inhibitors was among the first real-world applications of HIAT. 
Figure 1 shows a representative result of a panel of p38 alpha 
inhibitors and their imaging profile results in HIAT. As expected, 
perhexiline (positive control) showed several adverse signals as 
indicated by gray-colored cells. Fluoxetine and Famotidine (both 
negative controls) showed no adverse signals in any of the imaging 
measurement, as indicated by clear cells and recapitulated the find-
ings by Xu et al. (13). The development of the first seven p38 alpha 
inhibitors was stopped in human clinical trials due to adverse liver 
signals (i.e., elevated liver enzymes in patients’ serum). These com-
pounds showed varying degrees of adverse HIAT signals as indi-
cated by gray-colored cells in Fig. 1. Drugs #8 and 9 are 
second-generation p38 alpha inhibitors that are still in phase 2 
clinical trials and have exhibited much better liver signals in the 
clinic so far. Essentially they performed like the two negative con-
trol drugs in HIAT. More interestingly, the last eight p38 alpha 
inhibitors are from two entirely different structural series (i.e., 
third-generation inhibitors). They also performed much “cleaner” 
than the first-generation p38 inhibitors, with series 1 (S1) display-
ing better profile than series 2 (S2). In this study, we tested drug 
#7 at 100 times of its human therapeutic single-dose Cmax. For all 
the other drugs, since their clinical therapeutic Cmax values have not 
been determined or reported, we compared their pharmacological 
IC50 potency values to drug #7 in the same predictive pharmacol-
ogy assay which is the induction of TNF alpha from lipopolysac-
charide or LPS-treated human monocytes (7). Their clinically 
required therapeutic Cmax values were approximated based on linear 
proportionality of their pharmacological IC50 values vs. drug #7. 

1.1. Application Notes 
of HIAT and BIAT for 
Small Molecule Kinase 
Inhibitors: Practical 
Experiences Post 
Assay Development 
and Validation
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Such a therapeutic window-based hepatotoxicity prediction schema 
is described on the top of Fig. 1, and justifications for using 100 
times human therapeutic single-dose Cmax were discussed in ref. 13. 
It is interesting to note that both drug efficacy (as measured in 
human monocytes) and toxicity prediction (as measured in human 
hepatocytes) are based on experimental data of human primary 
cells in this case.

In another case of small molecule kinase inhibitors, CP-724,714 
is a potent, selective, and orally active inhibitor of human epidermal 
growth factor receptor-2 (erbB2/Her2/neu) kinase. It showed ini-
tial promise in treating patients bearing advanced Her2 positive 
tumors (19). However, subsequent clinical development of this 
drug was discontinued due to serious hepatotoxicities including 
jaundice and cholestatic liver damage. BIAT was applied to better 
understand and characterize the cholestatic property of this drug. 
CP-724,714 induced dose-dependent inhibition of the rate-limiting 

Fig. 1. Application of HIAT (hepatocyte imaging assay technology) in identifying safer p38 alpha inhibitors. Clear cells 
 indicate normal signals or signals indistinguishable from all the negative control drugs, including Fluoxetine and Famotidine. 
Gray-shaded cells indicate adverse signals in HIAT, which included increased ROS intensity, decreased TMRM intensity, 
decreased GSH content and area, and increased lipid count. For details on how the assay was trained, validated, and 
appropriate threshold selected by machine learning approaches, please refer to ref. 13.
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step of bile flow, the BSEP. As shown in Fig. 2, erythromycin 
estolate and cyclosporine A are two positive control drugs for the 
BIAT. They abolished cholyl lysyl fluorescein (CLF) transport or 
“flux” into the bile canaliculi at 30× and 10× of their clinical ther-
apeutic Cmax values, respectively. On the other hand, CP-724,714 
abolished CLF transport into the bile canaliculi at 3× of its thera-
peutic Cmax. Therefore, CP-724,714 is a much more potent 
inducer of intrahepatic cholestasis than either erythromycin esto-
late or cyclosporine A. In addition, CP-724,714 has the propen-
sity to be taken up to hepatocyte by hepatic uptake transporters at 
a higher rate than efflux transporters, and affect the mitochondrial 
health of hepatocytes (20). These combined properties of 
CP-724,714 may have led to clinical manifestations of DILI in 
susceptible patients in the clinic (19). Going forward, it is these 
kinds of costly late-stage drug attritions due to DILI that our 
HIAT and BIAT methodologies, and further improvements or 
derivative works thereof, are aiming to avoid.

The protocols in this section are written for the plating of 
 cryopreserved hepatocytes but can be easily adapted to the plating 

Fig. 2. Application of BIAT (bile flux imaging assay technology) in understanding and 
 characterizing drug-induced cholestasis effect by the orally available small molecule Her2 
inhibitor, CP-724,714. Erythromycin estolate and cyclosporine A were used as positive 
control drugs for the BIAT. The primary human hepatocytes cultured in the sandwiched 
configuration were treated with CP-724,714 or control drugs of interest for 15 min in the 
presence of a fluorescent bile acid probe, CLF. For more information about this Her2 inhib-
itor and its detailed mechanistic hepatotoxicity studies, please refer to ref. 20.
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of fresh cells (as explained in Subheading 4, Note 2, they are 
actually easier than plating cryopreserved cells). Proper evaluation 
of cryopreserved cell lots is critical before making a quality pur-
chase of a large number of vials from this lot (see Subheading 2.2 
below).

 1. Cryopreserved Hepatocyte Recovery Medium (CHRM): for 
successful implementation of this protocol, please use the com-
mercially available and prepackaged material sold by CellzDirect 
(Durham, NC, USA, now part of Life Technologies, and 
Invitrogen).

 2. Plating Media: Dulbecco’s minimal essential medium (DMEM) 
without phenol red, supplemented with 5% fetal bovine serum 
(FBS), 50 U/ml penicillin, 50 g/ml streptomycin, 4 g/ml 
bovine insulin, 1 M trichostatin A, 1 M dexamethasone, 
2 mM L-glutamine.

 3. Culturing and Imaging Media: William’s E Medium (WEM) 
without phenol red, supplemented with 15 mM HEPES buf-
fer, 1× ITS+ [6.25 g/ml transferrin, 6.25 g/ml selenous 
acid, 5.35 g/ml linoleic acid, and 1.25 g/ml bovine serum 
albumin (BSA)], 50 U/ml penicillin, 50 g/ml streptomycin, 
1 M trichostatin A, 0.1 M dexamethasone, 2 mM 
L-glutamine.

 4. Drugging Media: WEM with phenol red, 15 mM HEPES buf-
fer, 5% FBS, 50 U/ml penicillin, 50 g/ml streptomycin, 
4 g/ml bovine insulin, 1 M trichostatin A, 0.1 M dexam-
ethasone, 2 mM L-glutamine.

The quality of cells is crucial for the success of this protocol. 
Therefore, platable and culturable human hepatocytes (either fresh 
or cryopreserved) are purchased from CellzDirect (Durham, NC, 
USA). For cryopreserved cells, regular contacts with the technical 
staff at CellzDirect should be maintained to inform the availability 
of best-quality lots. Pictures of cells after plating should be 
exchanged, and the morphology of cells that are similar to those 
published by Bi et al. (please refer to figures and detailed protocols 
in ref. 21) is used as a pre-requisite for a usable lot in this hepato-
toxicity testing protocol.

 1. Dulbecco’s phosphate-buffered saline (PBS, containing Ca2+ 
and Mg2+), Hanks balanced salt solution (HBSS, containing 
Ca2+ and Mg2+), Trypan Blue stock solution, and other regular 

2. Materials

2.1. Media Preparation

2.2. Source of Human 
Hepatocytes

2.3. Other Reagents 
and Supplies
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media components can be purchased from a number of 
suppliers.

 2. Rat tail collagen I.
 3. Phenol red free Matrigel.
 4. Ultra pure dimethyl sulfoxide (DMSO).
 5. Drug substances of interest (e.g., Famotidine, Fluoxetine, 

Perhexiline, Metformin, Erythromycin estolate, cyclosporine A).
 6. Further standard laboratory chemicals.
 7. Fluorescent dyes: tetramethyl rhodamine methyl ester 

(TMRM), CM-H2DCFDA, mBCl, Hoechst 33342, CLF, 
DRAQ5.

 8. Cell culture plates: 96-well tissue culture grade plates (clear, 
flat-bottom, and UV-transparent).

 9. 96-Well sterile V bottom trough microtiter plates (MTP), 
50 ml conical tubes.

 10. Sterile hydrophobic plate seals (AeraSeal films) and film foller.
 11. Sterile V-Groove 96-well reservoir and sterile 96-well V-bottom 

plates.

 1. An automatable epifluorescence microscopic imager, including 
an environmental chamber and on-deck liquid transfer, was 
used in this study [Kinetic Scan Reader (KSR), made by 
Cellomics, now part of Thermo Scientific]. If only a few com-
pounds are tested at a time, manual pipetting can replace on-
deck liquid transfer.

 2. Image analysis software: several suitable software packages are 
available for converting raw images to quantitative measure-
ments in a semiautomated manner (e.g., ImagePro Plus by 
Media Cybernetics; image analysis software provided by micro-
scope vendors including Cellomics).

 1. A high-quality mammalian cell incubator that can maintain 
uniform saturating humidity and 37°C/5% CO2/95% air-flow 
environment.

 2. A sonicating heated water bath with temperature adjustment.
 3. A centrifuge with g-force adjustment (for 100 × g at room 

temperature).
 4. A biosafety cabinet and other appropriate safety equipment to 

safely handle primary cell work.
 5. A hemocytometer.
 6. A microscope (to count cells and to check cell attachment and 

morphology).
 7. P20, P200, P1000 pipettors and sterile tips.

2.4. Image 
Instrumentation  
and Analysis

2.5. General Cell 
Culture Instruments
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 8. P200 8-channel pipettor and sterile tips.
 9. Two 96-channel Soken PP550 personal pipetting stations, 

with sterile P550 tips, tip loader/ejector, adjustable stage 
height and pipetting speed, were purchased from Apricot 
Designs (Covina, CA).

 10. Refrigerator, freezer, and liquid nitrogen storage container.

 1. Prepare everything for the plating steps, including steps 1–5 
below, before removing cryopreserved hepatocyte vials from 
liquid nitrogen Dewar tank (see Note 1). As with any proper 
human cell culture experiments, apply good laboratory safety 
practice and proper sterile techniques. Twenty-four hours prior 
to plating, freshly apply collagen coating to 96-well plates with 
rat tail collagen I at 50 g/ml concentration (in a solution of 
Ca2+ and Mg2+ containing PBS with 0.02 N acetic acid) and 
incubate at 37°C overnight. For clear, flat, and UV-transparent 
imaging purposes, we coated 96-well tissue culture grade plates 
purchased from BD Biosciences. It is our experience that 
freshly coated plates provide the most reproducible results.

 2. Wash plates three times with Dulbecco’s PBS (PBS containing 
Ca2+ and Mg2+) to remove residual collagen/acetic acid.

 3. Aliquot 48 ml plating medium into a 50 ml conical tube and 
warm to 37°C.

 4. Prefill collagen-coated 96-well plates with 55 l/well of Plating 
Medium (seeding the cell suspension on top of media provides 
better cell distribution across the well). Plates are placed into 
37°C/5% CO2/95% air, saturating humidity incubator for 
warming.

 5. In sterile Eppendorf tube, prepare 100 l of 0.08% Trypan 
Blue in Dulbecco’s PBS.

 6. See Subheading 4, Note 2 for procedures of plating freshly 
isolated hepatocytes. Remove one vial of cryopreserved hepa-
tocytes from liquid nitrogen Dewar and placed on ice. Briefly 
twist the cap to relieve the internal pressure and re-tighten. It 
is critical that the time on ice be kept as short as possible, and 
definitely less than 1 min.

 7. Thaw hepatocytes in 37°C water bath by gently moving the 
vial through the water. Do not submerge the vial completely 
and do not remove the vial from the water during the thawing 
process. Just prior to complete thawing, a small amount of ice 
will be present. This takes usually ~ 80–95 s depending on the 

3. Methods

3.1. Thawing  
and Plating 
Cryopreserved  
Human Hepatocytes
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volume in the vial. Watch the thawing process very closely as 
over thawing will result in decreased cell viability.

 8. Once thawed, remove the vial from the water bath and spray 
with 70% alcohol, then wipe dry with clean paper towel before 
placing in the biosafety hood.

 9. Quickly pour the contents of the vial to the 50 ml conical tube 
containing 48 ml of warmed Plating Medium. Rinse the cryo 
vial with 1 ml of fresh warm Plating Medium. Pour the con-
tents of the vial into the 50 ml conical tube containing the 
thawed hepatocytes.

 10. Gently invert the 50 ml tube three times for thorough mixing 
of the cells.

 11. Place the 50 ml conical tube in centrifuge and spin at room 
temperature for 5 min at 100 × g.

 12. Remove tube from centrifuge and without disturbing the cell 
pellet, spray with 70% alcohol, and then wipe dry before plac-
ing in biosafety hood. Avoid re-inverting the tube or any other 
motions that may disrupt the cell pellet.

 13. Uncap the tube and in a single motion, gently pour off the 
supernatant into a disposable waste container.

 14. Gently tap the bottom of the tube to loosen the pellet and re-
suspend in 5 ml of warm Plating Medium.

 15. Gently rock the tube back and forth being careful not to invert 
the cell mixture onto the cap of the tube. Continue the gentle 
rocking motion until the pellet is completely suspended.

 16. In sterile Eppendorf tube, combine 100 l of 0.08% Trypan 
Blue (in Dulbecco’s PBS) with 100 l of your cell suspension 
(final concentration of Trypan Blue is 0.04%). Incubate cells 
with Trypan Blue for 1 min at room temperature, inverting the 
tube several times before transferring a 10 l volume to each 
side (chamber) of a hemocytometer. Avoid using pipette tips 
with fine (small) openings as that may shear and damage hepa-
tocytes. Quickly count the number of viable cells (i.e., clear 
cytoplasm) and dead cells (i.e., blue cytoplasm). Good quality 
lot and good thawing technique should yield fewer than 10% 
dead cells. Do not use automated cell counters (see Note 3).

 17. Dilute the cell suspension to 0.75 × 106 viable cell/ml in pre-
warmed Plating Medium. By default, dead cells are not counted 
toward viable cells.

 18. Prior to seeding, be sure to invert the 50 ml conical tube of 
plating suspension several times as hepatocytes tend to settle 
and clump quickly.

 19. Pour cell suspension into a sterile V bottom trough and seed 
cells to 96-well collagen-coated plates using an 8-channel 
pipettor and sterile tips.
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 20. Mix the hepatocyte suspension by rocking the V bottom trough 
back and forth 5–6 times before adding 80 l/well to the first 
column of the MTP, repeat the mix step for each column. See 
Note 4 for adjusting seeding volume of cells that may come in 
different size.

 21. Place plate in a 37°C/5% CO2/95% air incubator with saturat-
ing humidity and incubate for 4–6 h. Cell attachment should 
be confirmed visually for each plate using an inverted light 
microscope before proceeding to the next step.

 22. After confirming cell attachment, remove the plate from the 
incubator and place in biosafety hood. Remove the plastic plate 
lid and place a sterile hydrophobic plate seal over the entire 
96-well plate. Use a roller to seal the sterile plate seal. Holding 
each plate firmly in one hand, shake the plate back and forth 
vigorously for ~5 s, then turn the plate 90° and repeat the vig-
orous shaking. This will help remove any dead cells which have 
loosely attached to the plates.

 23. Set up sterile drape in biosafety hood. Remove plate seal, aspi-
rate the existing media using a 96-channel pipettor with stage 
height set such that there will be ~30 l of medium left in each 
well. This is important because at no aspiration step should any 
pipette tips touch the cell layer directly to cause any cell dis-
lodgement from the bottom of the plate. The remaining 
medium in the wells will be flicked onto the sterile drape mate-
rial by inverting the plate and then firmly blotting the plate on 
the drape. This procedure will ensure that the remaining loose 
dead cells from the previous shake step will be removed, with-
out causing any dislodgement of healthy cells.

 24. Working quickly after the remaining media has been removed 
(i.e., do not let cells sit dry). Pipette 125 l/well prewarmed 
Culturing Medium using the 96-well pipettor, at slow speed, 
in 25 l increment, and then incubate plate for 20–24 h in a 
37°C/5% CO2/95% air, saturating humidity incubator. See 
Notes 5 and 6 for tips on liquid transfer using the Soken.

 1. Place sterile “V-Groove” 96-well reservoir, a box of sterile 
P1000 pipettor tips, a 50-ml sterile conical tube, and a sealed 
rack of plastic tips for the 96-well Apricot PP550 Soken in 
−20°C freezer the night before. Keeping all materials that get 
into contact with Matrigel cold will prevent the Matrigel from 
gelling prematurely during the overlay step.

 2. Take one vial of phenol red free Matrigel from −20°C freezer 
(see Note 7). Place the vial in a bucket filled with ice. The 
vial should be nearly submerged in the ice. Place bucket in a 
4°C refrigerator so that the Matrigel will thaw slowly 
overnight.

3.2. Matrigel Overlay
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 3. Place an appropriate amount of Culturing Medium into the 
sterile 50 ml conical tube and place on ice in a 4°C refrigerator. 
The exact amount depends on the number of plates to overlay. 
The hepatocyte medium used throughout the protocol has 
been selected to aid in maintaining hepatocyte differentiation, 
including the use of trichostatin A (see Note 8).

 4. Retrieve cold P1000 tip box from −20°C freezer, pipette 
Matrigel solution into 50 ml conical tube, add back ~1 ml cold 
media to the Matrigel aliquot tube with the same tip (slowly 
around sides of tube) and then transfer this liquid back to 
working Matrigel solution. The final Matrigel concentration in 
Culturing Medium should be 0.25 mg/ml (see Note 9). Invert 
the 50 ml conical tube to mix content well. Place on ice.

 5. Retrieve cold “V-groove” reservoir from −20°C freezer, pour 
Matrigel mixture into cold reservoir, and place on ice.

 6. Retrieve cold 96-well pipettor tips and load cold pipettor tips 
to the 96-well pipettor. Prefill sufficient Matrigel media into 
the cold tips to do two cell plates.

 7. In concert with the previous step, one should aspirate the cell 
culture medium from one cell plate using the 96 channel 
pipettor. The remaining medium in the wells is flicked onto a 
sterile drape material by inverting the plate and then firmly 
blotting the plate on the drape.

 8. Quickly add back 125 l of chilled Matrigel using the 96 chan-
nel pipettor, set at slow dispensing speed, and dispense 25 l 
increments (see Note 10).

 9. Repeat the above step for the second cell plate.
 10. Incubate cell plates for 20–24 h at 37°C/5% CO2/95% air, 

saturating humidity in an incubator. If this overlay step is per-
formed correctly, within 24 h the healthy human hepatocyte 
morphology should emerge (i.e., confluent cell monolayer, 
three-dimensional morphology, and tight cellular junctures 
that exhibit bile canaliculi formation) (see Fig. 3).

A number of controls are required in HIAT measurements. DMSO 
is used as the drug vehicle control. Negative compound controls 
are provided by Famotidine (human average single-dose therapeu-
tic Cmax is 0.104 g/ml so final test concentration is 10.4 g/ml; 
100× Cmax) and Fluoxetine (human average single-dose therapeutic 
Cmax is 0.014 g/ml so final test concentration is 1.4 g/ml; 100× 
Cmax). A positive compound control is the use of Perhexiline 
(human average single-dose therapeutic Cmax is 0.6 g/ml so final 
test concentration is 60 g/ml, 100× Cmax). For the rationale 
behind the use of 100× human average single-dose therapeutic 
Cmax, please refer to the validation study by Xu et al. (13).

3.3. Drug Treatment 
for HIAT
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 1. Vehicle controls: Fill all wells in column 1 and column 7 with 
125 l Drugging Medium containing 0.4% v/v DMSO.

 2. Compound controls: prepare a 10.4 g/ml Famotidine solu-
tion in Drugging Medium. Prepare a 1.4 g/ml Fluoxetine 
solution in Drugging Medium. Prepare a 60 g/ml 
Perhexiline solution in Drugging Medium.

 3. Test compound solubilization: initially dissolve all test com-
pounds in ultra pure DMSO. Then dilute with warm phenol 
red Drugging Media containing 5% serum to the desired test 
compound concentration (containing 0.4% DMSO). Start 
with a concentration of 100× human single-dose therapeutic 
Cmax, either measured clinically or projected preclinically. 
Recommended dose response titrations are 100 , 30 , 10 , 
3 , 1  Cmax. Since Drugging Medium contains 5% serum, 
which also facilitates drug solubilization, total human Cmax 
values are used.

 4. To ensure complete compound solubilization, sonicate com-
pound solutions in a heated water bath for 30 min at ~ 40°C. 
Visually inspect all diluted compounds for any pH-associated 
color changes in phenol red media and compound insolubility. 
Incubate all diluted compound solutions at 37°C for a mini-
mum of 30 min to enhance solubility. Re-inspect compounds 
for solubility and pH-associated color effect. Compounds that 
remain insoluble in media and change in media color should 
be noted as such.

Fig. 3. Images of healthy human hepatocyte cultures showing a confluent cell monolayer, 
three-dimensional morphology, and tight cellular junctures that exhibit bile canaliculi 
structures (indicated by white arrows). Cryopreserved human hepatocytes were thawed, 
plated, and Matrigel overlaid as described in this protocol. This picture was taken on day 5 
(day 1 designated as the day of cell thawing and plating).
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 5. Transfer 125 l of the warm diluted compounds to a 96-well 
“V-bottom” intermediate plate.

 6. Dosing cells: Use one Apricot PP550 Soken to remove exist-
ing cell culture medium while the second Apricot PP550 Soken 
is used to add drug/media. Again, a coordinated sequence of 
media removal and drug addition to the cells can be done by 
using two pipetting instruments sequentially. First mix diluted 
compounds up and down three times. Then aspirate old media 
from each well, taking care not to disrupt Matrigel layer nor 
touching the cells. Then add 125 l of Drugging Mixture to 
each well, at slow speed, in 25 l increments. Place cell plate 
back into cell culture incubator for 24 h.

 1. Prewarm an appropriate volume of Drugging Media (for 1× 
wash) and Imaging Media (no serum, no phenol red) to 37°C 
in water bath (see Note 11 about precautions regarding single 
use of fluorescent probes and light sensitivities).

 2. Turn the KSR and its environmental chamber on ~2 h before 
starting the image acquisition step in order to equilibrate the 
environmental chamber and lamp to steady states. The envi-
ronmental chamber, the liquid handling arm, and the waste 
line should be cleaned or flushed regularly according to the 
manufacturer’s instructions to minimize microbial growth or 
contamination.

 3. Mitochondrial membrane potential: 3× TMRM – add 15 l of 
stock (0.2 mM) to 50 ml Imaging Media (3× concentration is 
0.06 M, final concentration at the cells is 0.02 M); 1× 
TMRM – add 5 l of stock to 50 ml Imaging Media (final 
concentration at the cells is 0.02 M); 0.5× TMRM – add 
2.5 l of stock to 50 ml Imaging Media (final concentration at 
the cells is 0.01 M). TMRM stock should be aliquoted to 
single use and stored at −20°C (see Note 11).

 4. Wash once to remove residual drugs. Remove existing media 
from cell plate using one Apricot PP550 Soken and add 200 l 
Drugging Medium with second Apricot PP550 Soken in 25 l 
increments, at slow speed, pipette tips to the side, and not 
touching Matrigel layer.

 5. Remove existing media from cell plate at slow speed, using one 
Apricot PP550 Soken and add 125 l 1× TMRM with second 
Apricot PP550 Soken in 25 l increments, at slow speed, 
tips to the side, and not touching Matrigel layer. Incubate plate 
at 37°C for 1 h for the mitochondrial stain. Prepare the next 
three steps during this hour.

 6. Nuclei: 3× DRAQ5 – add 135 l of stock (5 mM) to 5 ml 
Imaging Media (3× concentration is 135 M, final concentration 
on the cells is 0.045 M). DRAQ5 stock should be aliquoted 
to single use and stored at 4°C.

3.4. Staining and 
Image Acquisition  
for HIAT
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 7. Reactive oxygen species (ROS): 3× CM-H2DCFDA – add 
30 l of stock (5 mM) to 5 ml Imaging Media (3× concentra-
tion is 30 M, final concentration at the cells is 10 M). 
CM-H2DCFDA stock is stored at −20°C. Routinely, two vials 
(each containing 50 g probe) are pulled from cold storage if 
staining one plate of cells. Solubilize by adding 17.2 l ultra 
pure DMSO to each tube. Vortexed both tubes, then transfer 
the contents of one tube to the second. Vortex this second 
tube again before transferring 30 l to the Imaging Media.

 8. Combine 5 ml volumes of 3× DRAQ5, 3× CM-H2DCFDA, 
and 3× TMRM in a 50 ml conical tube to make a 1× probe 
mix. Mix thoroughly by inverting the tube and place back into 
a 37°C water bath for warming.

 9. Remove existing media from cell plate slow speed, using 
one Apricot PP550 Soken and add 125 l probe mix with a 
second Apricot PP550 Soken in 25 l increments, at slow speed, 
tips to the side, and not touching Matrigel layer. Then incu-
bate plates at 37°C for 45 min.

 10. Remove probe mix using one Apricot PP550 Soken and add 
200 l of Imaging Media (25 l increments, at slow speed, tips 
to side, and not touching Matrigel layer) to wash away excess 
probes.

 11. Next, remove wash media with one Apricot PP550 Soken and 
add 100 l of 0.5× TMRM with the second Apricot PP550 
Soken (25 l increments, slow speed, tips to side, and not 
touching Matrigel layer). Leave probe mixture on cells during 
the image acquisition step.

 12. Load the plate into the Cellomics KSR with the lid off. The 
environmental chamber on the KSR will keep the cells alive 
during the image acquisition.

 13. Glutathione content: prepare 2× monochlorobimane (mBCl) – 
add 15 l of stock (160 mM) to 15 ml Imaging Media (2× 
concentration is 160 M, final concentration at the cells is 
80 M). Weigh out 2 mg of mBCl and prepare a 160 mM 
stock solution in ultra pure DMSO on the day of staining.

 14. Transfer 15 ml prewarmed mBCl mixture to Cellomics KSR 
reagent reservoir (located on the KSR deck and kept at 37°C). 
Use the on-line pipettor of the KSR to add 100 l of the 2× 
mBCl to each column of a 96-well plate, incubate on deck for 
1 min, then acquire the images for that column as below. 
Repeat for the next column.

 15. Fluorescence is measured for four different dyes (each in a sep-
arate channel). The 20× objective is used to collect images for 
all four fluorescence channels with an appropriate filter set 
(XF 93). Dyes are excited and their fluorescence are moni-
tored at excitation and emission wavelengths of: 655 ± 15 and 
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730 ± 25 nm for DRAQ5 (channel 1 – nuclei/lipids); 475 ± 20 
and 515 ± 10 nm for CM-H2DCFDA (channel 2 – ROS); 
549 ± 4 and 600 ± 12.5 nm for TMRM (channel 3 – mitochondrial 
membrane potential); 365 ± 25 and 515 ± 10 nm for mBCl 
(channel 4 – glutathione content).

 16. Capture six images per well (six fields per well) using the 
“Acquire Only” protocol of the instrument. Use fixed expo-
sures that are predetermined using control wells at about mid-
linear range of the camera.

 17. Proceed with image analysis.

The images from all wells are quantitatively analyzed using the 
image analysis macro in Image Pro Plus v4.5 (Media Cybernetics, 
Silver Spring, MD). See Note 12 for the use of other image analysis 
softwares.

The nuclei images (from the Draq5 channel 1) are segmented 
according to the intensity differences between nuclei and back-
ground pixels. The segmented nuclei are then gated by area, perim-
eter, and intensity to set aside brightly condensed dead cells, cell 
clumps, and/or cellular debris. A binary mask and a dilated binary 
mask (kernel size 5 × 5 octagon, seven iterations) are created from 
the segmented nuclei as in a nuclear outline. The dilated binary 
mask is Boolean “AND” with a Voronoi diagram to create a “zone 
of influence” for each cell. The Voronoi diagram is created by 
inverting the nuclear mask to highlight the background as the 
objects of interest. Thinning the image of the object backgrounds 
by thinning the filter results in the intermediate edges between 
objects, i.e., the Voronoi diagram. Invert the Voronoi diagram. 
This creates the “regions of influence” for each object. The nuclear 
masks and “zone of influence” are saved in the Count/Size dialog 
box in Image Pro Plus and are used in later processing steps. The 
resulting valid nuclei are counted by the “count object” function in 
ImagePro and exported to Excel as “Total Nuclei Count,” “Nuclei 
Average Intensity,” “Nuclei Area,” and “Nuclei Area per Cell.”

In order to measure ROS fluorescence intensity (from the 
CM-H2DCFDA channel 2), a fixed intensity threshold value is 
chosen to identify true ROS positive cells. The segmented objects 
and resulting binary mask is Boolean “AND” with the raw gray-
scale ROS image to create an intensity mask. The previously saved 
“zone of influence” is overlaid by Boolean “AND” with the inten-
sity mask. Total intensity is measured and exported to Excel as 
“ROS Total Intensity” and “ROS Intensity per Cell.”

Mitochondria are stained by TMRM (channel 3), a mitochon-
drial membrane potential indicator. A fixed intensity threshold 
value is chosen from the 0.4% DMSO control wells. TMRM total 
intensity is measured and exported to Excel as “TMRM Total 
Intensity” and “TMRM Intensity per Cell,” using the same steps 
as ROS measurements.

3.5. Image Analysis  
for HIAT
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A duplicate Draq5 grayscale nuclear image is used to  determine 
lipid count and lipid intensity. The gray level histogram is used to 
calculate the minimum intensity value on the duplicate grayscale 
image.This background value is subtracted from the duplicate 
grayscale image. The subtracted image is further processed by 
employing a top hat filter (kernel size 5 × 5) to detect lipid particles 
that are brighter than background. The previously saved nuclear 
mask is subtracted from the Draq5 grayscale nuclear image to sub-
tract the nuclei from the image (hence the remaining spots are 
“lipid spots”). A fixed intensity threshold value is chosen from the 
Perhexiline positive control wells such that only the bright lipid 
particles would be included. The lipid particles are further gated by 
area and roundness. Valid lipid particles are segmented and the 
resulting binary mask is Boolean “AND” with the original Draq5 
grayscale image to get true intensity values for the masked parti-
cles. The previously saved “zone of influence” mask is loaded to 
the masked intensity image. Total intensity is measured and 
exported to Excel as “Lipid Intensity” and “Lipid Intensity per 
Cell.” The resulting valid lipid particles are counted by the “count 
object” function in Image Pro Plus and exported to Excel as “Lipid 
Count” using the “Population Density” measurement.

The Glutathione (GSH) content is quantified by the amount 
of cellular uptake of the cell permeant monochlorobimane (mBCL 
channel 4) probe. The images are segmented according to the 
intensity differences between GSH and background pixels. GSH 
total intensity, average intensity (mean density), and area is mea-
sured and exported to Excel as “GSH Total Intensity,” “GSH 
Total Intensity per Cell,” “GSH Total Area,” “GSH Area per 
Cell,” and “GSH Average Intensity,” using the same steps as 
described above.

The image analysis routine is automated on a plate-by-plate 
basis. The entire HIAT procedure can be trained on a relatively 
small training set of drugs. Table 1 gives an example list of such a 
drug training set and their expected HIAT results. Once all images 
are saved, more sophisticated image analysis algorithms can be 
envisioned and statistical and computational analysis can be applied 
to HIAT. However, the areas of automated image analysis tech-
nologies and extraction of numerical data from cohorts of images 
for training, testing, and prediction are beyond the scope of this 
chapter.

Cryopreserved or fresh human hepatocytes are cultured as described 
above. For the purpose of BIAT, the human hepatocytes are typi-
cally plated on day 1, Matrigel overlay applied on day 2, media 
changed on day 3 and 4, and drug dosed on day 5. The extra day 
will ensure good bile canaliculi formation (and hence transporter 
functions) prior to evaluating functional bile flux imaging by the 
fluorescent bile acid CLF.

3.6. Hepatocyte 
Culture for the BIAT
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 1. Vehicle controls: all wells in rows 1 and 2 are filled with 125 l 
per well phenol red free, 5% serum containing Drugging 
Medium containing 0.4% DMSO. See Table 2 for an example 
plate layout. Negative controls: Fluoxetine, Cmax = 0.014 g/
ml, negative at 30× Cmax; Metformin, Cmax = 3.1 g/ml, nega-
tive at 30× Cmax. Positive controls: Erythromycin estolate, 
Cmax = 3.08 g/ml, positive at 30× Cmax; cyclosporine A, 
Cmax = 0.93 g/ml, positive at 10× Cmax.

3.7. Drug Treatment 
for BIAT

Table 1 
Example data of the hepatocyte imaging assay technology (HIAT)

Drug name
Literature DILI  
in vivo classification

Therapeutic Cmax 
(mg/ml) In vitro score Positive DILI tags

Famotidine Negative   0.104 Negative

Fluoxetine Negative   0.014 Negative

Nefazadone Positive   0.4349 Positive ROS, mito, lipid

Perhexiline Positive   0.6 Positive Mito, lipid, GSH

Cimetidine Positive   3.89 Negative

Levofloxacin Negative   5.7 Negative

Troglitazone Positive   2.82 Positive Mito, lipid, GSH

Rosiglitizone Negative   0.373 Negative

Asprin Negative   0.995 Negative

Nimesulide Positive   6.5 Positive Mito, lipid, GSH

Diclofenac Positive   2.367 Positive ROS, mito, lipid, 
GSH

Flufenamic acid Negative  13 Negative

Zomepirac Negative   2.4 Negative

Sulindac Positive  11.4 Positive ROS, lipid

Diflunisal Positive 124 Positive Lipid, GSH

Acetaminophen Negative when  
used at normal dose

 21 Negative

Erythromycin Negative   1.33 Negative

Telithromycin Positive   2.25 Positive Lipid

Published reference compounds were assessed with HIAT and compared to literature classifications of drug-induced 
liver injury (DILI) in humans. For orally dosed drugs (all drugs listed here), 100× human therapeutic single-dose Cmax 
was used as a relevant concentration for testing in this short-term (24 h) in vitro hepatotoxicity assay (13). Clear cells : 
true negative drugs. Gray-shaded cells : true-positive drugs. Black-shaded cells: false-negative drug. Positive DILI tags 
were those imaging channels that were found to be significantly different from all the DILI negative drugs in this table
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 2. Prepare a 10 M solution of CLF in phenol red free, serum-free 
Imaging Medium by adding an appropriate amount of the 
10 mM stock (stock is aliquoted and stored at −20°C ) to pre-
warmed Imaging Medium (1:1,000 dilution). See Note 11 
regarding precautions about single use of fluorescent probes 
and light sensitivities.

 3. Prepare working stock of drugs to test at 2× final concentra-
tion and 0.8% DMSO, in Drugging Medium, in sterile tubes.

 4. Invert and vortex working stocks in tubes. Sonicate if necessary. 
Transfer a 300 l volume to its appropriate position on a sterile 
96-well polypropylene V bottom intermediate plate. This con-
stitutes the master 2× drug plate to dose the hepatocytes.

 5. Using the Apricot PP550 Soken pipettor, mix the master 2× 
drug intermediate plate and dispense 65 l of 2× drug into a 
fresh polypropylene V bottom plate. Drugs that change the 
color of phenol red should be noted at this step.

 6. Next, using an 8-channel hand pipettor, add 65 l/well of 
10 M CLF solution (changing tips after each column) to the 
intermediate plate containing 65 l of 2× drug solutions (final 
volume is 130 l of 2× drugs + 2× CLF to make a mixture that 
contains 1× drug + 1× CLF).

 7. Fast inhibition method: this method is used to detect fast bind-
ers and disrupters of transporter function. One Apricot PP550 
Soken is used to remove existing media while a second Apricot 

Table 2 
Typical plate layout for the bile flux imaging assay technology (BIAT) using a single 
30× Cmax concentration and duplicate treatment (C & D, E & F, G & H)

1 2 3 4 5 6

A DMSO DMSO DMSO DMSO DMSO DMSO

B DMSO DMSO DMSO DMSO DMSO DMSO

C Compound 1 Compound 4 Compound 7 Compound 10 Compound 13 Compound 16

D 30× 30× 30× 30× 30× 30×

E Compound 2 Compound 5 Compound 8 Compound 11 Compound 14 Compound 17

F 30× 30× 30× 30× 30× 30×

G Compound 3 Compound 6 Compound 9 Compound 12 Compound 15 Compound 18

H 30× 30× 30× 30× 30× 30×

Other dose titration schema can be envisioned based on this experimental design (e.g., 100×, 30×, 10×, 3×, and 
1× Cmax). The speed of the current live-cell image acquisition instrument is still relatively slow (compared to a low- 
resolution but fast plate reader). To minimize any fluorescent signal degradation over time, only the left half of a 96-well 
plate is used within one processing batch
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PP550 Soken is used to add drug/probe. Existing media is 
removed from cell plate at slow speed, with tips to side, and 
tips set at a height that do not contact or disrupt the Matrigel. 
Ideally, ~30 l of liquid is left behind in each well during the 
medium removal step. Anything less than that will leave a dry 
island in the well. For this assay to work appropriately, the 
Matrigel must not be disturbed or any portion of the well left 
dry at any time. The 2× drug/probe solutions are mixed prior 
to adding to the cells. Then, add 125 l of drug/probe to each 
well, at slow speed, in 25 l increments, with tips to side. After 
adding drug/probe, the plate is placed back in the incubator 
for 15 min. At the 15 min time point, proceed to Trypan Blue 
Quench step described below.

 8. Slow inhibition method: this method is used to detect slow 
binders and/or disrupters of transporter trafficking. Incubated 
plate with 1× drugs only without CLF for 60 min. To create a 
1× drug plate, transfer 70 l from the master 2× drug plate 
prepared above to a fresh polypropylene V bottom plate that 
has been prefilled with 70 l of prewarmed phenol red free, 5% 
serum containing Drugging Media. Dose cells as described 
above and incubate for 60 min. During this incubation, re-mix 
a master 2× drug intermediate plate and dispense 65 l (2× 
drug) into a fresh polypropylene V bottom intermediate plate 
and proceed with the CLF addition steps outlined above, add-
ing 65 l of 10 M CLF to the 65 l of 2× drugs (final volume 
in the intermediate plate will be 130 l of 2× drugs + 2× CLF 
to make 1× drug + 1× CLF). At the 60 min time point, remove 
the 1× drugs from the cell plate with an Apricot PP550 Soken 
(as above) and then add back the 2× drug/probe solutions. 
Add a total of 125 l of drug/probe to each well, at slow 
speed, in 25 l increments, with tips to side. Incubate for 
15 min and then proceed with Trypan Blue Quench step 
described below.

 9. Trypan Blue Quench: the purpose of this step is to use a diluted 
Trypan Blue solution to quench extracellular residual CLF sig-
nal or CLF signals that have been taken up nonspecifically by 
dead cells. Trypan Blue enters the dead cells with compromised 
membrane, quenches CLF fluorescence associated with such 
dead cell clumps, and significantly enhances the signal-to-noise 
ratio of truly transported CLF signal in bile canaliculi. In 
advance of this step, prepare a 0.025 mg/ml solution of Trypan 
Blue in HBSS (containing Ca2+ and Mg2+) by diluting 0.4% 
Trypan Blue stock solution 1:16 in HBSS. At the end of the 
drug/CLF incubation, remove cell plate from the incubator 
and use an Apricot PP550 Soken to remove the drug/CLF. 
Using the Apricot PP550 Soken, add 100 l/well of the 
0.25 mg/ml Trypan Blue solution and incubate at room 
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temperature exactly for 1 min. The next steps need to be done 
quickly to stay within the 1 min timeframe. At the end of the 
1 min Trypan Blue Quench, remove Trypan Blue using one 
Apricot PP550 Soken and add 200 l warmed HBSS (slow 
speed, 25 increments) to the cell plate using a second Apricot 
PP550 Soken. Set the Apricot PP550 to mix the 200 l HBSS 
wash buffer on slow speed with “volume fill” set to 100 l. Do 
not lower the tips to the bottom of the well for the mix cycle 
as it runs the risk of disrupting the Matrigel overlay which 
might compromise the integrity of the bile canalicular struc-
tures and function (CLF signal would drop considerably upon 
imaging). Repeat the above wash once. After the final wash, 
remove the HBSS using the same Apricot PP550 Soken, then 
transfer plate to the second Apricot PP550 and add 100 l to 
each well prewarmed phenol red free Imaging Medium.

 1. Load plate onto the Array Scan KSR. Again, the environmental 
chamber and the lamp of the KSR should be already equili-
brated for about 2 h ahead of the measurement. The lid should 
be kept on as there is no liquid transfer steps needed in this 
image acquisition protocol.

 2. CLF and nuclei image acquisition: fluorescence is measured for 
two different dyes (each in a separate scan over the same area). 
This is because the CLF probe and the Hoechst nuclear dye 
are not compatible if multiplexed together. The CLF signals 
are acquired first, before the Hoechst staining and image acqui-
sition at the next step below. The 20× objective is used to col-
lect images for both fluorescence channels with the XF100 
GFP filter set used for CLF-stained bile canaliculi signal and 
the XF93 Hoechst filter set used for Hoechst-stained nuclei 
signal. Dyes are excited and their fluorescence monitored at 
their excitation and emission wavelengths of: 475 ± 20 and 
515 ± 10 nm for CLF (channel 1 – bile canaliculi) and 365 ± 25 
and 515 ± 10 nm for Hoechst 33342 (channel 1 – nuclei). 
Exposure for all channels are fixed and predetermined using 
control wells to be around mid-linear ranges for the camera. 
Six images are captured per well (six fields per well) using the 
“Acquire Only” protocol of the instrument.

 3. At the conclusion of the CLF scan, the plate is re-stained with 
Hoechst 33342. Add 15 l of 10 mg/ml stock (stored at 4°C) 
to 15 ml prewarmed phenol red free Imaging Medium (1:1,000 
dilution). Remove existing Imaging Medium from cell plate 
using Apricot PP550 Soken (slow speed, tips to side), add 
100 l Hoechst 33342 using a second Apricot PP550 Soken. 
The plate is incubated at 37°C for 10 min. Remove Hoechst 
33342 using one Apricot PP550 Soken and add 100 l pre-
warmed phenol red free Imaging Medium to each well using 

3.8. Image Acquisition 
for BIAT
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the second Apricot PP550. Put a lid on the plate and load into 
the ArrayScan KSR and scan initiated for nuclei channel as 
described above.

Images are analyzed using automated image analysis macros using 
Image Pro Plus v4.5 (Media Cybernetics, Bethesda, MD, USA). 
The total intensity of CLF accumulated in the bile canalicular space 
(from the FITC channel) is quantified by first applying an edge 
detection filter followed by a fixed threshold for background sub-
traction. CLF total intensity is measured and exported to Excel as 
“CLF Total Intensity.” The nuclei images are acquired in a sepa-
rate scan (from the Hoechst channel) and are processed as previ-
ously described for HIAT. The CLF fluorescent intensity values are 
normalized by the total nuclei count from the same image fields 
(i.e., the sum of CLF fluorescent intensity values divided by the 
sum of nuclei count from a total of six image fields from the same 
well). The numerical mean of such normalized values from the 
DMSO vehicle control wells is set at 100%, hence all the drug-
treated wells are calculated as a relative percentage to the vehicle 
control wells. See Note 12 for the use of other image analysis 
softwares.

 1. Prior to thawing cryopreserved hepatocytes, ensure that all 
required reagents are prepared ahead of time, all items that will 
come in contact with cells must be in sterile condition, and all 
required equipment and instrument must be calibrated, 
cleaned, and ready to go (see Subheading 3.1, step 1).

 2. Freshly isolated hepatocytes typically do not need the CHRM 
media and can be spun down at 100 × g for 5 min and then re-
suspended with the same protocol as the cryopreserved cells. 
They can then processed exactly like the cyropreserved hepato-
cytes described above (see Subheading 3.1, steps 6–10, which 
can be skipped for freshly isolated hepatocytes).

 3. Do not use automated cell counters to count primary human 
hepatocytes, as hepatocytes tend to clump in automated cell 
counters leading to inaccurate count. Count both live and 
dead cells using hemocytometer. If the percentage of dead cells 
exceeds 10%, the use of a low-speed, iso-density Percoll cen-
trifugation method may be used to get rid of dead cells (22) 
(see Subheading 3.1, step 16).

 4. Since different lots of primary hepatocytes may vary in size, it 
is recommended that different volumes of cells (e.g., 50, 60, 

3.9. Image Analysis  
of BIAT

4. Notes
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70, 80, 90, 100, 110 l) be seeded for the first few columns of 
a separate test plate to determine the best seeding volume 
(i.e., best seeding number of cells per well) for all subsequent 
plates. Visual inspection under a microscope provides the best 
guide for this step: cells should be 80–90% confluent right after 
seeding, such that after cell attachment (and some spreading), 
the culture is essentially a 100% confluent monolayer (see 
Subheading 3.1, step 20).

 5. Ideally, two automated personal pipetting stations are set up in 
a biosafety hood for working with primary hepatocyte cultures. 
One station is dedicated to adding medium while the second 
station removes medium. This ensures that cells will not expe-
rience “dry wells” during the medium change. It is equally 
important that the stage height on the pipetting stations is set 
such that the tips do not disrupt the cell or Matrigel layer dur-
ing any medium removal step. Other pipetting instruments (or 
even manual pipetting solutions) can certainly be used here, so 
long as: (a) the tips of pipettes do not touch the cell nor 
Matrigel layer, (b) the speed the liquid transfer can be set to 
low, and the position of liquid transfer can be set to one side of 
the well, and (c) the orifice of tips is wide enough to transfer 
viscous primary cell suspension without shearing or damaging 
cells, or Matrigel solution without causing gelling inside the 
tips (see Subheading 3.1, step 24).

 6. Even loading of the 96-well Apricot PP550 Soken tips is criti-
cal to avoid disruption of Matrigel overlay. Load tips as nor-
mal, remove head from loader, and observe the ends of the tips 
to ensure that they are evenly loaded. If an older loader is used, 
a pad made of clean paper towels plated in between the loader 
block and pipette head may help to ensure even compression 
and loading of tips (see Subheading 3.1, step 24).

 7. Aliquot Matrigel ahead of time in single use vials such that one 
can overlay two 96-well plates with the same set of chilled tips. 
Store aliquots in −20°C freezer (see Subheading 3.2, step 1).

 8. Trichostatin A is an HDAC inhibitor and has been found at 
low concentrations to aid in maintaining hepatocyte differen-
tiation (23, 24) (see Subheading 3.2, step 3).

 9. Matrigel stock concentrations vary between lots. For example, 
if the current Matrigel stock is 10 mg/ml, one would aliquot 
Matrigel into 1.25 ml single aliquot tubes and store in −20°C 
freezer and each aliquot would be enough to make 50 ml of 
media for overlay on cells, at a final Matrigel concentration of 
0.25 mg/ml. Once a lot of Matrigel has been qualified to work 
for the described assays, it is highly recommended that suffi-
cient quantity of this lot be procured to minimize lot-to-lot 
variability (see Subheading 3.2, step 4).
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 10. Matrigel will start to solidify as it warms, so move swiftly to 
 prepare and add to cells once all materials have been removed 
from cold storage. In particular, Culturing Medium should be kept 
on ice, along with Matrigel, just prior to combining. The Matrigel/
media solution in the cold reservoir should also be kept on ice 
(after swirling and rocking several times to mix the content), 
just prior to adding to the cell plates. Consistent and even 
Matrigel overlay is critical to ensure consistency in cell mor-
phology (see Subheading 3.2, step 8).

 11. It is highly recommended that all fluorescent probes be solubi-
lized in ultra pure solvent such as 100% DMSO, then aliquoted 
to single-use size to minimize freeze–thaw cycles and light 
exposure. For example, we routinely solubilize 1 mg dry CLF 
in 108 l of 100% DMSO to achieve a 10 mM solution. This 
solution is then aliquoted in 5 l increments for frozen storage 
and for single use. Wrap all fluorescent probes in foils to protect 
them from light. Avoid bright light when working with fluores-
cent probes. We typically keep the lamps inside and around the 
biosafety hood off, and curtains or shades down. The ceiling 
light in the ArrayScan KSR room should also be turned off dur-
ing image acquisition (see Subheading 3.4, step 3).

 12. In addition to using Image Pro Plus v4.5 for automated image 
analysis, other image analysis softwares can also be used, so 
long as each fluorescence channel can be independently calcu-
lated, selections of objects of interest can be independently 
verified, and the entire image analysis routine can be auto-
mated across an entire plate or sets of 96-well plates (see 
Subheadings 3.5 and 3.9).
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Chapter 7

Kinase Inhibitor Selectivity Profiling Using Differential 
Scanning Fluorimetry

Oleg Fedorov, Frank H. Niesen, and Stefan Knapp 

Abstract

Fast, robust, and inexpensive screening methods are the heart of drug discovery processes. Moreover, it is 
useful to have access to several established assay formats, for validation purposes. If a targeted protein is an 
enzyme, the logical and widely used approach is the direct measurement of the effect of the added ligands 
on its activity. A variety of enzymatic assay formats have been successfully applied for inhibitor screening of 
protein kinases. However, enzymatic assays require an active enzyme with a known substrate and often 
time-consuming assay optimization. Several alternative approaches have been recently developed that 
detect binding of ligands to proteins. This chapter overviews and provides the experimental protocol of the 
successful application of differential scanning fluorimetry (DSF) in our laboratory for fast and robust 
screening of medium-sized (<10,000) inhibitor libraries. DSF monitors the thermal stabilization of the 
native protein structure upon ligand binding. It allows selectivity profiling of any protein kinase without 
prior knowledge of either substrate or activity of the kinase under investigation. Comparative studies 
revealed that generated data is highly reproducible and correlates well with the results from other ligand 
binding methodologies, direct binding constants as well as enzymatic assays.

Key words: Kinase, Protein stability, Inhibitor selectivity, Compound screening, Differential scanning 
fluorimetry

Protein kinases play central roles in all cellular processes. Not 
 surprisingly, the deregulation of kinase activity results in a variety 
of disorders. The list of kinases implicated in human diseases is ever 
increasing and suggests that a significant proportion of the mem-
bers of the kinome represent potential drug targets. To fully utilize 
the enormous potential for the development of inhibitors against a 
large number of kinases as chemical probes or lead compounds for 
drug discovery, their selectivity against the 518 human kinases will 
have to be individually assessed. In order to achieve this, inhibition 

1. Introduction
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data must be collected for representative kinase panels (1–3). 
Traditionally, kinase screening relies on assays that utilize direct 
measurements of enzymatic activities (4). However, for a success-
ful generation of large data arrays, appropriate substrates need to 
be identified. In addition, many kinases need to be activated by an 
upstream signaling partner which, in many cases, is unknown. 
Moreover, the enzymatic assays need to be individually optimized 
with respect to the substrate, concentration of ATP, as well as the 
buffer composition, in order to yield a satisfactory signal-to-noise 
ratio These requirements may not always be possible to meet, for 
example, if the target is a novel and less well-studied kinase, or if 
multiple forms are involved in their mechanism of activation (5). 
Furthermore, when selectivity data against a sizable kinase panel is 
required for the assessment, the traditional screening approach 
may become costly and time consuming. To address these limita-
tions, alternative approaches have been developed, based on com-
petition binding assays (6, 7). However, these methods are difficult 
to establish and are therefore usually outsourced to a specialized 
company. A generic method, based on the effect of thermal stabi-
lization of the protein structure upon ligand binding, proved to be 
especially useful for screening of kinase inhibitors (8). The general 
protocol for this assay, called differential scanning fluorimetry 
(DSF), has been published previously (9). Here, we present its 
adaptation for kinase screening.

The stability of a protein is related to its Gibbs free energy of 
unfolding, Gu, which is temperature dependent. The stability of 
proteins decreases with temperature; as the temperature increases, 
the Gu decreases and becomes zero under reversible unfolding 
conditions where the concentrations of folded and unfolded pro-
tein are equal. The temperature at this point, the melting tempera-
ture (Tm) of the protein, increases upon ligand binding if differences 
in heat capacity of the unfolding reaction can be neglected. This 
stability increase is a direct consequence of the increase in Gu as a 
result of the free energy contribution of ligand binding (Fig. 1a). 
Due to the small differences in surface exposure between the folded 
and the unfolded state upon binding of a low molecular weight 
ligand, its influence on the heat capacity can usually be neglected, 
and a linear correlation between ligand binding affinity and melt-
ing temperature is observed. Even though the above consideration 
is only true for two-state reversible unfolding events, the resulting 

Tm data, in particular for kinases, correlate well with experimen-
tally determined KD and IC50 values (10); it has been shown that 
the stabilizing effect of compounds upon binding is proportional 
to the concentration and affinity of the ligands (11, 12). However, 
caution should be taken when comparing screening data of differ-
ent family members based on their Tm values, for protein kinase 
screening this assay proved to be very predictive and stable (8, 13). 
For example, we correlated binding data generated in our laboratory 
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with data generated using an in vitro competition binding assay 
developed at AMBIT (3) (Table 1) and showed that the data cor-
related very well (R2 = 0.949), as demonstrated in the table and in 
Fig. 1b.

DSF monitors thermal unfolding of proteins in the presence of 
a fluorescent dye and is typically performed using a real-time PCR 
instrument (9). The fluorescent dyes that can be used for DSF are 
highly fluorescent in nonpolar environment, such as the hydropho-
bic sites on unfolded proteins, compared to aqueous solution 
where the fluorescence is quenched. To date, the dye with the most 
favorable properties for DSF is SYPRO orange, due to its high 
signal-to-noise ratio and relatively high wavelength for excitation, 
nearly 500 nm. This excitation wavelength decreases the likelihood 
that small molecules would interfere with dye and distort the 
unfolding curve. For Tm determination, the fluorescence intensity 
is plotted as a function of the temperature generating a sigmoidal 
curve that can be described by a two-state transition (Fig. 1a). The 
inflection point of the transition curve (Tm) is then calculated using 
simple equations such as the Boltzmann equation,

 
m

(UL LL)
LL ,

1 exp ( ) /
y

T x a
 (1)

where “LL” and “UL” are the values of minimum and maximum 
intensities, respectively, and “a” denotes the slope of the curve 
within Tm. A correlation between the thermal scan rates and the 
measured Tm is observed, resulting in apparently higher melting 
temperatures at higher scan rates. This correlation is, however, not 
linear and decreases at higher scan rates, so that experiments can be 
run faster and the throughput of the assay be increased, while the 
overall ranking of inhibitor potency remains similar (Fig. 2). 
Compared to screens at the traditionally applied scan rate of 1°C/min 

Fig. 1. (a) Unfolding of AAK1, reference (kinase in the presence of DMSO); (filled diamond ) kinase in the presence of 10 M 
of JNJ-7706621, (open triangle) kinase in the presence of 10 M of Sunitinib. (b) Correlation between T

m and the loga-
rithm of the binding constant. Values are taken from Table 1, R 2 = 0.949.
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Table 1 
Comparison between measured DTm and KD values

Inhibitor KD (nM)a DTm(°C)

SB-202190 >10,000 0.7

SB-203580 >10,000 0.2

Staurosporine 1.2 15.2

Gefitinib >10,000 1.4

Erlotinib 1,200 2.3

Imatinib >10,000 −0.2

LY-333531 900 4.4

Sunitinib 11 9.1

JNJ-7706621 200 7.2

Dasatinib >10,000 0.6

PTK-787 >10,000 −0.4

VX-680/MK-0457 290 6.1

BIRB-796 >10,000 −0.7

Lapatinib >10,000 −0.4

ZD-6474 >10,000 0.1

Flavopiridol 5,300 1.4

GW-786034 2,900 2.9

SB-431542 >10,000 0.0
aData are from ref. 3

Fig. 2. Influence of the scan rate on the measurement of stability in STK17. (a) Dependence of the transition midpoint, Tm, 
on the scan rate and NaCl concentration. 50 mM NaCl (spheres), 150 mM NaCl (triangles), and 500 mM NaCl (squares). 
(b) Change in stability, T

m, in the presence of selected kinase inhibitors measured at scan rates of 1 C/min (white bars) 
and of 7.5°C/min (black bars).
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(resulting in a measurement time of 1 h and 11 min per screened 
plate), screening of several thousand compounds per day is feasible 
using a fast temperature ramp and a single RT-PCR machine without 
compromising the results.

 1. Assay buffer: 10 mM HEPES–NaOH, pH 7.5, 500 mM 
NaCl.

 2. Kinase inhibitors: 0.5 mM in DMSO (see Note 1).
 3. Kinase of interest: 2 M in assay buffer.
 4. Dimethyl sulfoxide (DMSO).
 5. SYPRO orange: 5,000× stock in DMSO.

 1. 10 ml Plastic tubes.
 2. DMSO-resistant 96-well plates.
 3. Adhesive aluminum seals.
 4. Standard U-bottom 96-well microplates.
 5. White QPCR low-profile plates (see Note 2).
 6. Optical PCR seals.

 1. 10 and 50 l Multichannel pipettes.
 2. Smooth rubber roller for aluminum plate foil (from any DIY 

store).
 3. Hand applicator for plate foil.
 4. Real-time PCR instrument, such as the Mx3005p (Agilent) 

because of its broad range of excitation and emission wave-
lengths. SYPRO orange can be monitored using filters com-
monly provided with the machines (for the Mx3005p, combine 
FAMex, 492 nm and ROXem, 610 nm).

 1. Excel-based Worksheet “DSF Analysis” available from: ftp://
ftp.sgc.ox.ac.uk/pub/biophysics.

 2. Data analysis and fitting software, e.g., Prism 5.

 1. Design the layout of the screening plate. Include reference 
positions (DMSO only, without compound) as well as controls 
(water only; DMSO often causes destabilization of proteins).

2. Materials

2.1. Reagents

2.2. Consumables

2.3. Tools  
and Instruments

2.4. Software

3. Methods

3.1. Preparation  
of Compound Storage 
Plates
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 2. Thaw all compound stock solutions needed to setup the plate, 
by placing all compound vials for ~5 min into a trough filled to 
~1 cm depth with room temperature water.

 3. Fill the reference and the control wells of the 96-well storage 
plate with 100% DMSO and distilled water, respectively.

 4. Place a sufficient volume of each compound stock solution (in 
DMSO) into the wells of the compound plate (DMSO-resistant 
standard microplate) to yield a final concentration of 0.5 mM 
of each compound in 200 l volumes. It may be necessary to 
vortex the compound stock solution in order to ensure that it 
is completely dissolved after thawing. Use a pipette to mix the 
well solutions.

 5. Prepare copies of the master plate (20–50 l per well) to avoid 
unnecessary rounds of thawing and freezing for all material.

 6. Attach aluminum foil seals to plates and store at −20°C or 
below.

 7. Important: ensure the plates are sealed well (using the rubber 
roller) in order to prevent evaporation and cross contamination.

When setting up a compound screen, distribute the buffered pro-
tein solution including the dye into the wells of the plate, and then 
transfer the compound solution (in a small volume to limit the 
DMSO concentration) from each well of the source plate into the 
PCR plate (see Note 3). The SYPRO orange dye is delivered as a 
5,000× solution in 100% DMSO. Compound stocks are also in 
100% DMSO and need to be diluted in the final screening condi-
tions by at least 50× to avoid DMSO concentrations of more than 
2%. As a result of these limitations, the smallest volume that can be 
dispensed determines the final volume per well in the PCR plate. 
Manual 10 l multichannel pipettes allow accurate pipetting of 
0.5 l volumes. As a result, the total reaction volume will typically 
be 20 l. A protein concentration of 75 g/ml (i.e., 2 M for a 
kinase domain of a molecular mass of 35 kDa) is normally sufficient 
to accurately measure the Tm. Try to maintain a ratio between pro-
tein and compound of at least 1:5. For compounds that have an 
expected affinity (KD) below 1 M, it is most practical to screen the 
compounds at 10 M concentrations because most compounds are 
soluble in aqueous solution at this concentration (see Note 4).

 1. Warm up the Xenon lamp in the PCR instrument for the time 
recommended by the manufacturer.

 2. Thaw the compound or buffer/additive plate during the lamp 
warm up time by placing it in a shallow trough of room tem-
perature water.

 3. Measure the protein concentration, preferably by its absor-
bance at 280 nm (14).

3.2. Setting  
Up the Plate

3.2.1. Experimental Setup

3.2.2. Equipment 
Preparation
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 4. Calculate the volume of protein stock solution necessary to 
prepare 2.1 ml of a 2 M solution.

 5. Prepare 2.1 ml of assay buffer, supplemented with 5× SYPRO 
orange (1:1,000 dilution of the stock solution) in a plastic 
tube.

 6. Add the protein to this buffer solution and mix carefully using 
a 1 ml pipette.

 7. Aliquot protein solution into wells (170 l each) of one row of 
the standard U-bottom-shaped microplate.

 8. Using a 50 l multichannel pipette, aliquot 19.5 l of the pro-
tein solution into each of the wells of the PCR plate. To avoid 
creating bubbles, mix gently and empty the pipette on the side 
of the well.

 9. Spin the compound plate briefly (200 × g, 1 min) to collect the 
solution in the bottom of the wells and then remove the alumi-
num sealing foil.

 10. Using a 10 l pipette, transfer 0.5 l of each compound into 
the PCR plate containing the protein solution.

 11. Reseal the compound plate with a new aluminum sealing foil. 
Ensure that the plate is well-sealed by using a smooth rubber 
roller.

Place the PCR plate into the PCR instrument and run the tem-
perature scan from 25 to 95°C at a rate of 3°C/min. Depending 
on the PCR instrument used, the rate may be selected by adjusting 
the cycle duration, such that, e.g., a duration of 0.15 min corre-
sponds to a scan rate of 4°C/min. Our recommendation for the 
cycle duration is a time of 0.23 min, which is the shortest time 
increment that allows three readings per cycle and results in an 
experiment length of approximately 25 min.

The Excel-based tool “DSF Analysis” is available for free download 
from our FTP site (ftp://ftp.sgc.ox.ac.uk/pub/biophysics) facili-
tates most of the data processing, analysis, and visualization. Most 
of its functions are explained in an accompanying instruction man-
ual, also available from this site (see Note 5). Please note that this 
tool has been designed specifically for data analysis of the Mx3005p 
PCR instrument.

 1. Export the data to Excel. In the MxPro software, choose the 
“Analysis” tab, then click on the “Analysis Selection/Setup” 
tab and select all wells by mouse click in the upper left corner 
of the displayed plate layout. Click on the tab “Results,” tick 
“Amplification plots” from the options given on the upper 
right corner, and select “R (Multicomponent view).” From the 
main menu, select “File\Export Chart Data\Export Chart Data 

3.3. Experiment 
Procedure

3.4. Data Analysis
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to Excel\Format 2 – Horizontally Grouped by Plot.” Excel will 
open, and the file can then be processed further (see below).

 2. Open the “DSF Analysis” Excel tool, as well as the Excel file 
containing the thermal denaturation plots (called “amplifica-
tion plots”). Mark the entire data table by clicking the upper 
left corner. Drag (Ctrl+C) and drop (Ctrl+V) data into the 
worksheet “Chart Data Horizontal.”

 3. To enable fitting for Tm values using a standard fitting software 
such as Prism 5 (GraphPad), the curves are reduced to the 
actual transition by the “DSF analysis” worksheet. If necessary, 
the temperatures denoting the intensity minimum before the 
transition and the maximum amplitude can be corrected man-
ually, within the worksheet “All Graphs.”

 4. Transfer the results of the curve processing into the fitting soft-
ware (a template for use with Prism 5 can be found on our FTP 
site) from the table within the worksheet “Processed Data.”

 5. Transfer the fitting results (i.e., the Tm values) back into the 
“DSF Analysis” tool, into the designated space within 
“Processed Data.”

 1. The stability of compounds at −20°C may vary, and the integ-
rity of the compounds should be checked frequently with Mass 
Spectrometry or NMR. It is advisable to prepare and store all 
compound stock solutions that are needed for a certain plate 
before starting with the setup. DMSO is very hygroscopic and 
should be protected from exposure to moisture as much as 
possible. Such exposure can cause precipitation of compound 
during the storage at high concentrations in DMSO if the 
absorption is high. In addition, exposure of the compounds to 
warm temperatures should be avoided whenever possible (see 
Subheading 2.1).

 2. Compared to frosted PCR plates, white plates have more con-
sistent optical properties and decreased refraction, thus enhanc-
ing the signal and should be preferred (see Subheading 2.2).

 3. For pipetting, stack the flexible PCR plates into standard 
microplates (see Subheading 3.2.1).

 4. Compound profiling using DSF is most appropriate for com-
pounds with values for KD below 1 M, because shifts in Tm are 
very pronounced and allow a clear ranking of compounds 
depending on the affinity (Fig. 1, see Subheading 3.2.1)

 5. If IC50 or KD values are available for several benchmark 
 compounds, the relationship between Tm and affinity can be 

4. Notes
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visualized by plotting Tm values vs. the logarithm of the affinity, 
as illustrated in Table 1 and Fig. 2b for AAK1, for which pub-
lished KD values were used (3) (see Subheading 3.4).
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Chapter 8

Chemoproteomic Characterization of Protein Kinase 
Inhibitors Using Immobilized ATP

James S. Duncan, Timothy A.J. Haystead, and David W. Litchfield 

Abstract

Protein kinase inhibitors have emerged as indispensable tools for the elucidation of the biological functions 
of specific signal transduction pathways and as promising candidates for molecular-targeted therapy. 
However, because many protein kinase inhibitors are ATP-competitive inhibitors targeting the catalytic 
site of specific protein kinases, the large number of protein kinases that are encoded within eukaryotic 
genomes and the existence of many other cellular proteins that bind ATP result in the prospect of off-
target effects for many of these compounds. Many of the potential off-target effects remain unrecognized 
because protein kinase inhibitors are often developed and tested primarily on the basis of in vitro assays 
using purified components. To overcome this limitation, we describe a systematic approach to characterize 
ATP-competitive protein kinase inhibitors employing ATP-sepharose to capture the purine-binding pro-
teome from cell extracts. Protein kinase inhibitors can be used in competition experiments to prevent 
binding of specific cellular proteins to ATP-sepharose or to elute bound proteins from ATP-sepharose. 
Collectively, these strategies can enable validation of interactions between a specific protein kinase and an 
inhibitor in complex mixtures and can yield the identification of inhibitor targets.

Key words: Protein kinase inhibitors, Chemoproteomics, ATP-sepharose, Protein kinase CK2,  
Mass spectrometry, 2D Gel electrophoresis

Protein kinase inhibitors have emerged as attractive candidates for 
molecular-targeted therapy and as useful tools for investigating 
the functions of specific protein kinases and protein kinase- 
mediated signaling pathways in different biological responses 
(1–4). While effective active site and allosteric site inhibitors have 
been described, a large proportion of protein kinase inhibitors 
that are currently available represent compounds that target the 

1. Introduction
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ATP binding  site of protein kinases. Since there are more than 
500 protein kinases sharing a similar architecture encoded within 
the human genome (5), it has proven difficult to design inhibitors 
specific for individual protein kinases. The challenge of achieving 
specificity is illustrated by the observation that many protein kinase 
inhibitors, initially described as specific, turn out to be effective 
inhibitors of other protein kinases (6–9). This problem arises in 
part because characterization of protein kinase inhibitors has tra-
ditionally relied on in vitro studies involving binding or enzyme 
assays performed with a limited number of purified protein kinases. 
Compounding the likelihood that kinase inhibitors may have 
additional cellular targets (i.e., off-targets) is the fact that, in addi-
tion to protein kinases, a broad variety of other cellular proteins 
bind to or utilize ATP as a substrate. Off-target interactions may 
not necessarily negate the utility of protein kinase inhibitors for 
investigation of protein kinase function in experimental systems or 
as therapeutic agents. Nevertheless, it is important that unbiased 
strategies be employed to systematically profile the cellular targets 
of protein kinases.

In order to perform a systematic evaluation of ATP-competitive 
protein kinase inhibitors, we employed ATP-sepharose to capture 
the purine-binding proteome from cell extracts (10, 11). Two 
variations of this strategy were employed to characterize inhibitors 
of protein kinase CK2 (12), an enzyme that has emerged as a 
potential therapeutic target because it is elevated in a number of 
tumors and displays oncogenic activity in mice (13–16). The com-
plementary approaches that we devised for evaluating CK2 inhibi-
tors are: (1) elution experiments where CK2 inhibitors were  
used to release proteins from ATP-sepharose and (2) competition 
experiments where CK2 inhibitors were included in incubations of 
cell extracts with ATP-sepharose. We subsequently performed 
immunoblot analysis to verify inhibitor interactions with CK2 as 
well as mass spectrometry following electrophoresis on 1D or 2D 
gels to identify other inhibitor targets. Using these strategies, we 
verified that the CK2 inhibitors do indeed bind to CK2 in com-
plex mixtures. At the same time, we identified a number of other 
cellular targets for the CK2 inhibitors, potentially providing at 
least a partial explanation for the failure of inhibitor-resistant CK2 
mutants to rescue cells from all of the effects of treatment with the 
CK2 inhibitors (12). This chapter describes the use of ATP-
sepharose employing both the elution with inhibitors and inhibi-
tor competition strategies together with immunoblotting or 2D 
gels and mass spectrometry to characterize cellular targets of the 
inhibitors (Fig. 1). While these approaches were illustrated using 
CK2 inhibitors, it is expected that they can be readily adapted for 
the evaluation of inhibitors for other protein kinases or ATP-
utilizing enzymes.
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 1. Cell lines: human cervical carcinoma (HeLa) S3 cells are grown 
in 1 l spinner flasks. Human osteosarcoma U2-OS cells are 
grown on 10- or 15-cm tissue culture plates. All cells are grown 
at 37°C in an atmosphere of 5% CO2 (see Note 1).

 2. Dulbecco’s modified Eagle’s medium (DMEM) containing 
10% fetal bovine serum, penicillin (100 U/ml), and strepto-
mycin (100 g/ml) on 10- or 15-cm tissue culture plates.

 3. N-terminal HA epitope-tagged CK2  or CK2 V67/I175/A is 
available from the authors on request.

 4. Cells lysis buffer: 20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 
1 mM EDTA, 1 mM EGTA, 1.0% Triton X-100, 0.5% NP-40, 
2.5 mM sodium pyrophosphate, 1 mM Na3VO4, 1 g/ml 
 leupeptin, and 1 mM PMSF.

2. Materials

2.1. Cell Culture  
and Lysis

Fig. 1. Protein kinase affinity purification and unbiased identification of inhibitor targets using -linked ATP-sepharose. 
(1) In the inhibitor elution strategy, a specific protein kinase inhibitor is selected to elute bound protein kinases from ATP-
sepharose. Briefly, cell lysates are incubated with ATP-sepharose beads and washed extensively to remove nonspecific 
bound proteins. Elution of inhibitor targets from ATP-sepharose is carried out via the incubation of ATP-sepharose beads 
with increasing inhibitor concentration. Inhibitor–target interactions are evaluated via Western blot analysis using specific 
antibodies, and/or by 2D gel electrophoresis in conjunction with mass spectrometry. Proteins eluted from ATP-sepharose 
with kinase inhibitor compared to the drug carrier elution profiles represent potential inhibitor targets. (2) The inhibitor 
competition assay provides a complementary strategy for the unbiased evaluation of protein kinase inhibitor targets that 
involves the preincubation of cell lysates with the kinase inhibitor of interest, followed by incubation with ATP-sepharose. 
Binding of the kinase inhibitor to target protein prevents interaction with ATP-sepharose, which can be determined via 
Western blot using specific antibodies and/or 2D gel electrophoresis in combination with mass spectrometry.
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 5. Cell lifters.
 6. Sonicator (e.g., Fisher Scientific, Sonic Dismembrator 

Model 100).

 1. TBB (4,5,6,7-Tetrabromo-1H-benzotriazole) (17), TBBz 
(4,5,6,7-tetrabromo-1H-benzimidazole) (18), and DMAT 
(2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole) 
(19) (see Note 2). All CK2 inhibitors are dissolved in DMSO 
at a concentration of 10 mM.

 1. -Phosphate ATP-sepharose: synthesized as described previ-
ously (20).

 2. ATP-sepharose columns: Poly-Prep Chromatography columns 
packed with 100 L ATP-sepharose. Micro Bio-Spin  
columns packed with 30 l ATP-sepharose. ATP-sepharose 
affinity columns and ATP-sepharose beads are stored in Buffer 
A at 4°C.

 3. Equilibration buffer (Buffer A): 50 mM NaCl, 50 mM 
HEPES, pH 7.4, 10 mM MgCl2, 1% NP40, 1 g/ml leupep-
tin, 1 g/ml aprotinin, 1 mM dithiothreitol.

 4. High-salt wash buffer (Buffer B): 1 M NaCl, 50 mM HEPES, 
pH 7.4, 10 mM MgCl2, 1% NP40, 1 g/ml leupeptin, 
1 g/ml aprotinin, 1 mM dithiothreitol.

 5. Amicon Ultra 10K centrifuge tubes.

 1. For our studies, gel electrophoresis was performed using a 
Mini-Protein 3 system (BioRad). There are a number of other 
comparable systems for electrophoresis available.

 2. Lower separating buffer (4×): 1.5 M Tris–HCl, pH 8.8, 0.4% 
SDS. Stored at room temperature.

 3. Upper stacking buffer (4×): 0.5 M Tris–HCl, pH 6.8, 0.4% 
SDS. Stored at room temperature.

 4. 30% Acyrlamide/Bis solution (29:1 with 3.3%C) stored at 4°C.
 5. N,N,N,N -Tetramethyl-ethylenediamine (TEMED).
 6. Ammonium persulfate: 10% (w/v) solution in water prepared 

fresh prior to gel preparation.
 7. SDS-PAGE running buffer (10×): 0.25 M Tris base, 1.9 M 

glycine, 1% (v/v) SDS in water.
 8. Protein molecular weight markers: any broad range prestained 

or unstained standards may be used.

 1. For our studies, electrophoretic transfer was performed using a 
Transblot Semi-Dry Cell (BioRad). There are a number of 
other comparable systems available.

2.2. Protein Kinase 
CK2 Inhibitors

2.3. ATP-Sepharose 
Affinity 
Chromatography

2.4. SDS-
Polyacrylamide Gel 
Electrophoresis

2.5. Western Blotting
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 2. Transfer Buffer: 25 mM Tris base, 192 mM glycine, 20% (v/v) 
methanol in water.

 3. PVDF membranes, 3 MM chromatography paper.
 4. Tris-buffered saline (TBS): 20 mM Tris–HCl, pH 7.5, 

500 mM NaCl.
 5. Tris-buffered saline with Tween (TBST): 0.05% (v/v) Tween 

20 in TBS.
 6. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM g 

KCl, 10 mM Na2HPO4, 1.76 mM KH2PO4, pH 7.2.
 7. Phosphate-buffered saline with Tween (PBST): 0.05% (v/v) 

in PBS.
 8. Bovine serum albumin (BSA).
 9. Blocking Buffer: 5% BSA in PBST, 5% BSA in TBST, or 5% 

nonfat milk in TBST. Selection of blocking solutions is deter-
mined by the primary antibodies to be used for  immunoblotting. 
For our studies, blocking in preparation for the use of rabbit 
anti-CK2 antibodies is performed using 5% BSA/TBST while 
blocking for the use of anti-HA 3F10 antibodies is performed 
using 5% BSA/PBST. Blocking in preparation for the use of 
anti-HSP90 antibodies is performed using 5% nonfat milk/
TBST.

 10. Primary antibody dilution buffer: 5% BSA in TBST or 5% non-
fat milk in TBST.

 11. Primary antibodies: anti-CK2  polyclonal rabbit antiserum 
directed against the C-terminal synthetic peptide 376–391 
and anti-CK2  polyclonal rabbit antiserum directed against 
the C-terminal synthetic peptide 333–350 were previously 
described (21). Anti-HSP90 antibodies are polyclonal rab-
bit antibodies and anti-HA 3F10 antibodies are rat mono-
clonal antibodies conjugated to biotin. Anti-CK2  and 
anti-CK2  are used at dilutions of 1:5,000 in 5% BSA/
TBST. Biotinylated anti-HA 3F10 antibodies are used at a 
dilution of 1:100 in 5% BSA/PBST. HSP90 antibodies are 
used at a dilution of 1:1,000 in 5% nonfat milk/TBST.

 12. Secondary antibodies: horseradish peroxidase (HRP)-conjugated 
goat anti-rabbit and HRP-conjugated anti-biotin antibodies.

 13. Western blot detection: ECL Plus Western Blotting Detection 
System, BioMax XAR X-ray film, flat bed scanner, image pro-
cessing software.

 1. IPG buffer pH 4–7 and IPG buffer pH 3–10.
 2. 2D lysis buffer: 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 

1 mM benzamidine, 2.5 g/ml leupeptin, 20 g/ml pepsta-
tin, 10 g/ml aprotinin, 1 mM DTT, 200 mM Na3VO4, 

2.6. 2D-Gel 
Electrophoresis
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100 M microcystin, and 0.5% (v/v) IPG, pH 4–7, or IPG 
pH 3–10 buffer.

 3. Rehydration buffer: 7 M urea, 2 M thiourea, 4% CHAPS, 
50 mM DTT, 0.5% IPG buffer, and bromophenol blue (trace). 
This buffer can be stored in 50 ml aliquots at −20°C.

 4. Immobiline dry strips: 7 cm pH 4–7 or 13 cm pH 3–10.
 5. The first dimension (isoelectric focusing) equipment: the 

IPGphor II system with ceramic strip holders was used in this 
study but alternative systems are available.

 6. Equilibration buffer for second dimension: 50 mM Tris–HCl, 
pH 8.8, 6 M urea, 30% glycerol, 20% w/v, bromophenol blue 
(trace). This buffer can be stored at −20°C. For first equilibra-
tion, add fresh DTT to 10 mg/ml. For second equilibration, 
add fresh iodoacetamide to 25 mg/ml.

 7. Second dimension (SDS-PAGE) equipment: the two systems 
used in this study are a Bio-Rad Mini-Protein 3 Dodeca Cell 
(7-cm IPG strips), or a Hoefer SE 600 vertical gel apparatus 
(13-cm IPG strips). Alternative systems are available.

 8. Agarose sealing solution: SDS-PAGE running buffer (1×) with 
0.5% agarose and bromophenol blue (trace). This reagent can be 
made in 100 ml batch sizes in an Erlenmeyer flask by heating in 
a microwave followed by dispensing 10 ml aliquots. The reagent 
can be stored at room temperature in screw-capped tubes.

 9. Fixing solution: 50% methanol (v/v), 7% (v/v) acetic acid in 
water.

 10. 2D gel stain: Sypro Ruby.
 11. Wash solution: 10% methanol (v/v), 7% (v/v) acetic acid in water.

 1. Gel imaging: the ProXPRESS 2D Proteomic imaging system 
was used in this study. Alternatives software tools are available.

 2. 2D spot recognition software: the Phoretix 2D evolution soft-
ware was used in this study. Alternatives software tools are 
available.

 3. Spot excision from gel: the Ettan Spot Picker was used in this 
study. Alternatives software tools are available.

 4. Re-suspension buffer for excised gel spots: 50% methanol and 
5% acetic acid in water.

 5. Trypsin digestion: the MassPREP automated digestor was used 
in this study. Alternatives software tools are available.

 6. Peptide re-suspension buffer following lyophilization: 30% 
acetonitrile, 0.1% trifluoro acetic acid (TFA).

 7. MALDI Matrix: 10 mg/ml -cyano-4-hydroxycinnamic acid 
(CHCA) in 50% acetonitrile, 25 mM ammonium citrate, 0.1% TFA.

2.7. 2D Gel 
Electrophoresis 
Quantification/
Analysis and Mass 
Spectrometry
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 8. Mass spectrometer: The 4700 Proteomics Analyzer MALDI 
TOF/TOF Mass Spectrometer was used in this study. 
Alternatives software tools are available.

 9. Protein Identification: The GPS Explorer Workstation version 
3.0 series was used in this study. Alternatives software tools are 
available.

Previous studies have demonstrated that ATP that is immobilized 
through its  phosphate can be effectively utilized to bind protein 
kinases and other ATP-utilizing enzymes (10–12, 20). To investi-
gate the cellular targets for ATP-competitive protein kinase inhibi-
tors, we have employed two complementary strategies. The first of 
these strategies involves the use of the protein kinase inhibitors to 
elute bound proteins from ATP-sepharose. When antibodies are 
available to detect specific protein kinases, this approach can be 
employed to validate that the kinase inhibitor can effectively com-
pete with ATP for binding to its intended target. Since immunob-
lots offer high sensitivity, these experiments can be performed with 
relatively small amounts of cellular protein (<10 mg). In the exam-
ple described here, we have evaluated the ability of inhibitors for 
protein kinase CK2 to elute one of the CK2 isoforms (CK2 ) 
from ATP-sepharose. To further characterize interactions between 
CK2 and its inhibitors, parallel studies were performed using 
mutants of CK2  where two hydrophobic residues (V67 and 
I175) shown to be responsible for close contacts between its ATP 
binding site and the inhibitors were substituted with alanine  
(12, 22, 23). Notably, CK2 inhibitors are much less effective at the 
elution of this form of CK2 than with wild-type forms of the 
enzyme. These studies were performed using adherent human 
osteosarcoma U2-OS cells that were transfected with wild-type 
and mutant forms of CK2. The second approach that we have 
described involves the identification of proteins that fail to bind to 
ATP-sepharose when the protein kinase inhibitors are included 
during binding reactions. Although immunoblots could again be 
employed to evaluate specific protein kinases, one of the strengths 
of this approach is the prospect of performing an unbiased analysis 
of inhibitor targets. Accordingly, in the example that we have 
described using this approach, our objective was to identify pro-
teins by mass spectrometry. Since larger amounts of cellular pro-
tein are required to enable isolation of sufficient quantities for 
identification by mass spectrometry, these studies were performed 
using human cervical carcinoma HeLa cells that can be readily 
grown in suspension to obtain large quantities of cellular protein.

3. Methods
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 1. Grow adherent cells in 15-cm tissue culture dishes. For the 
example illustrated, human osteosarcoma U2-OS cells were 
used that transiently express CK2  or CK2 V67/I175/A with 
N-terminal HA epitope tags (designated HA-CK2  and 
HA-CK2 R) to enable detection (24). Grow five plates for 
each sample (see Note 3).

 2. Wash cells twice with PBS (10 ml) and then scrape from the 
15 cm plates using 0.5 ml lysis buffer and a cell lifter.

 3. Sonicate lysates for 2 × 10 s on ice.
 4. Clear samples by centrifugation at 4°C for 15 min at 

80,000 × g and determine protein concentration by, e.g., the 
BCA assay (25).

 5. Before proceeding, remove a small aliquot of cell lysate and 
store at −80°C. This sample can later be used for western blot 
analysis of the levels of the protein of interest.

 6. Pack ATP-sepharose into Poly-Prep Chromatography columns 
(100 L) or into micro Bio-Spin columns (30 L) and equili-
brate with Buffer A (five column volumes).

 7. Adjust lysates (108 cell equivalents) in Buffer A to 1 M NaCl and 
pass over a 100 L ATP-sepharose packed into a Poly-Prep 
Chromatography column. For 30 L of ATP-sepharose packed into 
micro Bio-Spin columns, use 10 mg of cell extract (see Note 4).

 8. Collect the flow-through of the lysates passed over the ATP-
sepharose.

 9. Wash ATP-sepharose beads extensively with Buffer A (100 col-
umn volumes), followed by washing with Buffer B (5 column 
volumes) and finally re-equilibrate beads with Buffer A.

 10. Elute inhibitor-interacting proteins is performed by step-wise 
addition of 0.5 ml of increasing concentration of protein kinase 
inhibitor in Buffer A (e.g., 1 M, 40 M, 400 M, and 1 mM). 
Buffer A may contain up to 10% DMSO to facilitate solubility 
of the kinase inhibitor. However, increasing concentrations of 
DMSO result in increased nonspecific elutions. The elution 
step is carried out 3× to ensure complete dissociation of pro-
tein bound to ATP. Perform one control experiment without 
inhibitor but with DMSO at the same concentration as used 
for the inhibitor elutions (see Note 5).

 11. Collect inhibitor elutions in 1.5-ml Eppendorf centrifuge tubes 
and keep on ice for immediate analysis or put at −80°C for 
long-term storage.

 12. Spin concentrate elution fractions (0.5 ml each) to approximately 
50–100 L volume using Amicon Ultra 10K centrifuge tubes.

 13. Determine protein concentration by, e.g., the Bradford assay 
(26). It is convenient to use a 96-well plate for this purpose 
and UV absorbance is monitored at A595nm.

3.1. Inhibitor 
Validation: Inhibitor 
Elution of Targets  
from ATP-Sepharose
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 14. For subsequent analysis by Western blotting (27), re-suspend 
samples in 2× laemmli buffer (28) and boil for 4 min in prepa-
ration for SDS-PAGE (Fig. 2a). Use prestained protein mark-
ers as standards (see Note 6).

 1. Grow suspension cells in spinner flasks. To follow the example 
illustrated here, maintain human cervical carcinoma HeLa cells 
at densities between 1 × 105 and 5 × 105 cells/ml. Approximately 
108 cell equivalents are required for each sample. To enable 
later statistical analysis of 2D gels, perform four replicates for 
each sample.

3.2. Identification  
of Protein Kinase 
Inhibitor Targets: 
Inhibitor Competition

Fig. 2. Validation of kinase inhibitor interactions with CK2  using -linked ATP-sepharose. 
(a) Elution of CK2  from ATP-sepharose using CK2 inhibitor DMAT and demonstration of 
reduced interaction of DMAT with an inhibitor-resistant CK2  mutant. U2-OS cells 
expressing HA-CK2  or HA-CK2 R (V67A/I175A) were harvested in Buffer A adjusted to 
1 M NaCl and incubated with ATP-sepharose conjugated beads. Following an extensive 
bead wash, HA-CK2  or HA-CK2 R were eluted from ATP-sepharose with increasing 
concentrations of CK2 kinase inhibitor DMAT (1 M, 40 M, 400 M, and 1 mM). Elution 
with the drug carrier (DMSO) was used as a control. Elution of HA-CK2  and/or CK2 R 
from ATP-sepharose was detected via Western blot analysis using anti-HA 3F10 antibodies. 
(b) Preincubation of cell lysates with CK2 inhibitors greatly reduced binding of endoge-
nous CK2  to ATP-sepharose in inhibitor competition assays. HeLa S3 cell lysates were 
preincubated with 100 M of CK2 inhibitors (TBBz, TBB, or DMAT) or the control drug 
carrier DMSO and passed over ATP-sepharose columns. Beads were washed extensively, 
isolated, and bound proteins captured via incubation with 2D lysis buffer. Detection of 
bound CK2  to ATP-sepharose was carried out via Western blot analysis using anti-
CK2  antibodies. Binding of HSP90 to ATP-sepharose was used as a loading control, 
detected with anti-HSP90 antibodies.
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 2. Pellet cells by centrifugation at 5,000 × g at 4°C. Wash cell 
 pellets 2× with PBS.

 3. After removal of all liquid, weigh cell pellets and subsequently 
lyse in 1.5 volumes of Buffer A (dilute by cell volume “weight”) 
and store on ice for 10 min.

 4. Sonicate lysates for 2 × 10 s on ice and then subject lysates to 
centrifugation at 80,000 × g for 30 min at 4°C.

 5. Before proceeding further, remove a small aliquot of the cell 
lysates for later analysis of the levels of the protein of interest 
by western blotting. Store lysates at −80°C.

 6. For inhibitor competition, incubate equal volumes of lysates 
with DMSO (inhibitor carrier control) and either of 100 M 
TBB, TBBz, or DMAT for 2 h with gentle rocking at 4°C to 
allow inhibitor–protein interactions to occur (see Note 7).

 7. During the incubation of inhibitors with cell lysates, equili-
brate ATP-sepharose beads (100 L per 108 cell equivalents) in 
Buffer A in 1.5 ml Eppendorf plastic centrifuge tubes.

 8. Using a 200 L pipette tip with the end cut off (using a razor 
blade or scalpel), transfer 100 L of equilibrated ATP-sepharose 
beads to each tube containing the inhibitor-treated cell lysates.

 9. Incubate at 4°C for 15 min with gentle rocking to enable bind-
ing. Then collect the ATP-sepharose beads by centrifugation 
and transfer beads into a Poly-Prep Chromatography column 
using a cut 200 L pipette tip.

 10. Wash ATP-sepharose columns extensively with 100 column 
volumes of Buffer A, and then with Buffer B (5 column vol-
umes) before final re-equilibration with Buffer A.

 11. Transfer ATP-sepharose beads in Buffer A to a 1.5-ml micro-
centrifuge tube using a cut 200 L tip and incubate in 150 L 
of 2D lysis buffer for 15 min with gentle rocking at 4°C to 
remove bound proteins from the ATP-sepharose beads (see 
Note 8).

 12. Determine protein concentration by, e.g., the Bradford assay 
(26). It is convenient to use 96-well plates for this purpose and 
UV absorbance is monitored at A595nm. The samples are now 
ready for Western blot analysis and/or isoelectric focusing 
(Fig. 2b).

 1. Separate proteins by SDS-PAGE followed by transfer to PVDF 
membranes.

 2. Following transfer, rinse membranes briefly with TBS and then 
block for 60 min.

 3. After blocking, incubate membranes with the appropriate 
 primary antibodies overnight at 4°C.

3.3. Western Blot
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 4. Following overnight incubation, remove the primary antibody 
solution i. Wash membranes with PBST or TBST and then 
incubate with the appropriate secondary antibodies including: 
HRP-GAR diluted 1:25,000 for anti-CK2  and anti-CK2  
antibodies and 1:5,000 for anti-HSP90 antibodies or HRP-
conjugated anti-Biotin antibodies diluted 1:10,000 for anti-
HA 3F10 antibodies.

 5. Following secondary antibody incubation, wash membranes 
with PBST or TBST and visualize by enhanced chemilumines-
cence (ECL) using an X-ray film.

 6. Convert X-ray film images to digital images using a flatbed 
scanner.

 1. Mix protein samples (150 g for 7 cm IPG strips and 250 g 
for 13 cm IPG strips) with rehydration buffer. Apply the sam-
ples to the immobiline dry strips (7 cm pH 4–7 or 13 cm 
pH 3–10) in ceramic strip holders (29, 30).

 2. Distribute the sample (0.125 ml for 7 cm strips, 0.25 ml for 
13 cm strips) into the ceramic holder and use tweezers to care-
fully place the IPG strip, gel side down, over the sample. It is 
important to avoid bubbles when placing the strip over the 
sample.

 3. Overlay the IPG strip with mineral oil (~0.5 ml for 7 cm strips, 
~1 ml for 13 cm strips) to prevent evaporation and minimize 
crystallization of the urea.

 4. Run the isoelectric focusing step using the IPGphor II system 
and using the following programs (all steps at 20°C). For the 
7 cm IPG strips: Step 1, 20 V for 12 h; Step 2, 100 V for 100  
V-h; Step 3, 500 V for 500 V-h; Step 4, 1,000 V for 1,000 V-h; 
Step 5, 2,000 V for 2,000 V-h; Step 6, 4,000 V for 4,000 V-h; 
and Step 7, 8,000 V for 16,000 V-h. For the 13-cm IPG strips, 
the program is as follows: Step 1, 20 V for 12 h; Step 2, 100 V 
for 2 h; Step 3, 500 V for 500 V-h; Step 4, 1,000 V for 
1,000 V-h; Step 5, 2,000 V for 4,000 V-h; Step 6, 4,000 V for 
8,000 V-h; Step 7, 6,000 V for 12,000 V-h; and Step 8, 
8,000 V for 64,000 V-h.

 5. Following completion of isoelectric focusing, remove the IPG 
strips from the ceramic strip holders with forceps. Incubate the 
strips with equilibration buffer containing freshly added DTT 
(10 mg/ml) with gentle rocking for 15 min at room tempera-
ture to reduce the proteins.

 6. Incubate IPG strips with equilibration buffer containing freshly 
added iodoacetamide (25 mg/ml) with gentle rocking for 
15 min at room temperature to alkylate cystein side chains.

 7. Apply the equilibrated IPG strips to SDS-PAGE gel 
electrophoresis.

3.4. 2D Gel 
Electrophoresis: 
Isoelectric Focusing
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 1. These instructions are for the use of a Bio-Rad Mini-Protean 3 
Dodeca Cell gel system (for 7-cm IPG strips) or a Hoefer SE 
600 vertical gel apparatus (for 13-cm IPG strips) but can be 
readily adapted to other electrophoresis systems.

 2. Wash glass plates extensively with detergent, followed by 95% 
ethanol, followed by distilled water. Then dry glass plates in 
an oven.

 3. Prepare a 1.5 mm, 10% gel by mixing 12.2 ml of distilled water, 
7.5 ml of 1.5 M Tris–HCl, pH 8.8, 10.0 ml of acrylamide/bis 
solution, 0.15 ml 20% (w/v) SDS, 0.15 ml 10% (w/v) ammo-
nium persulfate (APS), and 0.02 ml of TEMED. Pour the gel 
leaving sufficient room for the 2D gel IPG strip (approximately 
1.5 cm) and overlay with distilled water.

 4. Utilizing tweezers, carefully place the equilibrated IPG strip 
on the top of the solidified gel ensuring that the plastic backing 
adheres to one of the glass plates.

 5. If desired, a protein size marker can be applied to pre-cut filter 
paper (3 mm × 3 mm). Insert the filter paper directly adjacent 
to the IPG strip.

 6. Apply 0.5% agarose sealing solution uniformly to the top of gel 
using a Pasteur pipette.

 7. Prepare SDS-PAGE running buffer by diluting 100 ml of the 
10× stock into 900 ml of distilled water and mix thoroughly.

 8. Once the agarose sealing solution has completely solidified, fill 
upper and lower chambers of electrophoresis unit with the 
appropriate buffers.

 9. Complete the assembly of electrophoresis unit and connect to 
power supply. Gels are run until the dye fronts reach the bot-
tom of the gel (~1 h at 180 V for Bio-Rad Mini-Protean 3 
Dodeca Cell gel system with 7 cm IPG strips or 4 h at 200 V 
for Hoefer SE 600 vertical gel system with 13 cm IPG strips).

 1. Following separation of proteins on SDS-PAGE gel electro-
phoresis, transfer gels to a large plastic dish and fix for 30 min 
at room temperature (twice) using 100 ml of fixing solution.

 2. Remove fixing solution and add 150 ml of fresh SYPRO Ruby 
stain to each gel (13 cm gels). Stain overnight at room tem-
perature in the dark. Aluminum foil should be wrapped 
around the plastic container to ensure light protection. 
Staining more than 1 gel at time with the same dye solution 
or reusing the dye should be avoided as it reduces staining 
efficiency. This is particularly relevant for subsequent quanti-
tative image analysis.

 3. Following staining, wash the gels with 100 ml of wash solution 
for 30 min.

3.5. 2D Gel 
Electrophoresis: 
SDS-PAGE

3.6. 2D-Gel 
Electrophoresis 
Staining and Imaging



1318 Chemoproteomic Characterization of Protein Kinase Inhibitors…

 4. Image-stained gels using, e.g., the ProXPRESS 2D Proteomic 
imaging system. Gels are imaged with top illumination using 
460/80 nm excitation and 650/150 nm emission at a resolu-
tion of 100 m.

Several image analysis packages are available. In this study, the 
Phoretix 2D evolution software is used as an example.

 1. Analyse gels for differences in protein spots between 2D gels 
utilizing the Phoretix 2D evolution software.

 2. Import at least four gel images derived from different gels run 
for each treatment into the Phoretix software and align spots 
using the SameSpot tool.

 3. Import the aligned images into the Progenesis PG220 soft-
ware for analysis of spot differences and spot intensity.

 4. Apply spot filtering to all aligned gels to normalize for pixel 
intensity and area with a normalized volume value of >0.005. 
Statistical analysis of spot changes is performed using ANOVA 
and the mean values are compared using a t-test.

 5. For subsequent spot excision, generate a pick list and export to 
the Spot Picker.

 1. Incubate gels in 50% (v/v) methanol, 5% (v/v) acetic acid.
 2. Excise spots that are present in the DMSO control gels but 

absent in gels derived from samples where kinase inhibitors are 
incubated during the binding of cell extracts to ATP-sepharose. 
Spots can be excised manually using a sterile 1 ml pipette tip or 
using an automated Spot Picker (see Note 9).

 3. Digest proteins in excised gel spots using trypsin inside the 
MassPREP automated digestor or a similar device. Resulting 
peptides are collected in conical PCR tubes.

 4. Freeze peptides in liquid nitrogen for 30 s and lyophilize over-
night. Following lyophilization, re-suspend peptides in 30% 
acetonitrile, 0.1% TFA.

 1. Mix equal volumes of peptide (0.7 L) and MALDI matrix 
and spot on a MALDI plate.

 2. After samples are spotted on plates, perform MALDI MS and/
or MS/MS analysis on the MALDI mass spectrometer (see 
Note 10).

 3. Calibrate the mass spectrometer using a standard recom-
mended by the vendor.

 4. Generate peptide mass fingerprints over the m/z range of 
800–4,000 Da. The resulting spectra are evaluated using the 
GPS Explorer Workstation (version 3.0 series). Peaks are 

3.7. 2D Gel 
Electrophoresis: 
Quantification  
and Analysis

3.8. Sample 
Preparation for Mass 
Spectrometry

3.9. Mass 
Spectrometry: Peptide 
Mass Fingerprinting
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picked using a minimal S/N threshold of 20. Exclude signals 
 corresponding to trypsin autolysis products (842.5099, 
870.509, and 2,211.1096).

 5. Peptides are searched against the human Swiss-Prot database 
using the search engine MASCOT with oxidation set as a vari-
able modification (M) and a peptide mass tolerance of 50 ppm. 
Accept protein identification if a minimum of five peptides 
match with a maximum mass error of 15 ppm and with no 
more than one missed cleavage site.

 1. Our studies were performed using both suspension cells (HeLa 
S3) and adherent cells (U2-OS). Procedures can be readily 
adapted to other cell types (see Subheading 2.1).

 2. The illustrated examples were performed with inhibitors of 
protein kinase CK2 that are commercially available. The proce-
dures can be readily adapted to other protein kinase inhibitors 
(see Subheading 2.2).

 3. The number of cells to be utilized for the validation of inhibi-
tor interactions is dependent on the abundance of the protein 
kinase and the sensitivity of detection. In our example, we uti-
lized epitope-tagged CK2 to enable detection of mutant forms 
of CK2 (see Subheading 3.1).

 4. The sample should be adjusted to 1 M NaCl prior to ATP-
sepharose incubation to minimize nonspecific interaction of 
protein with ATP-sepharose. Increasing salt concentration 
reduces protein–protein interactions minimizing identifica-
tion of proteins bound to ATP binding proteins (see 
Subheading 3.1).

 5. The concentrations of inhibitors employed for elution of pro-
teins from ATP-sepharose may be dramatically higher than the Ki 
for the respective inhibitors. This is a consequence of the high 
local concentrations of immobilized ATP (see Subheading 3.1).

 6. For the validation of interactions between CK2 and inhibitors, 
immunoblot analysis was employed to detect CK2. Immunoblot 
analysis was possible because of the availability of antibodies 
for the detection of CK2. In the absence of antibodies, this 
protocol can be adapted to enable the identification of proteins 
that are eluted from ATP-sepharose using other analytical 
strategies such as those described in Subheading 3.2 (see 
Subheading 3.1).

 7. The concentrations of inhibitors employed to compete for 
protein binding to ATP-sepharose may be dramatically higher 
than the Ki for the respective inhibitors. This is a consequence 

4. Notes
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of the high local concentrations of immobilized ATP (see 
Subheading 3.2).

 8. Although 2D gels were employed for our studies to examine 
the profiles of proteins that bind to ATP-sepharose in the pres-
ence or absence of CK2 inhibitors, it is envisaged that this 
strategy could be adapted to other methods for differential 
analysis of protein profiles (see Subheading 3.2).

 9. The Ettan Spot Picker was employed for automated spot-
picking from fluorescently labeled gels. Manual picking of 
spots can also be performed when gels are stained with visible 
dyes such as colloidal coomassie blue or silver stain (see 
Subheading 3.8).

 10. Although we used the 4700 Proteomics Analyzer for protein 
identification, these methods can be readily adapted to the use 
of other mass spectrometers (see Subheading 3.9).
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Chapter 9

Proteome-Wide Identification of Staurosporine-Binding 
Kinases Using Capture Compound Mass Spectrometry

Jenny J. Fischer, Olivia Y. Graebner (neé Baessler), and Mathias Dreger 

Abstract

The enormous diversity of kinases and their pivotal role in cell signaling have set kinases in the focus of 
biomedical research. Profiling the kinome of tissues of different origin is essential for biomarker discovery. 
In drug research, it is necessary to comprehend the specificity profile of a given kinase inhibitor. Capture 
Compound Mass Spectrometry (CCMS) (Koster et al., Assay Drug. Dev. Technol. 5:381–390, 2007) 
addresses the need for a tool to physically isolate and reliably profile the binders of kinase inhibitors directly 
in biological samples. Capture Compounds™ are trifunctional probes: a selectivity function consisting of 
the kinase inhibitor interacts reversibly with the native target proteins in equilibrium, a photoactivatable 
reactivity function forms an irreversible covalent bond to the target protein upon irradiation, and a sorting 
function allows the captured protein(s) to be isolated and identified by mass spectrometric analysis in an 
affinity-driven manner. Capture Compounds™ with any kinase inhibitor as selectivity function can be syn-
thesized. We here used staurosporine as the selectivity function because it targets and, therefore, allows 
profiling a broad range of kinases (Romano and Giordano, Cell Cycle 7:3364–3668, 2008). Furthermore, 
we give an example of the application of the staurosporine Capture Compound to isolate kinases from 
human liver-derived HepG2 cells.

Key words: Capture Compound Mass Spectrometry, Kinases, Kinase Profiling, Hepatocytes, HepG2, 
Tissue Profiling, Kinase inhibitors, Kinase profiling, Staurosporine

The investigation of kinases is of outstanding interest, as they 
 perform major roles in cell development (1), signaling, and 
 metabolism (2). Mutations and dysregulation of kinases play causal 
roles in many human diseases. This affords the possibility of bio-
marker discovery and of developing agonists and antagonists of 
these enzymes for use in disease therapy (3). Kinases have become 

1. Introduction
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accessible to large scale profiling through chemical proteomics 
approaches, such as the use of kinase inhibitor beads, by which 
unprecedented numbers of kinases have been identified (4). At the 
same time, the selectivity profiling of different kinase inhibitors 
against large panels of kinases have provided a broad data basis for 
assessing the utility of certain inhibitors to address subsets of the 
kinome. As an example, staurosporine (Fig. 1) is a prototypical 
ATP-competitive kinase inhibitor that can target at least 253 
kinases (5). On the contrary, with respect to protein families other 
than kinases, the use of multifunctional small-molecule probes has 
been demonstrated to provide for an outstanding analytical tool to 
profile, for the first time, even very low abundant proteins in 
biological samples (6). This approach circumvents typical draw-
backs of small-molecule bead affinity-driven techniques, in which 
the solid support limits the accessibility of the immobilized ligand 
for protein interactions. Capture Compounds™ (Fig. 1a) are versatile 
multifunctional small-molecule probes to identify functionally 
selected protein families that at first interact in their native form 
reversibly with a common small molecule such as a nucleotide 
(7, 8), a methyltransferase inhibitor (9), or a kinase inhibitor (10) and 
are then isolated after freezing the equilibrium by photo-cross-linking 
to the Capture Compound. We here present the application of 
Capture Compound Mass Spectrometry (CCMS) (11) to address 
kinases from complex biological samples. We used staurosporine as 
selectivity function for the profiling of the mammalian kinome in 
the human hepatocyte cell line HepG2 (10).

The general design of Capture Compounds™ consists of three 
main functionalities (a) the small molecule or drug molecule to be 
investigated, (b) an adjacent photo-reactive functionality for photo-
cross-linking and (c) a sorting function, e.g., biotin, for the isola-
tion of captured proteins. The capture process is simple and easy to 
perform (Fig. 2). After incubation of the Capture Compound with 

Fig. 1. Capture Compounds™ are trifunctional probes. Schematic depiction of Capture Compounds™ (a) and molecular 
structure of staurosporine with part of the linker leading to the scaffold (b). Capture Compounds™ are trifunctional probes: 
based on affinity, a selectivity function (staurosporine, red ) interacts with the proteins in a biological sample at equilibrium, 
a reactivity function (orange) irreversibly forms a covalent bond, and a sorting function (yellow ) allows the captured 
protein(s) to be isolated for mass spectrometric analysis.
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the cell lysate and equilibrium binding of the target proteins by the 
selectivity group, photolysis leads to the generation of a photo-
activated species such as a nitrene within the reactivity function. This 
leads to a covalent cross-link between the Capture Compound and the 
target proteins. Employing the sorting function biotin and strepta-
vidin-coated magnetic beads, the Capture Compound–protein 
conjugates can be isolated, and unbound proteins are removed 
by stringent washing. The technology exclusively probes those 
proteins which interact with the small molecule that is part of 
the Capture Compound. The complexity of a biological sample is 

Fig. 2. Schematic depiction of the Capture Compound Mass Spectrometry (CCMS) process.
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reduced to the interaction partners of the small molecule, resulting 
in an enrichment of the functionally selected proteins and, there-
fore, also allows identification of low abundant proteins. The cap-
tured proteins are trypsinized and subsequently identified by high 
resolution and high accuracy mass spectrometry.

 1. HepG2 cell line: available from e.g., the German collection of 
microorganisms and cell lines (DSMZ).

 2. Phosphate-buffered saline (PBS): ice-cold, sterile.
 3. Cell lysis buffer: 6.7 mM MES, 6.7 mM sodium acetate, 

6.7 mM HEPES, 1 mM EDTA, 10 mM ß-mercaptoethanol, 
200 mM NaCl, pH 7.5, 1 tablet Complete Protease Inhibitor 
EDTA free.

 1. Staurosporine Capture Compound: 50 M in water.
 2. Staurosporine competitor: 1 mM in water.
 3. Streptavidin-coated magnetic beads: 1 m diameter (see 

Note 1).
 4. Capture Buffer (5×, CB): 100 mM HEPES, 250 mM potas-

sium acetate, 50 mM magnesium acetate, 50% glycerol.
 5. Wash Buffer (5×, WB): 250 mM Tris–HCl, pH 7.5, 5 mM 

EDTA, 5 M NaCl, 42.5 M octyl-ß-d-glucopyranoside (see 
Note 2).

 6. caproBox™ with filter: The caproBox™ is a device for irradiat-
ing samples with UV light (filter 330–380 nm) and simultane-
ously cooling, thereby avoiding denaturation of proteins during 
photo-cross-linking.

 7. A magnet suitable for the handling of magnetic beads (see 
Note 3).

 8. HepG2 cell lysate (see above and Notes 4 and 5).
 9. 200 L PCR tubes, ideally in 12-well stripe format.
 10. Acetonitrile: LC-MS-grade.
 11. Water: LC-MS-grade; the same quality is used in Sub-

headings 2.3 and 2.4.

 1. Digestion buffer: 50 mM ammonium bicarbonate, 5 mM cal-
cium chloride in LC-MS grade water. Store in aliquots at 
−20°C; thaw only once.

 2. Trypsin: 1 g/ l in 1 mM HCl, Enzyme must be of sequenc-
ing grade.

 3. Formic acid: LC-MS grade.

2. Materials

2.1. Preparation  
of HepG2 Cell Lysate

2.2. Capture 
Experiment  
and Competition 
Control

2.3. Tryptic Digest  
and Preparation  
of Peptides  
for LC-MS/MS
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 1. HPLC system: any state-of-the-art HPLC system capable of 
delivering flow rates below 1 m/min.

 2. Mass Spectrometer: any state-of-the-art tandem mass spec-
trometer capable of peptide fragmentation (see Note 6).

 3. LC-MS/MS buffer A: LC-MS grade water with 0.1% (v/v) 
formic acid (FA).

 4. LC-MS/MS buffer B: LC-MS grade acetonitrile (ACN) with 
0.1% (v/v) FA.

 1. Protein sequence database: Download the latest UniProtKB/
Swiss-Prot database release from www.expasy.org.

 2. Protein identification software: Any software capable of identi-
fying proteins from mass spectrometric data. Common exam-
ples include SEQUEST, Mascot, and XTandem. Most vendors 
of mass spectrometers supply this software along with the 
instrument.

In order to determine the kinases interacting with staurosporine in 
a given biological sample, incubation of the capture compound 
with a lysate leads to an equilibrium binding based on the affinity 
between the Capture Compound and the proteins. This equilib-
rium is then frozen by a photochemical reaction leading to the 
formation of a covalent bond between the Capture Compound 
and the interacting proteins. The proteins selectively bound by the 
selectivity function of the capture compound (the kinase inhibitor) 
have to be determined. To determine binding of any non-specific 
proteins, it is essential to perform the capture experiment and a 
competition experiment in parallel. In the competition experiment, 
the binding of the Capture Compound is competed for by prein-
cubation of the lysate with an excess of the corresponding free 
(unmodified) small molecule. The results can be visualized by e.g., 
SDS-PAGE electrophoresis (an example is shown in Fig. 3a, b). 
Experiments carried out in parallel without irradiation (pull down) 
show lower amounts of isolated protein compared to capture 
experiments (Fig. 3a, c). After LC-MS/MS analysis, the specifically 
captured proteins can be determined by subtraction of the two 
data sets. A typical result of a capture experiment and a pull-down 
experiment from 400 g HepG2 cell lysate as well as shot gun 
measurement from 5 g cell lysate is shown in Fig. 3c. The method 
is also compatible with any state-of-the art stable isotope labeling 
technology, or assessment of the capture sample by 2D gel 
electrophoresis.

2.4. Measurement  
of Peptides  
by LC-ESI-MS/MS

2.5. Protein 
Identification by 
Sequence Database 
Searching

3. Methods
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 1. Grow cells in a 2 L spinner flask to a density of 3.7 × 105 cells/
mL and a vitality of at least 90%.

 2. Collect cells by gentle centrifugation and wash pellet three 
times with ice-cold phosphate-buffered saline.

 3. Resuspended cells in 10 mL cell lysis buffer and homogenize 
three times in a French press at a pressure between 50,000 and 
150,000 kPa.

 4. Remove cell debris by ultracentrifugation at 30,000 × g for 
60 min at 4°C.

 5. Filter lysate with a 0.22- m filter.
 6. Dialyze lysate using a molecular weight cutoff of 6–8 kDa 

overnight against the cell lysis buffer.

3.1. Preparation  
of HepG2 Cell Lysate

Fig. 3. Results of capturing kinases with staurosporine Capture Compound and comparison to pull-down assays.  
(a) Capturing of the purified catalytic subunit of PKA visualizes the superiority of the CCMS technology compared to a pull-
down assay (without cross-linking). Lane 1: Capture assay, lane 2 : competition control using free staurosporine, lane 3: 
control using a Capture Compound without selectivity function. (b) Silver stained SDS-PAGE visualizing the results of cap-
turing proteins from a HepG2 cell lysate. Lane 1: control using a Capture Compound without selectivity function. Only natu-
rally biotinylated proteins are isolated, lane 2: competition control using free staurosporine, lane 3 : capture assay, lane L: 
HepG2 lysate corresponding to 0.5% of the amount of protein used for the capturing reaction. Naturally biotinylated pro-
teins are also isolated by streptavidin beads and marked by stars: *Acetyl-CoA carboxylase 1, **Pyruvate carboxylase, 
***Propionyl-CoA carboxylase beta chain. (c) Comparison of the number of kinases identified from a typical capture experi-
ment, pull-down assay (only the strong binders are isolated) and shotgun analysis of the same lysate.
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 7. Remove proteins precipitated overnight by centrifugation at 
4,000 × g for 10 min at 4°C.

 8. Determine protein concentration by measuring UV absor-
bance at 280 nm (A280) or according to Bradford (12).

 9. Aliquot the lysates and snap-freeze in liquid nitrogen: store at 
below −60°C.

 1. For several parallel experiments, it is recommended to prepare 
sufficient quantities of water, capture buffer, and cell lysate and 
to perform reactions within different wells of one 200- LPCR 
strip. Here quantities for one reaction well are given. Mix gen-
tly by inversion after each addition (see Note 7).

 2. Supplement a volume of ultra pure water for a final reaction 
mix volume of 100 L with 20 L 5× Capture Buffer (see 
Note 8). Mix and add HepG2 cell lysate corresponding to 
0.4 mg total protein (see Notes 4 and 5). To the competition 
reaction, add 20 L competitor and add an equivalent amount 
of water to the capture reaction.

 3. If you suspect that the biological material contains high 
amounts of biotinylated proteins, pipette 50 L of streptavidin-
coated beads into fresh PCR-tubes. Hold magnet to the side of 
the tubes and remove liquid. Transfer the reaction mixtures 
into the bead-containing tubes and resuspend (see Note 2).

 4. Mix (shaker or rotation wheel) the reaction and competition 
control at 4°C for 30 min to allow binding of the competitor 
to target proteins (and binding of naturally biotinylated pro-
teins to the magnetic beads).

 5. If streptavidin-coated beads were used to clear lysates of bioti-
nylated proteins: Hold magnet against the tube walls and 
transfer the supernatants (reaction mixes) to fresh PCR-tubes. 
Discard the streptavidin-coated beads.

 6. Add staurosporine Capture Compound in equal amounts to 
the capture reaction and competition control to a final concen-
tration of 5 M. The reaction volume should now be 100 L. 
From this step onward, take care to protect the reactions from 
light (see Note 9).

 7. Incubate reactions for 2 h at 4°C in the dark (shaker or radia-
tion wheel).

 8. Irradiate reactions in the caproBox™ for 10 min using the pro-
vided filter. Although the photoreactivity groups should now 
have completely reacted it is recommended that the reactions 
are not exposed to direct light until the digestion step.

 9. Add 25 L of 5× WB to each reaction and mix gently.
 10. Add 50 L of streptavidin-coated beads and incubate at 4°C 

for 1 h with mixing.

3.2. Capture 
Experiment and 
Competition Control
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 11. Insert the 200 L PCR-reaction-tube-strip into the 
caproMag™ according to the manufacturer’s instructions and 
collect the magnetic beads in the tube strip lids. Discard the 
reaction mix and replace by 200 L 1× wash buffer (see Note 
10). Resuspend the beads and again collect in the lids. Repeat 
washing with 1× WB another five times.

 12. Wash the beads three times with 80% acetonitrile.
 13. Wash the beads once with ultrapure water and collect the beads 

in lids (see Note 11). Avoid collecting water in the lids or 
remove manually. Alternatively, store the beads at this point in 
ultrapure water at 4°C until further use (see Note 12).

 1. Fill 10 L digestion buffer and 1 L trypsin solution (or the 
equivalent of 1:100 enzyme:substrate w/w) into a new tube 
strip. Place lids with beads onto the new strip and resuspend by 
vigorously vortexing.

 2. Digest proteins at 37°C with vigorous mixing overnight.
 3. Centrifuge briefly and collect the beads by holding a magnet 

against the tube wall. Transfer supernatant containing the tryp-
tic peptides to new tube (see Note 13).

 4. Dry peptides in a vacuum centrifuge (~15 min).
 5. Dissolve peptide pellet in 5.5 L 5% formic acid, vortex, briefly 

incubate in an ultrasonic bath, and vortex again.
 6. Transfer 5 L of the dissolved peptides to a HPLC sample 

plate.

 1. Place sample plate into the autosampler of the LC system.
 2. Inject the entire sample and separate peptides on a C18 reversed 

phase column. In this method, the following columns were 
used: Biosphere C18 precolumn (5 m, 120 Å, 20 × 0.1 mm) 
and a Biosphere C18 analytical column (3 m, 120 Å, 
150 × 0.075 mm). Use a linear gradient of 5–40% LC-MS/MS 
buffer B in 80 min and a controlled flow rate of 300 nL/min.

Any state of the art tandem mass spectrometer may be used for the 
analysis of tryptic peptides generated by the above procedures. 
Below, we describe the method optimized for an LTQ-Orbitrap 
instrument.

 1. The mass spectrometric analysis is performed in the data-
dependent mode which automatically switches between orbit-
rap-MS and LTQ-MS/MS (MS2) modes of data acquisition 
(see Notes 14 and 15).

 2. Acquire full scan MS spectra (from m/z 400 to 2,000) in the 
orbitrap with a resolution of r = 60,000 at m/z 400 following 
the accumulation of ions to a target value of 500.000 charges 
in the linear ion trap.

3.3. Tryptic Digest  
and Preparation  
of Peptides  
for LC-MS/MS

3.4. Nano LC System

3.5. Analysis of 
Peptides Using 
ESI-LC-MS/MS
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 3. Set the system to sequentially isolate the five most intense ions 
for fragmentation in the linear ion trap using collision-induced 
dissociation (CID) at a target value of 10.000 charges. The 
resulting fragment ions are recorded in the LTQ.

 4. Target ions already mass selected for CID are dynamically 
excluded for the duration of 60 s.

 5. Further mass spectrometric settings are as follows: spray volt-
age 1.7 kV, temperature of the heated transfer capillary 200°C, 
and relative normalized collision energy 35% for MS2. The 
minimal signal required for MS2 is 500 counts. Set activation q 
to q = 0.25 and the activation time to 30 ms.

 6. Set the lock mass to 445.120025 m/z. This corresponds to 
the molecular formula (Si(CH3)2O)6H

+.
 7. To clean the LC system, perform one blank run between two 

consecutive capture experiment measurements.

Any appropriate software may be used for the identification of pep-
tides and proteins from the mass spectrometric data. Below, we 
describe the method the search algorithm SEQUEST and the data 
visualization tool Scaffold.

 1. Analyze the mass spectrometer output file (file extension .raw) 
using SEQUEST implemented in Bioworks 3.3.1 SP1 (Thermo 
Fisher Scientific).

 2. Set the specific search parameters in the SEQUEST analyses as 
follows: 5 ppm precursor tolerance, 1 amu fragment ions toler-
ance, full trypsin specificity allowing for up to two missed 
cleavages.

 3. Set the following variable modifications: phosphorylation at 
serine, threonine, and tyrosine, oxidation of methionines, 
deamidation at asparagine and glutamine, acetylation at lysine 
and serine, formylation at lysine, and methylation at arginine, 
lysine, serine, threonine, and asparagine. No fixed modifica-
tions are used in the database search.

 4. Choose an appropriate protein sequence database against 
which the mass spectrometric data will be searched. Download 
for example the latest UniProtKB/Swiss-Prot database release 
from www.expasy.org.

 5. Set the SEQUEST peptide identifications parameter as follows: 
minimum XCorr values of 2, 2.5, and 3 for singly, doubly, and 
triply charged peptides, respectively, a minimum Cn of 0.1, a 
minimum probability 0.001.

 6. Load all SEQUEST output files you wish to compare (e.g., the 
results of the capture and the competition experiment) into 
the program Scaffold 2.0 for the direct comparison of experi-
mental results in one file.

3.6. Peptide 
Identification via 
Database Search
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 1. Most complex biological samples contain naturally biotinylated 
proteins such as carboxylases. These naturally biotinylated pro-
teins will be isolated from the reaction mixtures together with 
the kinases that are biotinylated through covalent reaction with 
the biotin-containing Capture Compound. Depending on the 
sample, these interfering signals may be quite strong and mask 
signals from captured kinases in SDS-PAGE or LC-MS/MS 
runs. Results obtained from samples containing many naturally 
biotinylated proteins can be significantly improved by carrying 
out the described depletion step. The amount of the beads 
used in this step might have to be adjusted on a case-by-case 
basis (see Subheading 2.2).

 2. Staurosporine caproKit™ (caprotec bioanalytics GmbH, Berlin, 
Germany) contains staurosporine Capture Compound and 
competitor, Dynabeads®, 5× Capture Buffer and 5× Wash 
Buffer. Capture Compounds™ containing other selectivity 
functions can be also be ordered from caprotec bioanalytics 
GmbH (http://www.caprotec.com) or commissioned as cus-
tom synthesis (see Subheading 2.2).

 3. caproMag™ is a magnetic device for the handling of magnetic 
beads (caprotec bioanalytics GmbH, Berlin, Germany). 
caproMag™ reduces the number of pipetting steps and thereby 
generates higher yields of purified bead-bound proteins. It is 
possible to separate the beads from the reaction and wash solu-
tions by holding a conventional magnet to the side of the tubes 
or using any other commercially available rack for magnetic 
beads. However, the caproMag™ is strongly recommended 
since only this system is adjusted to handle 200 l-PCR tube 
strips and allows the collection of beads in the lids so that tubes 
can be emptied without any pipetting steps. The caproMag™ 
has been designed especially for capture experiments, saves time, 
and reduces the risk of contaminations (see subheading 2.2).

 4. Here, capturing from commercially available HepG2 lysate is 
given as an example. Preparation of lysates from other cell lines 
may have to be optimized on a case-by-case basis for this pro-
tocol. Generally, it is recommended that the lysates should be 
free from intact DNA (e.g., via benzonase digestion) and be 
buffered in the described lysis buffer. If a buffer change is nec-
essary, it is recommended to use Zeba Desalt Spin Columns 
from Pierce for this purpose. Dithiol compounds such as 
dithiothreitol (DTT) should not be used, as they may interfere 
with the photoreaction. Instead, the use of ß-mercaptoethanol 
is advised. Strong denaturing lysis conditions (e.g., sonication) 
or agents (e.g., urea) must be avoided (see Subheading 2.2).

4. Notes
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 5. Capturing from subcellular fractions of mammalian tissue. For 
lysis and fractionation of organs such as liver, we recommend a 
motor-driven glass-Teflon homogenizer and 10 volumes of 
homogenization buffer per gram of tissue wet weight (0.32 M 
sucrose, 5 mM HEPES/NaOH pH 7.4, Roche Complete 
Protease Inhibitor Cocktail™ EDTA-free. Cellular fractions may 
then be obtained by (ultra-) centrifugation with different sucrose–
Tris–HCl pH 8.1 gradients (Emig et al. (13)). The buffer of 
soluble fractions (e.g., cytosol) should be exchanged for the lysis 
buffer (see Note 4). Membrane fractions (e.g., mitochondria, 
microsomes) are solubilized in the lysis buffer supplemented with 
0.5% n-dodecyl-ß-d-maltoside for 1 h at room temperature and 
then directly used in the capture reactions (see Subheading 2.2).

 6. We use a split-less Easy-nLC™ liquid chromatography system 
from Proxeon Biosystems A/S with a Biosphere C18 precol-
umn (5 m, 120 Å, 20 × 0.1 mm) and a Biosphere C18 analyti-
cal column (3 m, 120 Å, 150 × 0.075 mm) that is online 
connected to a LTQ Orbitrap XL mass spectrometer. Any 
other similar set up may also be used (see Subheading 2.4).

 7. The biological samples from which kinases are isolated may 
contain proteins prone to denaturation. Consequently, it is 
mandatory to keep samples cold and avoid thawing at all times. 
Note that the caproBox™ cools the samples to 4°C; the lamps 
emitting the UV light, however, also emit heat. Therefore, it is 
necessary to briefly centrifuge the vials before irradiation so 
that proteins adhering to the vial walls do not form precipita-
tion seeds (see Subheading 3.2).

 8. Although the given protocol should give optimum results in most 
cases, changes may still be necessary for some lysates. If results are 
not in accordance with expectations, varying NaCl concentra-
tions between 100 mM and 300 mM in the capture reaction are 
recommended as starting point (see Subheading 3.2).

 9. A major advantage of Capture Compounds™ lies in the forma-
tion of a covalent bond between the Capture Compound and 
the kinase. This permits both unperturbed affinity based equi-
librium binding and subsequent stringent washing conditions. 
The covalent cross-link is achieved by a photoreaction at 
310 nm. Normal overhead light contains only a small fraction 
of UV light. Still, to obtain reliable and reproducible results it 
is mandatory to protect the staurosporine Capture 
Compounds™ from light up to the time of controlled and 
cooled irradiation in the caproBox™. As a reference, in our 
laboratory, approximately 20% of the staurosporine Capture 
Compound has reacted within 1 h after exposure to normal 
laboratory light (see Subheading 3.2).

 10. In some cases, proteins may precipitate during the washing 
steps. This can be seen by the formation of a brown film on the 
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walls of the reaction vials. Formation of such a brown film 
immediately indicates that the reaction has failed and should 
be broken off. Partial denaturation and precipitation of the 
proteins can be due to (a) thawing or heating (see Note 7) and 
(b) incompatibility between the lysis buffer and the wash buf-
fer. If the recommended lysis buffer (see Note 4) was not used, 
the wash buffer should be changed too to reflect the composi-
tion of the actual lysis buffer used for the experiment. (c) A high 
amount of hydrophobic proteins (e.g., membrane fractions) in 
the sample. Try addition of 0.1–0.5% n-dodecyl-ß-d-maltoside 
to the wash buffer (see Subheading 3.2).

 11. The identification of captured proteins is carried out by 
LC-MS/MS. Mass spectrometry is a highly sensitive method 
with the advantage of allowing the detection of very low pro-
tein amounts. In some cases, the presence of a protein can be 
unambiguously proven by only one peptide. Consequently, it 
is absolutely necessary to use exclusively LC-MS grade reagents 
in the final steps (starting with the water for the final bead 
wash). Avoid contamination of the experiments by external 
protein sources, e.g., keratin originating from dust or from the 
experimenter. Particularly during the final digestion steps, it is 
recommended to pay attention to clean work space, to wear a 
lab coat and possibly a hair net or ideally perform the final steps 
under a clean bench (see Subheading 3.2).

 12. Depending on the experimental question it may be interesting 
to analyze the result of the capture experiments by SDS-PAGE 
followed by silver staining or Western blot. Generally, kinases 
have expression levels which are too low to be discerned as dif-
ferential bands on a silver stained gel. Consequently, capture 
and control lanes may appear identical on the gel. Nevertheless, 
LC-MS/MS analysis allows the identification of specific differ-
ences in capture and control experiment (i.e., kinase captur-
ing). If you need to demonstrate that one particular kinase 
binds the inhibitor, silver stained SDS-gels may be conclusive 
if the protein is used in a purified form. If binding of one par-
ticular protein of interest from a lysate must be shown Western 
blots are recommended. Western blots using streptavidin-
horseradish peroxidase can also be used to visualize successful 
cross-linking of the biotin containing Capture Compound to 
the proteins. Note that naturally biotinylated proteins will also 
be isolated by the magnetic beads and will be contained in the 
capture experiment and the competition control. To analyze 
the reactions by SDS-PAGE, remove the water from the washed 
beads, resuspend in Laemmli buffer, and boil for 5 min. The 
beads are collected by holding a magnet to the tube walls and 
then pipetting the clear solution into the gel wells (see 
Subheading 3.2).



1479 Proteome-Wide Identification of Staurosporine-Binding Kinases…

 13. Due to the small volume of the peptide digest it is not recom-
mended to collect the beads in the lids. The beads are collected 
by holding a magnet to the tube walls followed by pipetting 
the clear solution into fresh tubes (see Subheading 3.3).

 14. To obtain reliable mass spectra, it is essential to have a stable 
electrospray during ESI-MS/MS analysis (see Subheading 3.5).

 15. For other LC-MS/MS systems, measurement parameters and 
peptide identification algorithms must be adjusted individually. 
The program Scaffold enables direct comparison of many differ-
ent single experiments within one file and enables identification 
of specifically captured proteins at one glance as well as an assess-
ment of the reproducibility. Although not absolutely required, 
we recommend the use of this program (see Subheading 3.5).

References

 1. Romano, G., and Giordano, A. (2008) Role of 
the cyclin-dependent kinase 9-related pathway 
in mammalian gene expression and human dis-
eases, Cell Cycle 7, 3664–3668.

 2. Cohen, P. (2002) Protein kinases--the major 
drug targets of the twenty-first century?, Nat. 
Rev. Drug Discov. 1, 309–315.

 3. von Mehren, M. (2006) Beyond imatinib: sec-
ond generation c-KIT inhibitors for the man-
agement of gastrointestinal stromal tumors, 
Clin. Colorectal Cancer 6 Suppl 1, S30–34.

 4. Bantscheff, M., Hopf, C., Kruse, U., and 
Drewes, G. (2007) Proteomics-based strategies 
in kinase drug discovery, Ernst Schering Found. 
Symp. Proc., 1–28.

 5. Karaman, M. W., Herrgard, S., Treiber, D. K., 
Gallant, P., Atteridge, C. E., Campbell, B. T., 
Chan, K. W., Ciceri, P., Davis, M. I., Edeen,  
P. T., Faraoni, R., Floyd, M., Hunt, J. P., 
Lockhart, D. J., Milanov, Z. V., Morrison,  
M. J., Pallares, G., Patel, H. K., Pritchard, S., 
Wodicka, L. M., and Zarrinkar, P. P. (2008)  
A quantitative analysis of kinase inhibitor selec-
tivity, Nat. Biotechnol. 26, 127–132.

 6. Barglow, K. T., and Cravatt, B. F. (2007) 
Activity-based protein profiling for the func-
tional annotation of enzymes, Nat. Methods 4, 
822–827.

 7. Luo, Y., Blex, C., Baessler, O., Glinski, M., 
Dreger, M., Sefkow, M., and Koster, H. (2009) 
From PKA to HCN: The cAMP-capture com-
pound mass spectrometry as a novel tool for 
targeting cAMP binding proteins, Mol. Cell. 
Proteomics 12, 2843–2856.

 8. Luo, Y., Fischer, J. J., Graebner Nee Baessler, 
O. Y., Schrey, A. K., Ungewiss, J., Glinski, M., 

Sefkow, M., Dreger, M., and Koester, H. (2010) 
GDP-Capture Compound - A novel tool for 
the profiling of GTPases in pro- and eukaryotes 
by capture compound mass spectrometry 
(CCMS), J. Proteomics 73, 815–819.

 9. Dalhoff, C., Huben, M., Lenz, T., Poot, P., 
Nordhoff, E., Koster, H., and Weinhold, E. 
(2010) Synthesis of S-Adenosyl-L-homocysteine 
Capture Compounds for Selective Photoinduced 
Isolation of Methyltransferases, ChemBioChem. 
11, 256–265.

 10. Fischer, J. J., Baessler, O., Dalhoff, C., 
Michaelis, S., Schrey, A., Ungewiss, J., Andrich, 
K., Jeske, D., Kroll, F., Glinski, M., Sefkow, M., 
Dreger, M., and Koester, H. (2010) 
Comprehensive Identification of Staurosporine-
Binding Kinases in the Hepatocyte Cell Line 
HepG2 using Capture Compound Mass 
Spectrometry (CCMS), J. Proteome Res. 9, 
806–817.

 11. Koster, H., Little, D. P., Luan, P., Muller, R., 
Siddiqi, S. M., Marappan, S., and Yip, P. (2007) 
Capture compound mass spectrometry: a tech-
nology for the investigation of small molecule 
protein interactions, Assay Drug. Dev. Technol. 
5, 381–390.

 12. Bradford, M. M. (1976) A rapid and sensitive 
method for the quantitation of microgram 
quantities of protein utilizing the principle of 
protein-dye binding, Anal. Biochem. 72, 
248–254.

 13. Emig, S., Schmalz, D., Shakibaei, M., and 
Buchner, K. (1995) The Nuclear Pore Complex 
Protein p62 Is One of Several Sialic Acid-
containing Proteins of the Nuclear Envelope,  
J. Biol. Chem. 270, 13787–13793.



wwwwwwwwwwwww



149

Bernhard Kuster (ed.), Kinase Inhibitors: Methods and Protocols, Methods in Molecular Biology, vol. 795,
DOI 10.1007/978-1-61779-337-0_10, © Springer Science+Business Media, LLC 2012

Chapter 10

Affinity Purification of Proteins Binding to Kinase Inhibitors 
Immobilized on Self-Assembling Monolayers

Marcus Bantscheff, Scott Hobson, and Bernhard Kuster 

Abstract

Kinase inhibitors represent a relatively new class of drugs that offer novel therapies targeting specific 
 malfunctioning kinase-mediated signaling pathways in oncology and potentially inflammation. As the ATP 
binding sites of the ~500 human kinases are structurally conserved and because most current drugs target 
the ATP binding site, there is a need to profile all the kinases that a drug may bind and/or inhibit. We have 
developed a chemical proteomics method that affinity purifies kinases from cell or tissue lysates using 
kinase inhibitors immobilized on self-assembling monolayers. The method can be applied to assess the 
selectivity of a given kinase inhibitor and thus to guide its preclinical or clinical development.

Key words: Kinase inhibitor, Chemical proteomics, Self-assembling monolayers, Mass spectrometry

Kinase inhibitors represent a relatively new class of drugs targeting 
malfunctioning kinase-mediated signaling pathways (1). There are 
currently eight small-molecule inhibitors that are approved by the 
FDA and/or EMEA for the treatment of a number of human can-
cers. Given that all these molecules target the ATP binding site of 
a kinase, it is of paramount importance to establish to which of the 
~500 human kinases and the several thousand ATP binding pro-
teins an inhibitor may bind and inhibit. Traditionally, panels of 
recombinant kinase assays have been used for this purpose (2), but 
these panels are not complete, often do not recapitulate the activity 
of a kinase in vivo, and cannot assess binding/inhibition of nonki-
nase targets. To this end, we and others have developed chemical 
proteomics and chemical genomics methods that enable the 

1. Introduction
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 assessment of binding specificity of a small molecule more broadly. 
In particular, the purification of protein binders using immobilized 
inhibitors and their subsequent identification by mass spectrome-
try has established systematic binding profiles for several kinase 
drugs (3–7). In this chapter, we describe one of these methods that 
utilizes self-assembling monolayers (8, 9) for the purification of 
specific drug–target interactions at low background protein 
binding.

Unless otherwise stated, the suppliers of laboratory chemicals 
are not critical but reagent purity should be at least analytical 
grade. Likewise, the origin of the used plasticware is not consid-
ered to be critical. All glassware should be thoroughly cleaned, 
rinsed extensively to remove traces of detergent, and subse-
quently dried in an oven.

 1. Phosphate buffered saline (PBS).
 2. Lysis buffer: 50 mM Tris/HCl pH 7.5, 5% glycerol, 1.5 mM 

MgCl2, 150 mM NaCl, 25 mM NaF, and 1 mM NaVO4. Add 
detergent (e.g., Tween-20) to a concentration of 0.8%. Add 
one complete EDTA-free tablet (protease inhibitor cocktail, 
Roche Diagnostics) per 25 ml of lysis buffer. Filter lysis buffer 
through a 0.22- m filter (Millipore, SLGV013SL).

 3. A standard cell homogenizer is needed for cell lysis (e.g., Potter 
S from B. Braun, Biotech International).

 4. Ultracentrifugation: any ultracentrifuge and rotor may be used 
provided it can process the appropriate volumes and delivers 
the required g-force (e.g., 20,000 × g step: Sorvall SLA600; 
100,000 × g step: Ti50.2).

 5. Bradford protein assay kit (e.g., BioRad).

 1. Gold-coated glass slides: 22-mm square gold-coated coverslips 
are available from Platypus technologies. Larger slides may also 
be used (see Note 1).

 2. Polyethyleneglycol linkered alkanethiols: amino-EG6- 
undecanethiol (548.22 g/mol), carboxy-EG6-undecanethiol 
(524.71 g/mol), hydroxy-EG6-undecanethiol (468.69 g/mol) 
are available from (Dojindo, Japan).

 3. Absolute ethanol, Argon 4.6.
 4. Piranha solution: Carefully mix 50 ml of concentrated H2SO4 

with concentrated H2O2 (~30%) at a ratio of 7:3 (v/v) in a glass 
beaker and allow to cool to room temperature (see Note 2).

2. Materials

2.1. Cell Lysis

2.2. SAM Preparation
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 1. 10 mM PyBroP ((Benzotriazol-1-yloxy)-tripyrrolidinphospho-
nium hexafluorophosphate), in absolute ethanol (4.66 mg/ml).

 2. 20 mM Diisopropylethylamine (DIEA) in absolute ethanol 
(8.75 L DIEA in 2.5 ml ethanol), 1-Ethyl-3-[3-dimethylamino-
propyl]carbodiimide (EDC), 1,3-Dicyclohexyl carbodiimide 
(DCCD), N-hydroxy-succinimide (NHS), acetic acid, PBS, abs 
ethanol, 6-well cell-culture plate, triethylamine (TEA), 2-Amino-
ethanol, ethylenediamine.

 3. Kinase inhibitors: for this method, a kinase inhibitor must con-
tain a primary or secondary aliphatic amine or a carboxylic acid 
group (see Note 3). The examples used in this chapter are 
Bisindolylmaleimide VIII and Purvalanol B.

 1. Lysis buffer (see above) without detergent.
 2. 6-well cell-culture plate (see above).

 1. Formic acid, porcine trypsin (sequencing grade), HPLC-grade 
water, NH4HCO3, 0.5 M HCl.

 2. Humidity chamber: the digestion of proteins by trypsin must 
be carried out in a humid chamber to prevent the SAM from 
drying up during digestion. This is easily achieved by placing a 
wet tissue at the bottom of a 6-well cell-culture plate and by 
sealing the plate using parafilm.

 3. Centrifugal force vacuum concentrator for concentration of 
protein digests.

 1. The available equipment for the identification of proteins by 
mass spectrometry may vary greatly between laboratories. 
There are no particular requirements for this method except 
that the MS platform must be an LC-MS/MS system with 
sufficient sensitivity to sequence peptides at the femtomol 
level.

 2. For the experiments exemplified in this chapter, tryptic frag-
ments were analyzed by nanocapillary reversed-phase liquid 
chromatography tandem mass spectrometry (RP-LC-MS/MS) 
using a nano-LC system (CapLC, Waters) coupled to a qua-
drupole time-of-flight (QTOF Micro, Waters) mass spectrom-
eter. 75- m ID columns were self-packed using 5 M C-18 
material (Reprosil, Dr. Maisch, Germany).

 3. HPLC solvents: HPLC-grade water, HPLC-grade acetonitrile, 
and HPLC-grade formic acid (98–100%).

 4. Several database search algorithms are available and may be 
used for the matching of tandem mass spectra against a protein 
sequence database. We have used the Mascot search engine 
(Matrix Science, London).

2.3. Immobilization  
of Kinase Inhibitors

2.4. Affinity 
Purification

2.5. Sample 
Preparation for Mass 
Spectrometry

2.6. Identification  
of Proteins by Mass 
Spectrometry
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Several experimental aspects are important for the identification of 
proteins binding to an immobilized inhibitor. First of all, the choice 
of protein source (cell culture, tissue) determines the range of 
kinases that can be identified as not all cell types express all proteins 
encoded by the genome. Second, all protein kinases need to be 
solubilized from the cells and tissues. As kinases are present in 
membranes, the cytosol, and the nucleus, the choice of lysis condi-
tions and detergent is critical and will have to be adjusted on a 
case-by-case basis. Third, the specificity of the affinity purification 
depends on the density with which compounds are coupled to the 
surface of the SAMs. Our experience suggests that compound 
immobilization is generally straightforward, but only a fraction of 
the coupling capacity of the SAMs should actually be used. Fourth, 
the sensitivity of identifying bound kinases and other interacting 
proteins depends on the sensitivity of the employed LC-MS/MS 
system. Best results are obtained when top-grade nano-HPLC and 
mass spectrometers are used. For further details, see also data fig-
ures and notes section.

 1. Harvest cells from tissue culture cells and pelleted at 2,000 × g. 
Subsequently, wash cell pellet twice with 20 ml of ice-cold 
PBS.

 2. Add two volumes of ice-cold lysis buffer to one volume of cell 
pellet and transfer the suspension into a cooled dounce tissue 
grinder.

 3. Dounce the suspension 10× (using, for example, a mechanized 
POTTER S at a speed setting of 300/min) and transfer the 
homogenate into a 50-ml plastic tube and incubate for 30 min 
on ice.

 4. Spin the crude lysate for 10 min at 20,000 × g at 4°C and trans-
fer the supernatant to a polycarbonate ultracentrifuge tube.

 5. Spin the lysate for 1 h at 100,000 × g at 4°C and transfer the 
supernatant into a fresh 50-ml plastic tube.

 6. Determine the protein concentration of the lysate using a stan-
dard Bradford test. Prepare 50 mg aliquots, freeze in liquid 
nitrogen, and store at −80°C until use.

 1. Preparation of the glass surface: Remove the gold-coated glass 
slides from the shipping container and immerse briefly 2× in abso-
lute EtOH in a glass beaker (see Note 1). Dry the slides under a 
stream of argon. Immerse the slides in a glass beaker containing 
Piranha solution for 30 min or until no visible reactions are taking 
place anymore. Remove the gold-coated glass slides from Piranha 

3. Methods

3.1. Lysis of Cells

3.2. Preparation  
of the SAM
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solution and immerse 2× in water followed by 2× in absolute 
 ethanol (see Note 2). Dry the surfaces quickly with a stream of 
argon and proceed immediately with the next step.

 1. Dissolve 2.73 mg of amino-EG6-undecanethiol in 1 ml Ethanol 
in a glass vial.

 2. Dissolve 46.9 mg of hydroxy-EG6-undecanethiol in 1 ml 
Ethanol in a glass vial.

 3. Pour 98 ml of Ethanol into a 250-ml beaker using a graduated 
glass cylinder.

 4. Add both alkanethiol-containing solutions and mix thoroughly. 
This yields a solution containing 50 M amino-EG6-unde-
canethiol and 1 mM total thiol.

 5. Place the gold-coated slides into a thoroughly cleaned and 
dried glass container, so that they are not in contact with each 
other.

 6. Add thiol-containing solution so that all glass slides are nicely cov-
ered and close the container so that it is airtight (see Note 4).

 7. Incubate the glass slides overnight at room temperature.
 8. Remove the slides from the glass container using tweezers and 

gently dry in a stream of argon.

This protocol yields approximately 5% amine-terminated SAMs.

 1. Dissolve 2.62 mg of carboxy-EG6-undecanethiol in 1 ml 
Ethanol in a glass vial.

 2. Dissolve 46.9 mg of hydroxy-EG6-undecanethiol in 1 ml 
Ethanol in a glass vial.

 3. Pour 98 ml of Ethanol into a 250 ml beaker using a graduated 
glass cylinder.

 4. Add both alkanethiol-containing solutions and mix thoroughly. 
This yields a solution containing 50 M carboxy-EG6-unde-
canethiol and 1 mM total thiol.

 5. Proceed as described in Subheading 3.2.1.

 1. Prior to inhibitor immobilization, the SAM surface as prepared 
in Subheading 3.2.2 needs to be chemically activated.

 2. Allow EDC reagent vial to warm up to room temperature and 
prepare a 400 mM solution in pure water. In parallel, prepare 
a 200 mM solution of NHS in water. Mix equal volumes of the 
EDC and NHS solutions.

 3. Transfer the SAM containing glass slide into a new plastic 
6-well plate (see Fig. 1 and Note 5).

3.2.1. Preparation of SAM 
Surface Containing Amine 
End Groups

3.2.2. Preparation of SAM 
Surface Containing 
Carboxy End Groups

3.3. Immobilization  
of Kinase Inhibitor  
on the SAM

3.3.1. Kinase Inhibitors 
Containing a Primary or 
Secondary Amino Group
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 4. Apply the mixed EDC/NHS reagent to the gold-coated side 
of the SAM. For SAMs prepared on coverslips use ~0.2 ml. 
Incubate for 15 min at room temperature. Remove surplus 
EDC/NHS reagent by two brief washings in PBS.

 5. Prepare a 125 nmol/ml solution of the kinase inhibitor in 
PBS (see Note 6). Apply inhibitor to the activated SAM at 
5 nmol/cm2 and incubate overnight at room temperature 
(see Note 7).

 6. In order to remove excess coupling reagents, wash the coupled 
SAM for 2× 10 s in a beaker filled with ethanol. Subsequently, 
wash coupled SAM for 2× 10 s in ~50 ml lysis buffer contain-
ing 0.4% detergent.

 1. Prior to inhibitor immobilization on the SAM, the kinase 
inhibitor needs to be chemically activated.

 2. Prepare a 10 mM solution of PyBroP in absolute ethanol. This 
solution is unstable and must be made fresh immediately prior 
to use. Prepare a 20 mM DIEA solution in absolute ethanol.

 3. Mix 2.5 ml of each PyBroP and DIEA solutions and add 20 ml 
absolute ethanol. Add kinase inhibitor from an appropriate 
stock solution to the amount of 50 nmol/cm2 of SAM 
surface.

 4. Pour the above solution into a new plastic cell-culture 6-well 
plate and incubate the SAM at room temperature overnight.

 5. Prepare NHS-activated acetic acid as blocking reagent by mix-
ing equal volumes of 200 mM NHS and DCCD solutions in 
acetonitrile in a glass vial and by adding 11.4 l of acetic acid 

3.3.2. Kinase Inhibitors 
Containing a Carboxylic 
Acid Group

Fig. 1. Gold-coated glass slides in 6-well tissue culture plate.
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per ml solution. Mix thoroughly and after incubation at room 
temperature overnight, the solution is ready to use.

 6. Unmodified amino groups on the SAM surface are blocked by 
adding 100 l NHS-activated acetic acid solution and 100 l 
7.2 M TEA to the SAM. Incubate for at least 4 h at room 
temperature.

 1. Keep SAM in lysis buffer until cell lysate is ready for use.
 2. Thaw cell lysate quickly in a 37°C water bath and then keep on 

ice. Dilute lysate with lysis buffer (without detergent!) to 0.4% 
detergent and a protein concentration of 5–10 mg/ml (see 
Note 8). Transfer diluted lysate to a polycarbonate tube and 
spin for 20 min at 100,000 × g at 4°C (see Note 9).

 3. Incubate SAM with 1 ml of lysate in a 6-well plate overnight at 
4°C on an orbital shaker (see Note 10).

 4. Remove unbound proteins by three 10 s washes first using 
50 ml lysis buffer with 0.4% detergent, second using 50 ml lysis 
buffer with 0.2% detergent, and third using 50 ml lysis buffer 
without any detergent. Blow off remaining liquid from the 
SAM by a stream of argon.

 1. Prior to mass spectrometric analysis, proteins purified on SAMs 
need to be digested into peptides.

 2. Dissolve trypsin in 1 mM HCL to a concentration of 1 mg/ml 
and keep at −20°C until use. Dilute trypsin stock solution to 
0.3 g/ml in 50 mM NH4HCO3 pH 7.8. Add trypsin solution 
to SAM: 100–200 l are needed for a coverslip. Incubate in a 
humid atmosphere for 3 h at 55°C without shaking. Collect the 
supernatant containing the peptides. Wash the SAM surface twice 
with 0.1% formic acid (100 l for coverslips; 500 l for micro-
scope slides). Combine these three samples, freeze in liquid 
nitrogen, and dry in a centrifugal force vacuum concentrator.

 3. For mass spectrometric analysis, reconstitute the sample in 
20 l 0.1% formic acid, vortex, incubate for 5 min in an ultra-
sonic bath and centrifuge the sample. Inject 5–20 l of the 
sample into the LC-MS/MS system and separate tryptic pep-
tides within 2 h on a 75 m inner diameter C-18 reversed 
phase column using gradient elution (90 min linear gradient 
from 2 to 35% acetonitrile in 0.1% formic acid, followed by a 
5 min wash step at 60% acetonitrile and 25 min reequilibration 
at 2% acetonitrile).

 4. For protein identification, search the generated tandem mass 
spectra against an appropriate protein sequence data base (e.g., 
IPI, Swissprot, or other) with peptide and fragment mass toler-
ances set to values appropriate for the particular mass 
 spectrometer used. Up to 3 missed cleavage sites should be 

3.4. Affinity 
Purification

3.5. Identification  
of Interacting Proteins
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allowed and we recommend to use methionine oxidation as a 
variable modification (see Notes 11 and 12).

 1. Never touch gold-coated glass slides with your hands. Use 
tweezers instead and hold the slides at the edges only. Make 
sure that you know which side of the SAM is gold coated (see 
Subheadings 2.2 and 3.2).

 2. A Piranha solution is used to remove all organic matter from 
gold-coated substrates prior to functionalization of the sub-
strate with the SAM. Please note that Piranha solution is 
extremely corrosive and thus should only be handled by a qual-
ified person and following all appropriate safety precautions 
(lab coat, safety glasses, gloves, fume hood, waste disposal, etc, 
see Subheadings 2.2 and 3.2).

 3. For this method to work, kinase inhibitors must contain a pri-
mary or secondary amine or a carboxylic acid group. Kinase 
inhibitors for which this is not the case, have to be chemically 
modified prior to immobilization (see Subheading 2.3).

 4. Thiol groups are sensitive to oxidation by oxygen present in 
ambient air. Therefore, use thiol-containing solution immedi-
ately after preparation (see Subheading 3.2.1).

 5. As an alternative to 6-well cell-culture plates, petri dishes may 
be used when experiments are scaled up to larger (or multiple) 
glass slides. All buffer volumes should be adjusted appropri-
ately. BUT make sure that the amount of added kinase inhibi-
tor is always calculated based on the surface area of the glass 
slides (see Subheading 3.3.1).

 6. Kinase inhibitors tend to be poorly soluble in water. Therefore, 
10–100 mM stock solutions should be prepared in DMSO or 
DMF (see Subheading 3.3.1).

 7. Compound density on SAMS should be kept relatively low to 
ensure that putative binders have proper access to the immobi-
lized small-molecule compound and to prevent unspecific 
interactions between bound proteins. The described density of 
5% of the total surface should be considered as a rule of thumb. 
Lower densities might be required when purifying very large 
protein complexes. Coupling densities up to 20% may be used 
to increase kinase recovery. Please note that this may also 
increase unspecific protein binding (see Subheading 3.3.1).

 8. We have tested several detergents. The procedure is compatible 
with most detergents. However, we note that results obtained 

4. Notes
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with e.g., DDM were substantially worse than those performed 
with NP40 (see Subheading 3.4 and Fig. 2).

 9. The described ultracentrifugation steps are absolutely required to 
remove any protein-containing particles from the protein prepa-
ration. Failure to do so will often result in high protein back-
ground binding presumably due to adsorption and precipitation 
of protein particles on the SAM surface (see Subheading 3.4).

 10. High protein concentrations are desirable to achieve efficient 
binding (see Subheading 3.4).

 11. The database search parameters that should be used for protein 
identification using Mascot depend on the instrument used 
(see Subheading 3.5).

 12. The successful purification of kinases from lysates on SAMs is 
both a function of the affinity of a kinase to the immobilized 
ligand and the abundance of that protein in the lysate. It is, 
therefore, well possible that a low-affinity interaction of a very 
high abundant protein is more easily identified than a high-
affinity interaction of a very low abundant protein (see Table 1). 
In order to increase binding selectivity and to confirm binding 
of the inhibitor to the ATP binding site, free ATP can be spiked 
into protein preparations during the binding step (see Fig. 3 
and Subheading 3.5).
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Fig. 2. Affinity enrichment on self-assembled monolayers is compatible with a variety of 
detergents. The immobilized CDK inhibitor purvalanol B purifies five to nine different pro-
tein kinases when using different detergents. While the amount of identified kinases is 
similar for Tween 20 and NP40 (judged by similar spectrum to sequence matches), signifi-
cantly fewer nonkinase proteins were detected in the presence of 0.4% Tween 20, indi-
cating a higher binding specificity.
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Table 1 
Proteins identified by affinity enrichment on Bis8-SAM using HELA lysate

Accession 
number Protein name MW (Da)

MASCOT 
score

Sequence  
to spectrum 
matches

Number  
of peptides 
identified

IPI00292228.1 GSK3A 50,981 175 6 6

IPI00216190.1 GSK3B 48,034 224 8 7

IPI00848058.1 ACTG1 45,086 914 71 24

IPI00008603.1 ACTA2 42,009 593 48 16

IPI00014424.1 EEF1A2 50,470 358 36 9

IPI00003269.1 DKFZp686D0972 42,003 269 28 8

IPI00011654.2 TUBB 49,671 526 27 17

IPI00180675.4 7UBA1A 50,136 510 25 13

IPI00009342.1 IQGAP1 189,252 717 23 22

IPI00007752.1 TUBB2C 49,831 447 20 14

IPI00644079.2 HNRPU 90,584 275 9 8

IPI00219344.4 HPCAL1 22,313 338 9 9

IPI00329338.2 PCYT1A 41,732 175 7 7

IPI00022744.5 CSE1L 110,417 134 6 6

IPI00011200.5 PHGDH 56,651 242 6 6

IPI00025512.2 HSPB1 22,783 138 5 4

IPI00007402.2 IP07 119,702 99 4 4

IPI00797001.1 MYL6 18,500 83 4 4

IPI00003865.1 HSPA8 70,898 120 4 4

IPI00782992.3 SRRM2 299,615 94 4 3

IPI00157790.7 KIAA0368 223,694 90 4 4

IPI00009790.1 PFKP 85,596 54 2 2

IPI00472102.3 HSPD1 61,213 40 2 2

IPI00453473.6 HIST1H4A 11,367 62 2 2

IPI00455976.1 LOC392557 27,869 64 2 2

Two known protein kinases are shown in bold face. The MASCOT score is a measure for identification quality. Only 
proteins with at least two identified peptides are shown
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Chapter 11

Kinase Inhibitor Profiling Using Chemoproteomics

Markus Schirle, Eugene C. Petrella, Scott M. Brittain, David Schwalb, 
Edmund Harrington, Ivan Cornella-Taracido, and John A. Tallarico 

Abstract

Quantitative chemoproteomics has recently emerged as an experimental approach to determine protein 
interaction profiles of small molecules in a given cell line or tissue. In contrast to standard biochemical and 
biophysical kinase assays, application of this method to kinase inhibitors determines compound binding to 
endogenously expressed kinases under conditions approximating the physiological situation with regard to 
the molecular state of the kinase and presence of required cofactors and regulatory proteins. Using a dose-
dependent, competition-based experimental design in combination with quantitative mass spectrometry 
approaches, such as the use of tandem mass tags (TMT) for isobaric labeling described here, allows to 
rank-order interactions of inhibitors to kinase by binding affinity.

Key words: Chemoproteomics, Quantitative proteomics, Target identification, Isobaric mass tags

Profiling of compounds for activity or binding against protein and 
lipid kinases is routinely done using purified recombinant protein, 
which allows for tightly controlled experimental conditions (1, 2). 
While it is expected that such panels will cover the complete 
(human) kinome in the near future, correlating results to in vivo 
efficacy is not always straightforward (3). This is at least partially 
due to the fact that these results are based on inhibition of isolated, 
often recombinantly expressed proteins, which do not necessarily 
represent the cellular forms with respect to primary sequence, 
 posttranslational modifications and lack cellular interactors required 
for full enzymatic activity and modulation by cellular control 
mechanisms. In contrast quantitative affinity proteomics-based 
strategies are becoming increasingly important as a means to gen-
erate testable hypotheses of compound–protein interactions for 
mechanism of action studies under more physiological conditions, 

1. Introduction
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while interrogating the full proteome in a disease-relevant cell line 
or tissue (4).

The conserved ATP-binding site in kinases and purine-binding 
proteins allows for a focused chemoproteomic strategy where a 
pan-kinase affinity matrix (pKAM) consisting of one or several 
immobilized, broad-specificity kinase inhibitors is used as the affin-
ity tool for enrichment of kinases (5, 6). Using in-lysate competi-
tion with varying doses of free competitor (i.e., compound under 
investigation) prior to affinity purification, relative binding affini-
ties can be determined by monitoring the dose-dependent reduc-
tion of kinases captured with the pKAM as measured by quantitative 
mass spectrometry (5, 7–9). In contrast to unbiased, i.e., not tar-
get family-focused, chemoproteomics strategies, the described 
approach does not require immobilization of compounds under 
investigation or generation of active linkable variants thereof, thus 
eliminating what is often the rate-limiting step in such studies. 
Despite the ATP-competitive nature of the pKAM components 
(type I inhibitors), any non-type I inhibitor that influences affinity 
and/or accessibility of the ATP-binding site will also give a signal 
in this assay. In addition, it should be noted that the described 
data-dependent mass spectrometry readout is by nature not lim-
ited to protein kinases but will yield quantitative information for all 
directly or indirectly enriched proteins, including other purine-
binding proteins in the right affinity window (typically up to low 

M KD (8)) or, e.g., kinase interacting proteins.
We describe here the use of an exemplary ATP-competitive 

pan-kinase affinity matrix consisting of three broad specificity kinase 
inhibitors: Compound I, a linkable derivative of Staurosporine; 
Compound II, based on a published c-Src kinase inhibitor and 
Compound III, representing a pyrimidine diamine tyrosine kinase 
inhibitor scaffold (10–14) (Fig. 1a). In this example, we assessed 
kinase specificity and relative affinities of three further compounds 
(IV–VI, Fig. 1b) that originated from the same series as compound 
II. Each compound was used for in-lysate competition at six differ-
ent concentrations (25, 2.5, 0.25, 0.025, 0.0025, and 0 M) prior 
to performing 6 separate pKAM affinity enrichment experiments, 
protein separation by 1D SDS-PAGE, and analysis by quantitative 
mass spectrometry using isobaric labeling tags (Fig. 2). A 1:1 mix-
ture of two tumor cell lines, the cervical cancer line HeLa and the 
chronic myelogenous leukemia line K562 was used as cellular input 
material, exemplifying sources rich in (activated) kinases. Ultimately, 
the accessibility of potential kinase targets in a given combination 
of input and ATP-competitive pKAM depends on a number of 
variables: these include binding affinities and kinetic parameters, 
binding site of inhibitor relative to hinge region of kinase, protein 
abundance, and subcellular localization. Equally important is the 
compatibility of cell lysate preparation methods with preserva-
tion of the binding competent state of the kinase with respect to 
required protein interactions, posttranslational modifications, and 



Fig. 1. (a) Components of the three-component pan-kinase affinity matrix used in this study for affinity enrichment. 
(b) Kinase inhibitors profiled in this study by in-lysate competition.

Fig. 2. Overview of chemoproteomics strategy for profiling kinase inhibitors against a pan-kinase affinity matrix (1) lysate; 
(2) compound in-lysate incubation; (3) affinity column separation; (4) protein separation by SDS-PAGE; (5) gel cutting in 16 
slices per lane (not shown), in-gel digestion and TMT peptide labeling; (6) combination of digests from corresponding MW 
areas for nanoLC–MS/MS analysis; (7) peptide and protein identification and quantitation.
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activation state. Rank ordering proteins based on the resulting 
affinity measurements as defined by the concentration at which 
50% residual binding is observed (“RB50”) has been shown to 
 correlate by and large with reported data based on standard 
 biochemical assays (although systematic shifts of absolute values 
may be observed) (5, 9).

 1. N-hydroxysuccinimide (NHS)-activated Sepharose™ 4 Fast Flow 
(GE Healthcare, Piscataway, NJ).

 2. Anhydrous solvents: dimethylsulfoxide (DMSO), dimethylfor-
mamide (DMF), methanol, ethanol. Triethylamine, purity    99%; 
2-aminoethanol, purity    99%.

 3. Low-speed centrifuge with swinging bucket rotor, to accom-
modate 15-ml conical centrifuge tubes.

 4. LC/MS sample vials.
 5. Rotator, end-over-end, to accommodate 15 ml conical centri-

fuge tubes.

 1. Cell lysis buffer: 50 mM HEPES, pH 7.5, 150 mM NaCl, 
1.5 mM MgCl2, 1 mM Na3VO4. Immediately before use, add 
1 mM Na3VO4, 25 mM NaF, 1 mM dithiothreitol (DTT), 
0.8% (v/v) 2-[4-(2,4,4-trimethylpentan-2-yl)phenoxy]ethanol 
(CAS no. 9081-99-6, e.g., Nonidet P40 or Igepal CA-630), 
and an EDTA-free protease inhibitor cocktail, e.g., Complete™ 
EDTA-free protease inhibitor tablet (Roche Diagnostics, 
Indianapolis, IN).

 2. Dounce homogenizer, glass, tight pestle. Select a homogenizer 
size such that the working cell suspension volume occupies 
between 30 and 50% of the volume of the narrow cylindrical 
tube of the homogenizer. This allows for more uniform appli-
cation of shear force throughout the cell suspension.

 3. Frozen cell pellets of HeLa-S3 and K562, 1 × 109 cells per cell 
line (see Note 1).

 4. Refrigerated centrifuges: Low-speed, swinging bucket or fixed-
angle, to accommodate 15 ml conical centrifuge tubes. 
Ultracentrifuge, fixed-angle rotor, capable of >100,000 × g force.

 1. Wash buffer I: Cell lysis buffer (see Subheading 2.2, item 1) 
without protease inhibitors or detergent.

 2. Wash buffer II: Cell lysis buffer (see Subheading 2.2, item 1) 
without protease inhibitors.

 3. Cell lysis buffer (see Subheading 2.2, item 1) without detergent.

2. Materials
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 4. Platform rocker.
 5. Chromatography columns: Mobicol, centrifugable, 1 ml with 

90- m pore size frit and Luer-lock connector (Mobicol, 
MoBiTec, Göttingen, Germany).

 6. Syringes: plastic disposable with Luer-lock fitting, 10 cc.
 7. Heating block shaker for microcentrifuge tubes.
 8. Microcentrifuge tubes, siliconized, 1.5 ml.
 9. Iodoacetamide solution: 200 mg/ml in distilled deionized 

water (prepare freshly and protected from light).

The NuPAGE® Novex® protein gel electrophoresis system 
(Invitrogen Life Technologies, Carlsbad, CA) was used for the 
experiments described herein. Any other 1D-SDS-PAGE equip-
ment may be used alternatively.

 1. Sample buffer: 106 mM Tris–HCl, 141 mM Tris base, 2% 
(w/v) lithium dodecylsulfate (LDS), 10% (v/v) glycerol, 
0.51 mM EDTA, 0.22 mM SERVA® Blue G250, 0.175 mM 
phenol red, pH 8.5 (prepared as a 4× solution).

 2. Dithiothreitol (DTT): 1 M in distilled deionized water.
 3. Running buffer: 50 mM MOPS, 50 mM Tris base, 0.1% (w/v) 

sodium dodecylsulfate (SDS), 1 mM EDTA, pH 7.7 (prepared 
as a 20× solution).

 4. NuPAGE® antioxidant: 400× solution.
 5. NuPAGE® Novex® 4–12% gradient bis–tris gels: 1.5-mm thick-

ness, 10 wells.
 6. XCell SureLock™ Mini-Cell (Invitrogen Life Technologies).
 7. Unstained molecular weight standards.
 8. Programmable electrophoresis power supply.
 9. Microcentrifuge.
 10. Gel fixing solution: 29% (v/v) Methanol, 1% (v/v) acetic acid 

in distilled deionized water.
 11. Colloidal Blue staining kit.

 1. 2D iD Gel imager and cutting robot: square cutting nozzle 
(2 mm × 2 mm), gel-cutting tray, hydrophilic pad (Leap 
Technologies, Carrboro, NC).

 2. Filter plate: U-bottom plate.
 3. Sealing tape with 96-well pattern.
 4. Pipetting robot: This method is described in combination with 

the Freedom EVO 200 robot equipped with vacuum block 
and spacers, 4-position incubator, liquid handling arm (8-tip) 
and trough carriers, robotic manipulator arm and fingers, purifi-
cation plate, silicon preslit sealing mat, DiTi 1000- l disposable 
conductive tips (Tecan, Durham, NC).

2.4. One-Dimensional 
Separation  
of Affinity-Purified 
Proteins

2.5. Gel Cutting  
and In-gel 
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 5. Destain solution: 50 mM Ammonium bicarbonate, 30% 
 acetonitrile (v/v).

 6. Dehydration solution: 100% acetonitrile.
 7. Collection solution: 1% Formic acid–50% acetonitrile (v/v).
 8. Concentrated trypsin solution: 167 ng/ l Sequencing grade 

modified trypsin in 1 mM HCl.
 9. Trypsin dilution buffer: 50 mM Ammonium bicarbonate.
 10. Vacuum concentrator.

 1. TMT 6plex reagent kit (Fisher Scientific).
 2. Triethylammonium bicarbonate (TEAB) solution: 100 mM in 

water.
 3. V-bottom 96-well plate.
 4. Heat sealer.
 5. Trifluouro acetic acid: 0.1% (v/v).

 1. Peptide separation column: 75 m ID spraying capillary 
(In-house fabricated using a P-2000 capillary puller, Sutter 
Instruments, Novato, CA) packed with ReproSil-Pur 120 
C18-AQ, 3 m material (200-mm bed length, Dr. Maisch 
GmbH, Ammerbuch-Entringen, Germany); see Note 2 for 
commercially available equivalents.

 2. Kasil-fritted trapping column: 75 m ID, packed with ReproSil-
Pur 120 C18-AQ, 5 m material (15-mm bed length) or 
equivalent trapping column; see Note 2 for commercially avail-
able equivalents.

 3. Liquid chromatography system: NanoLC 1D plus (Eksigent, 
Dublin, CA), equipped with a 10- l loop, setup for 96-well 
plates (or alternative system).

 4. Mass spectrometer: LTQ-Orbitrap XL (Thermo Electron, San 
Jose, CA; Xcalibur 2.0.7, Tune plus 2.4 SP1 software) equipped 
with Picoview 550 Nanospray source (New Objective). 
Alternative systems may also be used.

 5. Mobile phase A: 0.1% Formic acid, 2% acetonitrile (v/v).
 6. Mobile phase B: 0.1% Formic acid, 98% acetonitrile (v/v).

Other tools than the ones described may also be used.

 1. Mascot v2.2 (Matrix Science, London, UK).
 2. Transproteomic pipeline (TPP) v3.3sqall, available on the 

Internet from the Seattle Proteome Center at the Institute of 
System Biology (Seattle, WA).

 3. IPI_human v3.44 protein database (EBI, Cambridge, UK) 
supplemented with sequences of common nonhuman contam-
inants as well as reversed entries for all forward entries.

2.6. Peptide Labeling 
Using Isobaric 
Labeling Tags

2.7. Peptide 
Identification  
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 4. In-house developed software for parsing and uploading of 
 information from TPP-derived xml files and Mascot result 
files to a relational database (Oracle 10g; Oracle, Redwood 
Shores, CA).

 5. Software for curve fitting: e.g., Prism 5.

 1. NHS-activated Sepharose™ 4 Fast Flow is supplied as a slurry 
in isopropanol. Pipette the desired amount of matrix into a 
15 ml graduated polypropylene centrifuge tube. Typical cou-
pling volume is 1–2 ml packed matrix. Wash 3× with 10 ml 
DMSO, centrifuging at 80 × g for 3 min to pellet the matrix in 
between washes. Resuspend in one packed matrix volume of 
DMSO, i.e., make a 50% slurry.

 2. From a concentrated stock solution (e.g., 100 mM in DMSO 
or DMF), add 2 moles primary (or secondary) amine- 
containing affinity compound per ml of packed matrix. Add 
40 l triethylamine per ml of packed matrix, mix by inversion, 
centrifuge at 80 × g for 3 min, and immediately transfer 20 l 
supernatant solution to an LC/MS sampling vial containing 
20 l methanol. This sample represents a t = 0 reaction moni-
toring. Set aside for final assessment of reaction completion.

 3. Incubate the reaction slurry for 16 h (or overnight) at room 
temperature on an end-over-end rotator, protected from light.

 4. Centrifuge at 80 × g for 3 min. Retain 20 l supernatant solu-
tion as in step 2 and add 50 l 2-aminoethanol per ml packed 
matrix. Incubate for 16 h (or overnight) at room temperature 
on an end-over-end rotator, protected from light.

 5. Wash matrix with 10 ml DMSO followed by 3 washes with 
10 ml ethanol. Resuspend matrix in ethanol, transfer to glass 
vial, and store at 4°C, protected from light.

 6. To assess coupling efficiency, subject t = 0 and t = overnight 
samples obtained in steps 2 and 4 to LC/MS analysis. As a 
control, include an additional sample consisting of compound 
from the original stock solution. Typical instrumentation, col-
umn, and run parameters are Waters Micromass ZQ, Inertsil 
C8-3 column (3 cm × 3 mm × 3.0 m), mobile phase: 5–95% 
MeCN (5 mM ammonium formate) gradient over 2 min at 
2 ml/min, 3 l injection volume. The experimenter may need 
to select alternative conditions to suit their particular chemistry. 
Coupling is deemed successful if no compound is detected in 
the t = overnight sample.

For the experiments described herein, the three matrices that 
were generated were combined in a 1:1:1 ratio. Each affinity 
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enrichment utilized a total of 100 l of this combined matrix (see 
Subheading 3.4, step 4).

 1. Estimate the packed cell volume (PCV) of the cells to be pro-
cessed, e.g. a HeLa-S3 cell pellet containing 5 × 108 cells typi-
cally has a PCV of approximately 1.4–1.5 ml. Add two PCVs 
of freshly prepared cell lysis buffer and triturate to form a 
homogeneous cell suspension. Let stand on ice for 30 min with 
occasional mixing to keep cells suspended (see Note 3).

 2. Transfer cell suspension to glass, tight-pestle Dounce homog-
enizer. Perform ten successive, even-pressured strokes, taking 
care to avoid foaming.

 3. Transfer cells to a graduated conical polypropylene centrifuge 
tube. Centrifuge at 800 × g for 5 min at 4°C. A swinging bucket 
rotor is acceptable for this step. The pellet (P0.8) includes 
nuclei, undisrupted cells, and some cytoskeletal components. 
The supernatant (S0.8), an opaque solution, is a cytoplasmic 
fraction containing organelles (e.g., mitochondria, endosomes, 
Golgi apparatus, endoplasmic reticulum, etc.).

 4. Carefully remove the supernatant and centrifuge at 100,000 × g, 
45 min at 4°C, utilizing a fixed-angle rotor. Suitable centri-
fuge/rotor combinations for this step are Beckman-Coulter 
Optima XL-100K/50.2Ti, Sorvall Discovery M150 SE/
S100-AT6, or equivalent. This supernatant solution, S100 
cytosol, is transparent. Often, a white-colored lipid layer will 
appear at the top of the liquid column. The pellet is most often 
small and translucent.

 5. Remove the supernatant solution taking care not to aspirate 
the lipid layer nor disturb the pellet. Determine the total pro-
tein concentration utilizing a detergent- and reducing agent-
compatible assay system, e.g., Pierce 660 nm Protein Assay. 
Use the S100 fraction immediately for affinity enrichments or 
store at −80°C.

Each compound concentration to be examined via in-lysate com-
petition requires 100 l of packed affinity matrix contacted with 
25 mg protein from cell lysate. Keep lysate solutions on ice (see 
Notes 4 and 5).

 1. Dilute the cell lysate (from Subheading 3.3, step 5) to 5 mg/ml 
using cell lysis buffer without detergent and adjust the detergent 
concentration to 0.4% (v/v). Set up the appropriate number of 
25 mg aliquots in 15 ml conical polypropylene  centrifuge tubes; 
for example, for a 6plex TMT experiment, set up six aliquots.

 2. Add competition compound from a 1,000× DMSO stock to 
each aliquot while keeping the DMSO volume added constant, 
e.g., add 5 l of 10, 1, and 0.1 mM stocks to achieve final 

3.2. Preparation  
of Lysates for Affinity 
Enrichment of Kinases

3.3. Affinity 
Enrichment  
and Competition 
Experiments



16911 Kinase Inhibitor Profiling Using Chemoproteomics

compound concentrations of 10, 1, and 0.1 M, respectively. 
Include a vehicle (DMSO) control. Incubate for 1 h on ice.

 3. Pipette appropriate amount of affinity matrix slurry into a 
15 ml conical polypropylene centrifuge tube and wash twice 
with wash buffer I followed by one wash with wash buffer II. 
Resuspend matrix in one volume of wash buffer II.

 4. Divide washed matrix into appropriate number of 100 l 
(packed matrix volume) aliquots into individual 15 ml centri-
fuge tubes.

 5. At the end of 1 h incubation period (step 2), add compound/
lysate mixtures to individual matrix aliquots.

 6. Incubate for 4 h to overnight with gentle rocking at 4°C.
 7. Pellet matrix by centrifugation, remove majority of protein 

solution leaving behind enough solution to efficiently transfer 
matrix slurries to chromatography columns. Transfer slurries 
to individual Mobicol columns (with bottom plugs in place) 
mounted vertically. Mount 10 cc syringe (with plunger 
removed) to each column. Perform all chromatography in a 
cold room, 4–8°C.

 8. To prevent air lock, add 1 ml wash buffer II to occupy dead 
volume space between matrix and bottom of syringe barrel. It 
may be necessary to use a syringe plunger to purge trapped air. 
Add an additional 9 ml wash buffer II, remove bottom column 
plug, and allow buffer to flow through the matrix. Add 5 ml 
wash buffer I, allow to flow through, and use syringe plunger 
to expel remaining buffer. Plug bottom of column and discon-
nect from syringe.

 9. Place column in 1.5 ml siliconized microcentrifuge tube. Add 
60 l 2× sample buffer containing 10 mM DTT, mix, and 
incubate for 30 min at 55°C.

 10. Carefully remove bottom plug and pulse centrifuge to expel 
sample into microcentrifuge tube. The volume of sample 
retrieved is typically about 50 l.

 11. To alkylate cysteine sulfhydryls, add 5.5 l of 200 mg/ml 
iodoacetamide solution per 50 l sample. Vortex and incubate 
for 30 min at room temperature, protected from light.

 1. Centrifuge sample 14,000 × g for 5 min. Assemble 4–12% 
 gradient bis–tris gel(s) into electrophoresis cell. Fill outer 
chamber with running buffer and inner chamber with running  
buffer containing antioxidant (0.5 ml stock per 200 ml run-
ning  buffer). Load 45 l sample per gel lane in alternating 
wells. Load 4 l of marker protein standards in remaining wells. 
Electrophorese at 200 V (constant) until dye front reaches 
2–3 cm from bottom (approximately 45 min).

3.4. One-Dimensional 
Separation of Affinity-
Purified Proteins
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 2. Place gel(s) in gel fixing solution for 1 h at room temperature 
with gentle shaking. Stain gel(s) with colloidal coomassie blue 
for 3–16 h. Destain with at least 200 ml deionized water. Gel 
will completely destain within 7 h.
Figure 3 shows the resulting three gels for the three separate 

dose–response experiments for compound IV, V and VI using 
100 l of the pKAM consisting of compounds I–III for each of the 
3× 6 pulldown experiments.

Fig. 3. Separation of affinity-enriched proteins after in-lysate competition with free compound by 1D SDS-PAGE. Each 
competition compound was used in separate pulldown experiments at 25, 2.5, 0.25, 0.025, 0.0025, and 0 M, resulting 
in 6 pulldowns and subsequent gel separation per compound. Molecular weight markers are run in remaining lanes for 
orientation during gel cutting process.
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 1. Moisten the hydrophilic pad in the gel cutting tray with 
 ultrapure water, place the gel carefully in the center of the pad 
and secure pad with pins (see Notes 6 and 7).

 2. Place a filter plate inside a U-bottom plate, secure a silicon 
preslit sealing mat onto the filter plate using four standard 
binder clips and secure the assembly in one of the positions of 
the robot with adhesive tape.

 3. Using the 2DiD camera and software, acquire a gel picture and 
generate a 1D spots cutting list covering the complete lane, 
resulting typically per lane in 32 rows of 3 spots. Combine two 
consecutive rows to position 6 gel plugs in each of the 16 destina-
tion wells per lane, resulting in 96 wells in a 6plex experiment.

 4. Check that gel plugs are located at the well bottom, replace 
silicon preslit sealing mat with a sealing tape for storage or 
proceed to digestion.

 5. Fix filter plate covered with sealing mat in the metal purifica-
tion plate for robotic handling and perform the following steps 
for each well on the Freedom EVO 200 robot: Destaining  
(3 cycles: 100 l destain solution, 30 min, 26°C), dehydration 
(2 cycles: 100 l acetonitrile, 30 min, 26°C), trypsinization 
(20 l concentrated trypsin solution diluted to 10 ng/ml with 
trypsin dilution solution just prior to addition, incubate for 
8–10 h at 37°C) and finally peptide extraction and collection 
of peptide digests in a total volume of 150 l in a U-bottom 
plate using the vacuum block (2 cycles: 50 l collection solu-
tion, 2 min, 20°C; 1 cycle: 50 l dehydration solution, 20 min, 
26°C) (see Note 8).

 6. Evaporate to dryness in the vacuum concentrator.

 1. Using a different TMT reagent for each lane with 126 for 
highest concentration of competitor and 131 for vehicle con-
trol, allow 2 vials of each TMT reagent to come to room tem-
perature, add 85 l of acetonitrile to each vial, vortex several 
times for 30–60 s over a 5- to 10-min period (see Note 9).

 2. Dissolve samples in 15 l of 100 mM TEAB solution and shake 
for 10 min at 20°C and 400 rpm.

 3. Add 10 l TMT reagent to each sample, shake for 1 h at 20°C 
at 400 rpm, and evaporate to dryness.

 4. Add 25 l of collection solution to samples and pool corre-
sponding samples from each lane, aspirating up and down sev-
eral times before each transfer.

 5. Reconstitute samples in 20 l 0.1% trifluoroacetic acid and trans-
fer to a V-bottom plate, then repeat and evaporate to dryness.

 6. Seal the plate using the heat sealer and heat seal foil (see 
Note 10).

3.5. Gel Cutting  
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 1. Reconstitute sample and load 8 l of sample on the trapping 
column using Mobile Phase A with a flow rate of 2.5 l/min. 
Eluting peptides from the trapping column in the same direc-
tion, analyze sample using a 120-min gradient elution (3% 
acetonitrile for 5 min, 3–28% acetonitrile in 97 min, 28–75% 
acetonitrile in 4 min, 3% acetonitrile for 16 min) at a flowrate 
of 250 nl/min and direct spraying of the eluent into the mass 
spectrometer (see Note 11).

 2. The LTQ-Orbitrap XL mass spectrometer is operated in data-
dependent mode with concurrent acquisition of full scan MS 
in the Orbitrap and sequential MS/MS in the linear ion trap of 
the five most intense ions within a mass-to-charge ratio (m/z) 
range of 300–1,500. Further criteria for ions to be selected for 
MS/MS are charge state z of 2–4, a minimum intensity of 
1,500 counts, and a typical exclusion time of 30 s (repeat count 
1) for ions to be selected again for MS/MS. Fragmentation in 
the linear ion trap is done using Pulsed-Q-dissociation (PQD) 
to allow for detection of TMT reporter ions (typical settings: 
q = 0.7, activation time = 0.1 ms, nCE = 32; see Note 12), using 
the following scan parameters: 2 microscans; “target value” 
50,000 ions; maximum accumulation time 1,000 ms; isolation 
width 2 m/z. For high accuracy m/z determination of intact 
peptides in survey scans, the Orbitrap is operated at 30,000 
resolution (R) at m/z = 400 using a “target value” for accumu-
lation in the linear ion trap of 1,000,000 ions. Spray voltage is 
set to 3 kV, heated capillary temperature is 170°C and no 
sheath or auxiliary gas flow is applied.

 1. Conversion of Xcalibur Rawfiles to Mascot-compatible mgf-
files as well as subsequent generation of mzXML, pepXML, 
protXML, and Interact files is done using the corresponding 
TPP-modules.

 2. Mgf-files are searched using Mascot with 10 ppm tolerance for 
precursor ions and 0.8 Da tolerance for fragment ions. 
Carbamidomethylation of cysteine is set as fixed modification, 
S, T, Y phosphorylation, methionine oxidation, and TMT-
modification of N-termini and lysine residues are set as variable 
modifications.

 3. Data validation of peptide and protein identifications is done 
at the level of the complete dataset consisting of combined 
Mascot search results for all 16 samples per experiment via 
the PeptideProphet and ProteinProphet modules in TPP 
using the decoy database function and a peptide probability 
threshold of 0.

 4. TPP output (Interact) files containing peptide and protein 
information and corresponding TMT reporter ion peak inten-
sity information for each peptide–to-spectrum match (as parsed 
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from the Mascot result files) are uploaded to Oracle using 
 in-house software (see Note 13).

 5. For each peptide sequence and modification state, reporter ion 
signal intensities from all spectral matches are summed for each 
reporter ion type to account for lower precision of reporter ion 
ratios at low absolute signal intensities and potential variations 
in protein migration across the gel and gel processing. Summed 
intensities are corrected according to the isotope correction 
factors given by the manufacturer for each batch of TMT 
reagent to account for isotope impurities. Only peptide-to-
spectrum matches that are unique assignments to a given iden-
tified protein within the total dataset are considered for protein 
quantitation.

 6. Proteins are reported based on protein probability cut-off values 
based on a false-positive prediction of <1% by ProteinProphet.

 7. For each concentration of competitor compound, raw peptide 
fold changes over vehicle (DMSO) are calculated and subse-
quently renormalized using the median fold change of all 
quantified peptides to compensate for differences in total pro-
tein yield for each affinity purification. Protein fold changes 
over control are derived as median peptide fold change per 
protein and curve fitting in Prism 5 is used for determination 
of compound concentrations where 50% residual binding is 
observed (unconstrained four-parameter dose–response curve: 
Y = Bottom + (Top − Bottom)/(1 + 10((LogIC50 − X) × HillSlo
pe)) where Y is set to 50% and X is the Log of the RB50 con-
centration). Values in Fig. 4a are reported for proteins with at 
least four unique peptide-to-spectrum matches (see Note 14). 
Figure 4b shows dose–response curves for selected kinases.

 1. For the experiments described herein, frozen cell pellets 
(HeLa-S3 and K-562) were obtained from a contract research 
organization. Both of these cell lines grow in suspension cul-
ture and as such can be scaled up readily by the investigator if 
required (see Subheading 2.2).

 2. Commercially available alternatives we have used successfully 
are PicoFrit spraying capillaries (75 m ID, 10 m tip ID, 
packed, for example, with ProteoPep 5 m material, 100 mm 
bed) and IntegraFrit sample trap inserts (75–150 m ID 
packed, for example, with ProteoPep 5 m material) for use 
with a trap cartridge assembly (all New Objective, Woburn, 
MA) (see Subheading 2.7).

4. Notes
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 3. Although we routinely affinity enrich a number of membrane-
associated kinases (e.g., receptor tyrosine kinases), the reader 
should note that this lysate preparation is ideally suited for 
cytosolic proteins. To obtain sufficient protein to conduct the 

Fig. 4. (a) Table of kinases quantified with 4 spectra for unique peptide assignments in all three experiments and deter-
mined concentrations of free compound at which 50% residual binding was observed (RB50). Black: RB50 < 0.25 M; dark 
gray : RB50 < 2.5 M; light gray : RB50 < 25 M. (b) Dose–response curves for selected kinases.
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number of experiments described herein, start with 1 × 109 of 
each cell line (see Subheading 3.2).

 4. It is essential to keep all solutions, cell suspensions, and lysates 
ice-cold for the duration of this procedure. Use precooled buf-
fers and equipment. Perform all centrifugations at 4°C using 
precooled rotors (see Subheading 3.3).

 5. Keratins from hair and skin are frequent contaminants in mass 
spec samples. Use gloves, tie back hair, and wear full-length lab 
coat during all following procedures and sample handling. Use 
fresh buffers whenever possible (see Subheading 3.3).

 6. Gel cutting can be done manually in a clean environment such 
as a clean bench with a standard scalpel using a gel illumination 
box and a shield (as used in work with radioactivity) to mini-
mize keratin contamination during the cutting process. Slicing 
all excised gel bands into smaller pieces (~3-mm side length) 
will ensure constant digestion/extraction efficiencies (see 
Subheading 3.5).

 7. When handling gradient gels, grasp bottom portion of gel 
which is less prone to ripping; keep gel well moisturized during 
cutting process (see Subheading 3.5).

 8. All robotic liquid steps, especially when involving vacuum steps 
in combination with solutions of varying viscosity, have to be 
optimized carefully to minimize cross-contamination due to 
spraying. Coloring solutions with food coloring can be used 
for visualization during test runs. Plotting molecular weight of 
identified proteins over sample will identify cross-contamina-
tion in adjacent wells (see Subheading 3.5).

 9. If low labeling efficiencies are observed (<95%), check that lyo-
philized TMT reagents are fully solubilized and the pH is ~8 
throughout the reaction. We have found that a quenching step 
by adding glycine in 100 mM TEAB or 8 l 5% hydroxylamine 
in 20 mM TEAB as suggested by the manufacturer is optional 
but can help if, for example, high levels of side reactions (e.g., 
tyrosine modification) are observed (see Subheading 3.6).

 10. Give sealed plates a final spin (~500 rpm) to remove air bub-
bles and ensure proper location of sample in well (see 
Subheading 3.6).

 11. In order to prevent sample losses, we routinely omit the cation 
exchange chromatography step recommended by the manu-
facturer for sample cleanup. In order to minimize ions suppres-
sion from label-derived background, it is crucial to wash 
samples extensively after loading on the trapping column (e.g., 
5–10 trapping column volumes) (see Subheading 3.7).

 12. PQD settings have been found to vary considerably between 
instruments and need to be optimized by scanning activation 
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time and normalized collision energy one at a time for one or 
more labeled peptide standards to achieve optimal absolute 
and relative response for fragment ions spanning the total m/z 
range (reporter ions as well as low/high mass backbone frag-
ments) (15) (see Subheading 3.7).

 13. In Xcalibur, raw signal intensities are normalized by accumula-
tion time; denormalization of intensities can be achieved by 
accessing accumulation time values per spectrum via the 
Xcalibur Developers kit (see Subheading 3.8).

 14. Data-dependent analyses for a given pKAM and input material 
can be supplemented using, for example, high mass accuracy, 
inclusion-list based targeted analyses (16) to increase identifi-
cation confidence and accuracy of quantitation for low-level 
kinases (see Subheading 3.8).
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Chapter 12

Covalent Cross-Linking of Kinases with Their Corresponding 
Peptide Substrates

Alexander V. Statsuk and Kevan M. Shokat 

Abstract

Protein phosphorylation represents the most dominant and evolutionary conserved posttranslational mod-
ification for information transfer in cells and organisms. The human genome encodes >500 protein kinases, 
and thousands of phosphorylation sites are present in mammalian proteome. To develop a global view of 
phosphorylation network, there is a need to map the connectivity between kinases and phosphoproteome. 
We developed a chemical kinase–substrate cross-linker 1 that converts transient kinase–substrate interac-
tions into a covalently linked kinase–substrate complex in vitro and in the presence of cell lysates. The 
method can be applied to identify unknown upstream kinases responsible for phosphorylation events in 
cell lysates.

Key words: Kinase, Substrate, Kinase inhibitor, Thiophene-2,3-dialdehyde, Covalent cross-link

The human genome encodes more than 500 kinases, and thou-
sands of protein phosphorylation sites have been identified. Given 
the spacial and temporal regulation of protein phosphorylation, 
mapping the connectivity between kinases and the phosphopro-
teome represents a daunting task. To this end, we and others have 
developed methods that enable the identification of protein kinase 
substrates (1–8). The inverse problem, however, that is identifica-
tion of unknown kinases responsible for known phosphorylation 
events, has proven to be much more challenging. Examples of 
phosphorylation sites with unknown upstream kinases include the 
following: Ser-170 of the protein BAD which enhances its anti-
apoptotic activity (9), Ser-497 of the natriuretic peptide receptor, 

1. Introduction



180 A.V. Statsuk and K.M. Shokat

which is responsible for desensitization of the receptor’s antihyper-
tensive activity (10), and Ser-325 of the tumor suppressor LKB1, 
which is phosphorylated in response to the biguanide antidiabetic 
agent metformin (11, 12). These examples, as well as the thou-
sands of other phosphorylation sites in the mammalian proteome 
(13), highlight the need to develop new tools for mapping phos-
phorylation networks. We have previously reported that Akt1 
kinase and cysteine-containing fluorescent substrate peptide can be 
covalently cross-linked by an adenosine-based o-phthaldialdehyde 
reagent in vitro shown in Fig. 1 (14). However, the initially devel-
oped adenosine based o-phthaldialdehyde reagent failed to cross-
link the kinase with the cysteine-containing fluorescent substrate 
peptide in the presence of cell lysate. To improve the selectivity of 
the cross-linker, we replaced the weak, kinase-binding adenosine 
moiety with a promiscuous kinase inhibitor scaffold, and replaced 
the highly reactive o-phthaldialdehyde moiety with the less-reactive 

Fig. 1. Kinase–substrate cross-linking strategy. (a) Phosphorylation of the protein sub-
strate by an upstream kinase. (b) The serine of the kinase is replaced with a reactive 
cysteine moiety that facilitates kinase–substrate cross-link by cross-linker.
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thiophene-2,3-dialdehyde fragment. The combination of those 
two structural modifications that we describe in this chapter led to 
the development of a new reagent 1 capable of cross-linking Akt1 
kinase with its substrate peptide 2 (Fluorescein-ZZRPRTSCF-OH, 
Z = 6-aminohexanoic acid) both in vitro and in the presence of 
competing cellular lysate proteins (15).

 1. 2,4-Dichloropyrimidine: 98% purity.
 2. 3-Cyclopropyl-1H-pyrazol-5-amine.
 3. p-Phenylenediamine: 97% purity.
 4. 2,3-Thiophenedicarboxaldehyde.
 5. Ethylene glycol: 99% purity.
 6. n-Butyllithium: 2.5 M solution in hexane.
 7. N,N-Dimethyl formamide (DMF): anhydrous.
 8. Sodium cyanoborohydride: 95% purity.
 9. Trifluoroacetic acid (TFA): 98% purity.
 10. Benzene: 99% purity.
 11. Tetrahydrofuran (THF): anhydrous, 99.9% purity, inhibitor free.
 12. Methanol: 99% purity.
 13. Acetonitrile: 99.9% purity.

 1. Fmoc-Phe-Wang resin: 100–200 mesh.
 2. Fmoc-Cys(Trt)-OH.
 3. Fmoc-Ser(tBu)-OH.
 4. Fmoc-Thr(tBu)-OH.
 5. Fmoc-Arg(Pbf)-OH.
 6. Fmoc-e-Ahx-OH.
 7. 5-Carboxyfluorescein.
 8. 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium-

hexafluorophosphat (HBTU).
 9. N,N-Diisopropylethylamine.

 1. Recombinant active Akt1/PKB .
 2. Fluorescein-ZZRPRTSCF-OH (Z = 6-aminohexanoic acid, 

peptide is prepared via solid phase synthesis).
 3. Cross-linker 1 (prepared via synthesis).

2. Materials

2.1. Synthesis  
of Cross-Linker 1

2.2. Synthesis of Akt1 
Substrate Peptide 
Fluorescein-
ZZRPRTSCF-OH, 2

2.3. Reagents  
and Equipment  
for Cross-Linking 
Experiments
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 4. Flourescent imager: e.g., Typhoon 9400, variable mode 
imager, 490 nm excitation band, 520 nm emission band.

 5. Buffer for kinase–substrate cross-linking experiments: 
25 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES)), pH 6.5, 150 mM NaCl, 2 mM MgCl2, 
1 mM -mercaptoethanol.

 1. Running buffer (1×): 0.025 M Tris base, 0.19 M Glycine, 
0.004 M SDS, pH 8.5.

 2. Polyacrylamide gel: 12% acrylamide, Tris–HCl, 50- L well, 
10 wells.

 3. Prestained molecular-weight markers.
 4. Laemmli loading buffer (5×): 1.5 g SDS, 3.75 mL of 1 M 

tris(hydroxymethyl)aminomethane (Tris–HCl) pH 6.8, 0.015 g 
of bromophenol blue, 1.16 g of DTT, 7.5 mL of water, and 
7.5 mL of glycerol.

An automated chromatography purification system (Intellyflash 
280) was used throughout our experiments to purify chemical 
intermediates. Alternatively, any other such device or regular glass 
chromatography columns may be used for chromatographic 
purifications.

The covalent cross-linking reaction of Akt1 kinase with the fluores-
cently labeled cysteine-containing substrate peptide is very rapid 
and is generally completed within 20 min at room temperature. 
The extent of the cross-linking reaction can be monitored by visuali-
zing the covalently cross-linked fluorescent kinase–substrate com-
plex by direct in-gel fluorescence scanning. Our studies indicate 
that pH < 7 is optimal for the cross-linking reaction (see Fig. 2a). 
The cross-linking reaction of Akt1 kinase with the cysteine-containing 
substrate peptide is resistant toward competing external sulfur 
nucleophiles, tolerating up to 1,000-fold excess of -mercaptoetha-
nol relative to Akt1 substrate peptide 2 (see Fig. 2b). Boiling the 
cross-linked Akt1-peptide substrate complex induces its decompo-
sition, thus it is not recommended to boil samples containing cova-
lently cross-linked kinase–substrate complex prior to loading on 
polyacrylamide gel (see Fig. 1c). The kinase–substrate cross-linker 
1 should always be added at the very last step to the reaction mix-
ture. Cross-linker 1 cross-linked Akt1 kinase with the fluorescent, 
cysteine-containing substrate peptide in the presence of HeLa cell 
lysates (see Fig. 3).

2.4. SDS-
Polyacrylamide Gel 
Electrophoresis

2.5. Equipment for 
Chromatographic 
Purifications

3. Methods
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Fig. 2. Cross-linking of kinase Akt and a model peptide substrate 2. (a) Cross-linking of Akt1 and fluorescent substrate 
peptide Fl-ZZRPRTSCF-OH (2) with cross-linker 1 at different pH values. Akt1 (220 nM) and fluorescent peptide 2 (1 M) 
are treated with cross-linker 1 (20 M) for 20 min at r.t. at different pH values, followed by SDS-PAGE and in-gel scanning 
fluorescence. (b) Akt1 (560 nM) and fluorescent peptide 2 (1 M) were treated with cross-linker 1 (20 M) for 20 min at 
r.t. in the presence of increasing concentrations of -mercaptoethanol, followed by SDS-PAGE and in-gel fluorescence 
scanning. (c) Decomposition of the cross-linked product upon heating. Akt1 (220 nM) and fluorescent peptide 2 (1 M) 
were treated with cross-linker 1 (20 M) for 20 min at r.t., then boiled for 5 min, followed by SDS-PAGE and in-gel scanning 
fluorescence.

Fig. 3. Cross-linking of Akt1 and fluorescent peptide substrate 2 with cross-linker 1 in the presence of increasing amounts 
of HeLa cell lysate proteins. Akt1 and substrate peptide 2 were treated with cross-linker 1 for 20 min at r.t., followed by 
SDS-PAGE and in-gel scanning fluorescence.
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Unless specified otherwise, all reactions were performed in dry 
 solvents and under nitrogen atmosphere.

 1. Charge a 500-mL round-bottom flask equipped with a reflux 
condenser and a Dean-Stark trap with 2,3-thiophene dicar-
boxaldehyde 3 (5.35 g, 38 mmol), p-toluenesulfonic acid 
monohydrate (0.1 g), ethylene glycol (11.73 g, 190 mmol), 
and benzene (80 mL).

 2. Reflux the resulting mixture for 2 h with simultaneous removal 
of water into the Dean-Stark trap.

 3. Quench the reaction mixture with a 5% aqueous solution of 
Na2CO3 (100 mL).

 4. Separate organic layers and extract the aqueous layer with ethyl 
acetate (100 mL).

 5. Wash combined organic fractions with saturated sodium 
chloride solution (100 mL), dry over MgSO4, filter, and 
evaporate.

 6. Purify the resulting oily residue on the Intelliflash 280 using 
disposable SF65-400g columns (Gradient, Hexane–ethyl ace-
tate = 100:0  0:100, over 30 min, flow rate = 100 mL/min) 
to afford 2,3-Bis(1,3-dioxolan-2-yl)thiophene 4 as the major 
elution peak (7 g, 85% yield). Alternatively, purification can be 
done using regular glass chromatography columns and 300 g 
of regular silica gel. It is recommended in this case to use 
Hexane: Ethyl acetate = 2:1 as a solvent system. 1H NMR 
(CDCl3) 4.03 (t, 2H),4.11 (t, 2H), 6.05 (s, 1H), 6.33 (s, 1H), 
7.11 (d, J = 5.2 Hz, 1H), 7.27 (d, J = 5.55 Hz, 1H) (Fig. 4).

3.1. Synthesis  
of Chemical  
Cross-Linker 1

3.1.1. Synthesis  
of Compound 4

Fig. 4. Synthesis of compound 4. (a) Structure of the kinase–substrate cross-linker 1.  
(b) Synthesis of compound 4.
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 1. Charge a 250 mL Round-bottom flask with 2,3-Bis(1,3-diox-
olan-2-yl)thiophene 4 (2.6 g, 11.40 mmol) and tetrahydro-
furane (50 mL), and cool down to −78°C.

 2. Add n-BuLi (5 mmol) dropwise at −78°C.
 3. Raise the temperature to 0°C and stir the reaction mixture for 

an additional 30 min.
 4. Add dimethyl formamide (DMF) (5 mmol, 0.971 mL) to the 

reaction mixture at 0°C.
 5. Stir the reaction mixture at ambient temperature for 30 min 

followed by quenching with water (50 mL) (see Note 1).
 6. Separate organic layers and extract the aqueous layer with ethyl 

acetate (100 mL). Wash the combined organic extracts with 
saturated sodium chloride solution (100 mL), dry over MgSO4, 
filter, and evaporate. Purification of the resulting residue on 
Intelliflash 280 using disposable SF25-40g columns (Gradient, 
Hexane–ethyl acetate = 100:0  0:100, over 30 min, flow 
rate = 40 mL/min) affords aldehyde 5 (2.2 g, 75% yield) as the 
major elution peak. Alternatively, purification can be done 
using regular glass chromatography columns charged with 
60 g of regular silica gel. It is recommended in this case to use 
Hexane–Ethyl acetate (1:1) as a solvent mixture. 1H NMR 
(400 MHz, CDCl3)  9.80 (s, 1H), 7.74 (s, 1H), 6.32 (s, 1H), 
5.98 (s, 1H), 4.10-4.05 (m, 4H), 4.05-3.95 (m, 4H). 13C 
NMR (100 MHz, CDCl3)  183.4, 150.5, 142.2, 138.8, 
136.1, 98.8, 98.6, 65.8, 65.5. MS calculated for C11H12O5S 
256.04, found 257.03 (Fig. 5).

 1. Charge a round-bottom flask equipped with a reflux condenser 
with 2,4-dichloropyrimidine 6 (3.2 g, 21.6 mmol), 5-cyclo-
propyl-2H-pyrazol-3-ylamine 7 (2.65 g, 21.5 mmol), KOAc 
(30 eq., 64 g) and dissolve in THF–water 1:1 (140 mL).

 2. Keep the resulting reaction mixture at 55°C for 48 h.
 3. After 48 h, remove heating and separate organic layers. 

Evaporate the organic layer and dissolve residue in CH2Cl2 
(30 mL) and keep at −20°C for 3 h. Collect the precipitated 
pyrimidine chloride 8 by filtration. To collect additional 
amounts of pyrimidine chloride, evaporate filtrates, redissolve 

3.1.2. Synthesis  
of Compound 5

3.1.3. Synthesis  
of Compound 8

Fig. 5. Synthesis of compound 5.
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in CH2Cl2 (25 mL) and keep at −20°C for another 3 h fol-
lowed by filtration. Purification of the combined solids on 
Intelliflash 280 using disposable SF25-80g columns (Gradient, 
CHCl3–CH3OH (100:0  92:8), over 30 min, flow 
rate = 85 mL/min) affords compound 8 as the major elution 
peak (46% yield, 2.32 g). Alternatively, purification can be 
done using regular glass chromatography columns charged 
with 60 g of regular silica gel. It is recommended in this case 
to use CHCl3–CH3OH (9:1) as a solvent mixture. 1H NMR 
(400 MHz, DMSO)  12.14 (s, 1H), 10.23 (s, 1H), 8.10 (s, 
1H), 1.84 (m, 1H), 0.88 (m, 2H), 0.64 (m, 2H). 13C NMR 
(100 MHz, DMSO)  161.4, 160.7, 160.0, 153.9, 148.6, 
147.8, 146.8, 8.4, 8.2. MS calculated for C10H10ClN5 235.06 
(M+), found 236.15 (M+) (Fig. 6).

 1. Charge a round-bottom flask equipped with a reflux con-
denser with pyrimidine monochloride 8 (1.6 g, 6.8 mmol), 
p-phenylenediamine 9 (0.74 g, 6.8 mmol) and n-BuOH 
(60 mL). Treat the resulting mixture with concentrated HCl 
(0.1 mL) and keep at 100°C overnight.

 2. Collect purple precipitates by filtration, wash with 20 mL of 
n-BuOH and dry at 50°C under vacuum overnight, to afford 
amine 10 (1.5 g, 73% yield), which is used in the next step 
without further purification (see Note 2). MS calculated for 
C16H17N7 307.15, found 308.17 (Fig. 7).

 1. Charge a round-bottom flask with amine 10 (0.06 g, 195 mol), 
aldehyde 5 (0.048 g, 187 mol), and CH3OH (5 mL).

 2. Treat the resulting mixture with solid NaBH3CN (0.01 g, 
168 mol), stir at ambient temperature overnight and 
evaporate. Purification on Intelliflash 280 using disposable 
SF10-4g columns (Gradient, CH2Cl2 (1% NEt3)– CH3OH (1% 
NEt3) (100:0  92:8), over 30 min, flow rate = 18 mL/min) 
affords compound 11 as the major elution peak (0.064 g, 63% 
yield). Alternatively, purification can be done using regular glass 
chromatography columns charged with 10 g of regular silica gel. 
It is recommended in this case to use CHCl3–CH3OH (9:1) 
containing 1% NEt3 as a solvent mixture. 1H NMR (400 MHz, 

3.1.4. Synthesis  
of Compound 10

3.1.5. Synthesis  
of Compound 11

Fig. 6. Synthesis of compound 8.
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CDCl3)  9.13 (bs, 1H), 7.78 (m, 2H), 7.17 (m, 2H), 6.90 
(s, 1H), 6.51 (m, 2H), 6.15 (m, 1H), 5.73 (m, 1H), 4.27 (s, 2H), 
3.99 (m, 4H), 3.87 (m, 4H), 1.74 (m, 1H), 0.80 (m, 2H), 0.56 
(m, 2H). 13C NMR (100 MHz, CDCl3)  160.2, 155.6, 144.3, 
143.9, 143.6, 139.1, 138.9, 137.5, 136.1, 130.2, 125.0, 124.3, 
123.7, 113.6, 99.1, 98.6, 97.5, 65.5, 65.4, 46.5, 9.0, 8.3. MS 
calculated for C27H29N7O4S 547.2, found 548.07 (Fig. 8).

 1. Charge a round bottom flask with compound 11 (0.035 g, 
64 mol) and dissolve in a 1:1 mixture of CH3CN–H2O (3 mL) 
followed by treatment with trifluoroacetic acid (50 L, 
10 eq.).

 2. Stir the reaction mixture overnight (see Note 3) and purify directly 
via reverse phase HPLC CH3CN/H2O containing 0.1% TFA 
(Gradient, CH3CN (0.1% TFA)–H2O (0.1% TFA) = 2:98  98:2, 
over 40 min, flow rate = 20 mL/min) followed by lyophilization 
to afford cross-linker 1 (13 mg, 45% yield). 1H NMR (400 MHz, 
DMSO-d6)  11.94 (bs, 1H), 10.38 (s, 1H), 10.34 (s, 1H), 9.54 
(bs, 1H), 8.73 (bs, 1H), 7.81 (m, 1H), 7.53 (s, 1H), 7.31 (s, 
1H), 7.21 (s, 1H), 6.54 (s, 1H), 6.52 (s, 1H), 4.49 (s, 2H), 1.76 
(bs, 1H), 0.83 (m, 2H), 0.59 (m, 2H). MS calculated for 
C23H21N7O2S 459.15, found 459.99.

 3. Dissolve the resulting cross-linker 1 in DMSO to make a 
20 mM DMSO stock solution, and store at −80°C until fur-
ther use. It is recommended to avoid freeze–thaw cycles, since 
the cross-linker 1 may decompose (Fig. 9).

3.1.6. Synthesis  
of Cross-Linker 1

Fig. 7. Synthesis of compound 10.

Fig. 8. Synthesis of compound 11.
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 1. Prepare the substrate peptide 2 i according to the general solid 
phase peptide synthesis procedure using Fmoc-Phe-Wang resin. 
Perform each coupling step for 2 h with 2 mmol of correspond-
ing amino acid dissolved in 5 mL of DMF, in the presence of 
HBTU (2 mmol, 0.758 g) and iPr2NEt (4 mmol, 0.695 mL).

 2. Carry out Fmoc deprotection in 20% piperidine/DMF for 
20 min at room temperature.

 3. Cap the N-terminus of the peptide by agitating the resin over-
night in the presence of 6-carboxyfluorescein (0.5 mmol), 
HBTU (0.5 mmol, 0.189 g), and i-Pr2NEt (1 mmol, 0.173 mL) 
overnight.

 4. Prior to cleavage, wash the resin with DMF (3 × 5 mL), CH2Cl2 
(3 × 5 mL), CH3OH (3 × 5 mL), and CH2Cl2 (3 × 5 mL).

 5. Cleave the peptide from the resin by treatment with 94:2:2:2 
TFA–1,2-ethanedithiol–H2O–triisopropylsilane for 3 h. Remove 
the solvent in vacuo and purify the resulting crude product 
by C18 reverse-phase HPLC (CH3CN/H2O/0.1% TFA). 
Following lyophilization, the peptide is obtained as a yellow 
solid. MS (ESI), m/z calcd for C69H91N15O18S: 1,449.6. Found: 
m/z 1,450.8 (M + H)+. Dissolve the resulting solid peptide in 
water to prepare a 1 mM stock solution and store at −80°C until 
further use.

Final concentrations of reaction components are the following: 
cross-linker 1 20 M, substrate peptide 2 1 M, Akt1 kinase 
400 ng/30 L.

 1. Prepare a 600 M stock solution of cross-linker 1 in water.
 2. Prepare a 30 M stock solution of Akt1 substrate peptide 2 in 

water.
 3. Dissolve 400 ng of Akt kinase (0.4 mg/mL) in 30 L of reac-

tion buffer (25 mM HEPES, pH = 6.5, 150 mM NaCl, 2 mM 
MgCl2, 1 mM -mercaptoethanol).

 4. Add 1 L of Akt1 substrate peptide 2 (30 M stock solution in 
water) and mix well by pipetting it up and down.

 5. Add 1 L of cross-linker 1 (600 M stock solution in water), 
mix well with the reaction mixture by pipetting up and down 
(see Note 4).

3.2. Solid Phase 
Synthesis of 
Fluorescent Cysteine 
Containing Akt1 Peptide 
Substrate Fluorescein-
ZZRPRTSCF-OH, 2

3.2.1. Fluorescein-Ahx-
Ahx-Arg-Pro-Arg-Thr-Ser-
Cys-Phe-OH (2)

3.3. General Protocol 
for Cross-Linking  
of AKT1 Substrate 
Peptide 2 with AKT1

Fig. 9. Synthesis of kinase–substrate cross-linker 1.
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 6. Incubate reaction mixture for 20 min at room temperature.
 7. After 20 min, quench the reaction with 6 L of 5× Laemmli 

buffer. Remember not to boil the sample.
 8. Load the samples (30 L) onto polyacrylamide gels, followed 

by SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and 
direct in-gel scanning fluorescence measurements (490 nm 
excitation band, 520 nm emission band).

 9. The same procedure should be used to cross-link Akt1 kinase 
with the substrate Akt1 peptide 2 in the presence of HeLa cell 
lysate. In this case, one should premix Akt1 kinase with the 
substrate peptide 2 and 5 g of HeLa cell lysate in the reaction 
buffer, adding chemical cross-linker 1 last. Representative 
cross-linking experiments with or without HeLa cell lysates are 
presented in Fig. 3.

 1. Chemical transformations that involve organolithium interme-
diates are usually quenched with acidic aqueous media such as 
1 M HCl. In the case of compound 5, however, this must be 
avoided because the 1,3-dioxolane protective group is easily 
removed under acidic conditions. This will liberate a dialde-
hyde moiety that will interfere with the subsequent reductive 
amination step ( Subheading 3.1.2).

 2. The LCMS trace of compound 11 should show one elution 
peak. Thus no additional purification should be needed. 
Compound 11 is very polar and insoluble in a variety of 
solvents, such as CH3OH/CH3CN/DMSO, which 
makes chromatographic purifications hard to perform (see 
Subheading 3.1.4).

 3. The final deprotection step in the synthesis of cross-linker 1 is 
usually completed within 10–14 h, but it is important to check 
the progress of the deprotection reaction by LCMS before 
purifying it. In the case of incomplete conversion, the reaction 
mixture should be evaporated on a rotary evaporator, redis-
solved in CH3CN–H2O (1:1), and treated with trifluoroacetic 
acid (10 eq., 50 L) and stirred until full conversion of the 
starting material 12 (see Subheading 3.1.5).

 4. When performing the cross-linking reaction between Akt1 
kinase and the peptide substrate 2, cross-linker 1 should 
be added at the very last step. We have noticed that Akt1 
kinase can be nonspecifically cross-linked with the cross-
linker 2 in the absence of the peptide 2, forming nonspecifi-
cally cross-linked higher molecular weight intermediates 
(see Subheading 3.3).

4. Notes
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Chapter 13

Receptor Tyrosine Kinase Inhibitor Profiling Using  
Bead-Based Multiplex Sandwich Immunoassays

Oliver Pötz, Nicole Schneiderhan-Marra, Tanja Henzler, 
Thomas Herget, and Thomas O. Joos 

Abstract

Receptor tyrosine kinases (RTK) are important targets in drug discovery processes. Studying the 
phosphorylation pattern of RTKs enables the determination of their activation and inactivation states. 
Multiplex bead-based sandwich immunoassays are powerful tools for measuring the phosphorylation 
state of key regulators within cellular signalling networks. Here, we describe the analysis of the phospho-
rylation state of receptor tyrosine kinases using the epidermal growth factor receptor (EGFR) as an 
example. We provide a protocol for a bead-based sandwich immunoassay that enables a relative quantification 
of the EGFR and its generic tyrosine phosphorylation. We also present data from a kinase inhibitor experiment 
using 96-well cell-culture plates and a commercially available kit for the analysis of seven receptor tyrosine 
kinases.

Key words: Receptor tyrosine kinases, Multiplex bead-based sandwich immunoassay, Antibody 
array

Receptor tyrosine kinases (RTK) are important entry points through 
which a cell transmits information across the cellular membrane 
(1, 2). The extracellular binding of a growth factor results in a 
conformational change, kinase activation, and subsequent intracel-
lular autophosphorylation of the receptor. This event then triggers 
cellular responses via activating signalling cascades.

The aberrant activation of a signalling pathway is a common 
event for many tumours (3). Mutations or duplications of the RTK 
genes or the genes for their ligands can lead to overexpression and 
result in the hyperactivation of the respective pathway. Two well-known 

1. Introduction
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examples of the RTK gene family are the epidermal growth 
factor receptor (EGFR, ErbB1) and Her2 (ErbB2), which are 
overexpressed in over 30% of breast and colon cancers, respectively, 
and which can drive uncontrolled cell proliferation (3). Hence, 
the analysis of expression and activation of receptor tyrosine 
kinases plays a central role in tumour diagnosis and treatment. 
Consequently, the determination of RTKs’ concentration and their 
degree of phosphorylation are of great interest for medical research 
to develop novel compounds for targeted therapy (1).

A snapshot of the activation state of one kinase might only 
provide limited information within the context of such highly branched 
pathways, especially with regard to any potential side effects of 
kinase inhibitor drugs. Multiplexed sandwich immunoassay systems 
enable the detection of dozens of analytes in one reaction (4, 5).

In this protocol, RTK-specific kinase antibodies as capture 
reagents are immobilised on fluorophor-coded polystyrene beads 
(6, 7). Whole extracts from tissue or inhibitor-treated cell lines are 
incubated with these beads and the RTKs in the sample are cap-
tured by the respective antibody on the beads. Generic tyrosine 
phosphorylation of the RTKs can be detected using biotinylated 
phosphotyrosine-specific antibodies and phycoerythrin-conjugated 
streptavidin as the reporter molecule. Moreover, the total number of 
RTKs can be determined in parallel using a second biotinylated 
RTK-specific detection antibody recognising the RTK independent 
of its phosphorylation status. In special flow cytometers (Luminex 
100, Luminex 200 or FlexMap3D), the results are deconvoluted 
through the use of two laser detector combinations: one for bead 
classification and one for the reporter signal detection, reflecting the 
amount of protein bound to the antibody-coated bead.

Here, we give an example of how to set up a sandwich assay to 
measure the total amount of EGFR and how to detect the generic 
tyrosine phosphorylation of EGFR (shown in Fig. 1). We also 
show the determination of the specificity of a known inhibitory 
compound (8) tested in 96-well cell-culture experiments using a 
commercially available panel of multiplex sandwich immunoassays 
(shown in Fig. 2).

Commercially available kits provide straightforward protocols 
for the analysis of RTKs and intracellular signalling events. A list 
of kit distributors can be found on the Luminex Corporation 
Web page (http://www.luminexcorp.com/partners/index.html). 
Protocols for the WideScreen™ Receptor Tyrosine Kinase Assay 
Kits used here can be found on the EMD chemicals Web page 
(http://www.emdchemicals.com/life-science-research).

2. Materials
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 1. 96-well filter plates.
 2. Ultrafree-MC filter units, 0.65 m Durapore.
 3. Ordinary cell culture plates.
 4. Cell line of interest: e.g. HT-29.
 5. Medium: Mc Coy’s 5A modified liquid medium supplemented 

with 5 mM glutamine and 10% foetal bovine serum (FBS).
 6. Starvation medium: Mc Coy’s 5A modified liquid medium.

2.1. Cell Culture and 
Sample Preparation

Fig. 1. A431 cells were either stimulated with EGF (100 ng/ml) or mock treated. Proteins were extracted and analysed for 
total EGFR and tyrosine-phosphorylated EGFR using bead-based sandwich immunoassays. Total EGFR concentration 
remained constant after EGF stimulation, whereas the signal for phospho-EGFR increased. In the A431 cell lysates, a high 
basic phosphorylation level was observed (see panel labelled “EGF”).

Fig. 2. Specificity analysis of a kinase inhibitor for RTKs. HT-29 cells were cultivated in 96-well plates. After 24 h starvation, 
the cells were treated with different concentrations of the kinase inhibitor PD 168393 (1 nM, 5 nM, 20 nM, and 100 nM) 
for 1 h. The cells were subsequently stimulated for 10 min with a growth factor cocktail containing 100 ng/ml EGF, 100 ng/ml 
heregulin, 100 ng/ml IGF, 50 ng/ml HGF, 100 ng/ml VEGF, and 100 ng/ml PDGF / . Protein extracts were analysed for the 
relative amount of EGFR, HER2, HGFR, IGFR1, Tie2, VEGFR2, and PDGFR  (left panel ) and for their relative phosphorylation 
(right panel ) using WideScreen™ Receptor Tyrosine Kinase Assay Kits. EGFR, Her2, HGFR, and IGFR were detectable in 
HT-29 (results shown are averaged median fluorescence intensities from duplicate cell culture wells). PD 168393 reduced 
the degree of EGFR and HER2 phosphorylation in a concentration-dependent manner (data are normalised by setting the 
signal obtained from maximal stimulated cells without inhibitor to 100%). Only a slight inhibition of PD 168393 on IGFR 
and HGFR phosphorylation was observed in IGF- and HGF-treated cells.
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 7. Protein kinase inhibitor: e.g. PD 168393.
 8. Dimethylsulfoxid (DMSO).
 9. Growth factor: e.g. epidermal growth factor (EGF).
 10. Phosphate-buffered saline (PBS): sterile, pH 7.4.
 11. Lysis buffer: 150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 

50 mM Tris–HCl, pH 7.4, 1% Triton, Phosphatase Inhibitor 
Cocktail I (Sigma Aldrich, St. Louis, MO, USA), Phosphatase 
Inhibitor Cocktail II (Sigma Aldrich, St. Louis, MO, USA), 
Complete Protease Inhibitor Cocktail (Roche Applied Science, 
Mannheim, Germany), Benzonase® Nuclease (EMD Chemicals 
Inc., San Diego, CA, USA).

 12. Protein Assay Reagent: e.g. bicinchoninic acid (BCA).

 1. Activation buffer: 100 mM sodium phosphate (Na2HPO4), pH 6.2.
 2. Coupling buffer: 50 mM 2-(N-morpholino)ethanesulfonic 

acid (MES), pH 5.0.
 3. Wash buffer: sterile PBS, pH 7.4, 0.05% (v/v) Tween 20.
 4. Sterile PBS, pH 7.4.
 5. 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochlo-

ride (EDC): 50 mg/ml in DMSO.
 6. N-hydroxysulfosuccinimide sodium salt (Sulfo-NHS): 50 mg/

ml in DMSO.
 7. Capture antibody solution: 100 g/ml Anti-EGFR antibody 

Ab-11 in coupling buffer (Clone 199.12, Lab Vision/
Neomarkers, Fremont, CA, USA; without bovine serum albu-
min (BSA) and azide).

 8. Carboxylated Luminex xMap microspheres (Luminex Corp., 
Austin, TX, USA): local distributors are listed on the Luminex 
Web page (http://www.luminexcorp.com).

 9. 1.5 ml microcentrifuge tubes (STARLAB GmbH, Hamburg, 
Germany): for bead handling disposables please follow the 
suggestions given on http://www.luminexcorp.com/support/
recommendedmaterials/index.html.

 10. Ultrafree-MC filter units, 0.65 m Durapore.
 11. 96-well microtitre plate: half well (flat bottom, non-binding 

surface, non-sterile, polystyrene, Corning Inc.).

 1. EZ-Link™ Sulfo-NHS-LC-LC-Biotin (Pierce, Rockford, IL, 
USA): 10 mg/ml in PBS.

 2. Detection antibody: 1 mg/ml in PBS; anti-EGFR antibody 
Ab-10 (Clone 111.6, Lab Vision/Neomarkers, Fremont, CA, 
USA, without BSA and azide).

 3. Phosphate-buffered saline (PBS): pH 7.4.

2.2. Coupling  
of Capture Antibody

2.3. Biotinylation  
of Detection Antibody
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 4. Centri-Spin-10 columns (Princeton Separations INC., Adelphia, 
NJ, USA).

 5. Glycerol.

The equipment and reagents listed below are of crucial importance 
to the success of the described protocol.

 1. Luminex L100 reader (alternatively L200 or FlexMap3D): 
local distributors are listed on the Luminex Web page (http://
www.luminexcorp.com).

 2. Thermomixer comfort exchangeable MTP thermoblock, 
(Eppendorf GmbH, Hamburg, Germany).

 3. 96-well membrane filter plates MultiScreen (Millipore Corp., 
Billerica, MA, USA).

 4. Vacuum manifold.
 5. Wash buffer: PBS, pH 7,4, 0.1% (v/v) Tween 20.
 6. Assay buffer: Roche Blocking Reagent for ELISA (Roche 

Applied Science), 0.1% (v/v) Tween.
 7. Detection antibody mix: 0.2–1 g/ml biotinylated antibody 

specific for each analyte (here biotinylated anti EGFR Ab-10) 
or biotinylated anti-phosphotyrosine clone 4G10 (Millipore 
Corp., Billerica, MA, USA) in Roche Blocking Reagent for 
ELISA (Roche Applied Science, Mannheim, Germany), 0.1% 
v/v Tween (Merck KGaA, Darmstadt, Germany).

 8. Phycoerythrin-conjugated streptavidin.

A workflow for the detection of phosphorylation of the EGFR 
receptor is given here. Activation or inhibition of the EGFR can 
be measured by evaluating the tyrosine phosphorylation of the receptor 
using bead-based sandwich immunoassays (see Fig. 1). Potential 
off-target effects on other tyrosine kinase receptors can be detected 
using the WideScreen™ Receptor Tyrosine Kinase Assay Kits 
(EMD Chemicals Inc., San Diego, CA, USA) (see Fig. 2).

 1. COOH-bead activation: Vortex the bead stock provided by 
the vendor thoroughly for at least 10 s. Take 3.75 × 106 beads 
per coupling reaction. Transfer 300 l beads from the bead 
stock (1.25 × 107 beads/ml) to an Ultrafree-MC filter unit. 
Centrifuge the filter unit briefly at 3,000 × g and discard the 
flow-through. Wash beads by adding 300 l activation buffer, 
vortex, and centrifuge again as described above. Discard the 
flow-through and repeat the wash step.

2.4. Sandwich 
Immunoassay  
and Detection

3. Methods

3.1. Coupling  
of Capture Antibodies 
to Microspheres
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 2. Prepare the EDC and sulfo-NHS solutions (50 mg/ml) during 
the last wash step and add 15 l EDC solution and 15 l sulfo-
NHS solution to 120 l activation buffer (activation mix). 
Incubate the beads with 150 l activation mix for 20 min at 
RT on a shaker (800 rpm). Protect the beads from light during 
incubation.

 3. Wash beads in an Ultrafree-MC filter with 400 l coupling 
buffer, vortex, and centrifuge briefly and discard the flow-
through. Repeat the wash step twice.

 4. Couple antibodies to activated beads by adding 250 l of the 
prepared anti-EGFR Ab-11 antibody solution to the filter unit 
(100 g/ml, see Notes 1 and 2). Mix the beads thoroughly 
and incubate for 150 min at RT in the dark on a shaker.

 5. Wash beads with 400 l coupling buffer, vortex, and centri-
fuge and discard the flow-through. Repeat the wash step four 
times in total.

 6. Add 100 l of Roche ELISA Blocking Reagent containing 
0.05% (w/v) Na-azide to the filter unit (handle with care, 
Na-azide is toxic) and vortex. Resuspend the beads by pipetting 
up and down and transfer the bead suspension to a Starlab 
microcentrifuge tube. Repeat this step and pool the bead sus-
pensions in one microcentrifuge tube. The remaining volume 
of bead solution is 200 l. For long-term storage, keep the 
beads at 4°C in the dark.

 7. Determine recovery of antibody-coated beads: Dilute the 
antibody-coated bead stock 1:500 in a Starlab microcentrifuge 
tube. Vortex for at least 10 s. Take 100 l of the dilution 
and transfer to a microtitre plate (two replicates). Place the 
microtitre plate for 30 min at 650 rpm on a shaker at RT (e.g. 
Eppendorf Thermomixer with a plate module). The settings 
for determining the bead concentration in the stock solution 
with the Luminex 100 system are as follows: sample size 50 l, 
time-out 80 s, and total beads 10,000. Calculate the bead con-
centration as follows: beads per l = number of beads divided 
by 30 and multiplied by a dilution factor of 500. The recovery 
is usually over 90% (see Note 3).

 1. Prepare the Centri-Spin-10 columns at least 30 min before 
use. Rehydrate dry column gel with 650 L PBS. Vortex care-
fully to avoid bubbles (alternative: moderate sonication). 
Hydrate the material in the columns for at least 30 min at RT. 
Keep the same orientation of the column in all subsequent 
centrifugation steps.

 2. Biotinylation reaction: Warm the Sulfo-NHS-LC-LC-Biotin to 
room temperature. Dilute 100 g Ab10 in 100 l PBS and bioti-
nylate with a 35-fold molar excess of Sulfo-NHS-LC-LC-Biotin. 

3.2. Biotinylation  
of Detection 
Antibodies
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Freshly prepare a 10 mg/ml solution of Sulfo-NHS-LC-LC-
Biotin in PBS and pipette 2 l of this solution to the antibody 
and mix carefully. Place the reaction tube on ice for 2 h (see 
Notes 1, 4 and 5).

 3. Remove excess biotinylation reagent: Spin the Centri-Sin-10 
column inserted in a wash tube at 750 × g for 2 min to remove 
interstitial fluid. Important: Always position the column in the 
centrifuge in the same direction. Observe the orientation mark 
of the column.

 4. Replace the wash tube with the sample collection tube and 
pipette the biotinylated antibody directly onto the centre of 
the gel bed at the top of the column without disturbing the 
gel surface.

 5. Centrifuge at 750  g for 2 min. The purified sample collects at 
the bottom of the sample collection tube. Determine the pro-
tein content of the sample. Thereafter, determine the volume 
of the sample and dilute 1:2 with glycerol to enable long-term 
storage at −20°C (see Note 6).

 1. Seed cells at the appropriate density in a 96-well tissue culture 
plate (e.g. 2 × 104 HT-29 cells in 200 l) and cultivate the cells 
for 24 h. The growth rate depends considerably on cell line 
and incubation parameters.

 2. Replace the cultivation medium by medium lacking FBS and 
starve cells for 12–16 h.

 3. Reconstitute inhibitor (e.g. PD 168393) in DMSO.
 4. Prepare inhibition medium by diluting the inhibitor stock to 

the desired concentrations in 1 ml tissue culture medium lack-
ing FBS. For mock control, prepare serum-free tissue culture 
medium lacking inhibitors, but including an equivalent vol-
ume of DMSO.

 5. Following serum starvation, remove medium. Replace with 
100 L inhibition medium (or mock control medium). 
Immediately return cells to incubator.

 6. Incubate cells at 37°C and 5% CO2 for 1 h.
 7. Prepare induction medium by diluting all growth factor stocks 

to a final concentration of for example 200 ng/ml EGF in tissue 
culture medium lacking FBS. This results in a 2× solution.

 8. Add 2× induction medium (or mock medium lacking EGF) 
directly to inhibitor-treated cells. Immediately return cells to 
incubator.

 9. Incubate cells at 37°C and 5% CO2 for 10 min.
 10. Prepare 120 l lysis buffer per cell culture well. Add protease 

and phosphatase inhibitors and Benzonase to the lysis buffer 
immediately before use (see Note 7). Keep lysis buffer on ice.

3.3. Cell Stimulation 
and Sample 
Preparation Using a 
96-Well Format Cell 
Culture
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 11. Cool plate with cells on ice directly after treatment and remove 
the medium with a multichannel pipette. Wash treated cells 
twice using ice-cold PBS.

 12. Remove all liquid and add 120 l cold lysis buffer per well.
 13. Incubate for 20 min at 4°C with gentle agitation on a rocking 

platform.
 14. Dislodge and solubilise all adherent cells by repeated pipetting. 

Extracts should be clear and non-viscous.
 15. Pre-wet one 96-well filter plate with 100 l wash buffer for a 

minimum of 30 min. Remove liquid on the vacuum manifold.
 16. Clear lysates: Transfer 100 l lysate into a pre-blocked 96-well 

filter plate and centrifuge at 1,500 × g for 1 min at 4°C into a 
pre-blocked 96-well receiver plate.

 17. Either proceed immediately with the bead-based sandwich 
immunoassay protocol or store samples at −70°C until further 
use. Avoid multiple freeze–thaw cycles.

 18. Determine protein concentration using the BCA method.

 1. Seed cells at the appropriate density in a six-well tissue culture 
plate (e.g. 3 × 105 HT-29 in 2 ml) and cultivate cells for 24 h. 
Optimal growth varies considerably between cell lines and labs. 
See above.

 2. Replace the growth medium by medium lacking FBS and 
starve cells for 12–16 h.

 3. Reconstitute inhibitor (e.g. PD 168393) in DMSO.
 4. Prepare inhibition medium by diluting the inhibitor stock to 

the desired concentrations in 1 ml tissue culture medium lacking 
FBS. For mock inhibitions, prepare serum-free tissue culture 
medium lacking inhibitors, but including an equivalent volume 
of DMSO.

 5. Following serum starvation, remove medium. Replace with 
inhibition medium (or mock control medium). Immediately 
return cells to incubator.

 6. Incubate at 37°C and 5% CO2 for 1 h.
 7. Prepare induction medium by diluting all growth factor stocks 

to a final concentration of e.g. 200 ng/ml EGF in tissue culture 
medium lacking FBS. This results in a 2× solution.

 8. Add 1 ml 2× induction medium (or mock induction medium) 
directly to inhibitor-treated cells. Immediately return cells to 
incubator.

 9. Incubate at 37°C and 5% CO2 for 10 min.
 10. Prepare 200 l lysis buffer per cell culture well. Add protease 

and phosphatase inhibitors and Benzonase to the lysis buffer 
immediately before use (see Note 7). Keep lysis buffer on ice.

3.4. Cell Stimulation 
and Sample 
Preparation Using a 
Six-Well Format Cell 
Culture
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 11. Cool cells on ice directly after treatment and remove the 
medium with a multichannel pipette. Wash treated cells twice 
using ice-cold PBS.

 12. Remove all liquid and add 200 l cold lysis buffer per well.
 13. Incubate for 20 min at 4°C with gentle agitation on a rocking 

platform.
 14. Dislodge and solubilise all adherent cells by repeated pipetting. 

Extracts should be clear and non-viscous.
 15. Clear lysates: Transfer 200 l lysate into a pre-wetted 96-well 

filter plate and centrifuge at 1,500 × g, 1 min, and 4°C into a 
96-well-receiver plate.

 16. Determine protein concentration using the BCA Method.
 17. Either proceed immediately with the bead-based sandwich 

immunoassay protocol or store samples at −70°C. Avoid multiple 
freeze–thaw cycles.

 1. Pre-wet 96-well filter plate wells with 50 l assay buffer for a 
minimum of 5 min. Remove liquid by applying a gentle 
vacuum (3 in.Hg/76 mmHg) to filter plate. Tap drains of 
the filter plate onto a paper towel to remove any buffer 
(see Note 8).

 2. Transfer 50 l of the filtered lysate from the 96-well sample plate 
(from step 17 in Subheading 3.3) to each well (see Note 9).

 3. Thoroughly vortex bead solution from step 6 in Subheading 3.1 
and prepare a working solution containing 50,000 beads per 
ml. Add 50 l bead solution to each well (corresponding to 
2,500 beads).

 4. Incubate overnight at 4°C or 3 h at 37°C at 750 rpm on a 
platform plate shaker (e.g. Eppendorf Thermomixer with a 
plate module). Use aluminium foil or a lid to protect the beads 
from light and to avoid evaporation.

 5. Remove liquid by applying a gentle vacuum (3 in.Hg/76 mmHg) 
to filter plate. Wash beads by adding 100 l washing buffer per 
well. Perform a total of two wash steps (see Note 8).

 6. Add 50 l of either biotinylated anti-EGFR (3 g/ml in assay 
buffer) from step 5 in Subheading 3.2 or biotinylated anti-
phosphotyrosine antibody (2 g/ml in assay buffer) (see 
Note 10).

 7. Incubate for 1 h at RT at 750 rpm on a platform plate shaker 
with a plate module. Use aluminium foil or a lid to protect the 
beads from light.

 8. Remove liquid by applying a gentle vacuum (3 in.Hg/76 mmHg) 
to filter plate. Wash beads by adding 100 l washing buffer 
per well. Perform a total of two wash steps.

3.5. Bead-Based 
Sandwich 
Immunoassay
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 9. Add 50 l of phycoerythrin-conjugated streptavidin (5 g/ml) 
to each well.

 10. Remove liquid by applying a gentle vacuum (3 in.Hg/76 mmHg) 
to filter plate. Wash beads by adding 100 l washing buffer per 
well. Perform a total of two wash steps.

 11. Place plate in the Luminex reader (LX 100, LX 200, or  
FlexMap3D) and read assay. Standard settings are as follows: 
doublet discriminator 7,500–15,000, sample volume 100 l, 
and minimal bead count per region 100.

 12. All results generated by this method represent a relative quan-
tification. Absolute concentration can be calculated by using 
recombinant EGFR protein as a reference (see Note 11).

 1. It is important that the antibody solutions used for the immo-
bilisation and biotinylation procedures are free of primary 
amine-containing compounds, e.g. glycine buffer (see Subhea-
dings 3.1 and 3.2).

 2. If novel sandwich immunoassays are to be developed, differ-
ent antibody concentrations for the coupling procedure need 
to be tested to define the best assay conditions (see 
Subheading 3.1).

 3. Coupling efficiency can be controlled by the detection of the 
immobilised IgG using Phycoerythrin-conjugated anti-species 
specific antibodies, e.g. R-Phycoerythrin-conjugated goat-anti-
mouse IgG (Jackson ImmunoResearch Laboratories, West 
Grove, PA, USA), (see Subheading 3.1).

 4. In order to define the best biotinylation conditions, test 
different ratios of the biotinylation reagent to the given anti-
body amount. A typical antibody–biotin ratio is 1:50 (see 
Subheading 3.2).

 5. Biotinylation reagents containing spacers with different lengths 
and hydrophobicity are available on the market. They may also 
influence the signal intensity in the sandwich immunoassay 
(see Subheading 3.2).

 6. The efficacy of the biotinylation reaction can be controlled 
by capturing different concentrations of the biotinylated 
antibody with anti-species-IgG-coated beads, followed by 
detection with R-Phycoerythrin-conjugated streptavidin (see 
Subheading 3.2).

 7. The type of detergent used for cell lysis has a major impact on 
extraction efficiency, especially on that of membrane-bound 

4. Notes
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proteins such as RTKs (see Fig. 3). Various detergents need to 
be tested to give the optimum results for protein extraction if a 
novel assay has to be developed (see Subheadings 3.3 and 3.4).

 8. Ensure that buffer does not remain in the drains of the filter 
plate. If buffer remains, it may cause well draining due to capil-
lary forces (see Subheading 3.5).

 9. Amount of expressed EGFR or other RTKs varies considerably 
between cell lines. Therefore, the amount of protein extract or 
protein concentration of the sample has to be adjusted (see 
Subheading 3.5).

 10. Generic tyrosine phosphorylation and protein quantity must 
be determined in separate experiments (wells) and cannot be 
multiplexed together (see Subheading 3.5).

 11. The given protocol does not include the generation of a 
standard. Therefore, all results generated using this method 
represent a relative quantification of phosphorylation. If avail-
able, a standard may be used for absolute quantification (see 
Subheading 3.5).
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Fig. 3. Different detergents utilised for cell lysis have a major impact on the extraction efficiency of membrane-bound 
proteins such as RTKs. Here, proteins from various breast cancer cell lines were extracted using either 1% Triton X-100 or 
30 mM n-octylglycopyranoside (n-OG). Total EGFR was analysed using a bead-based sandwich immunoassay. 1% Triton 
(black bars) is a more efficient detergent to solubilise EGFR than 30 mM n-OG (grey bars).
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Chapter 14

Monitoring Phosphoproteomic Response to Targeted Kinase 
Inhibitors Using Reverse-Phase Protein Microarrays

Gabriela Lavezzari and Mark R. Lackner 

Abstract

Phosphoproteomic networks mediated by protein kinases are the key drivers of proliferative and survival 
signals underlying human cancers, and as such a number of kinases have been the subject of intensive 
drug discovery efforts. A key question that must be answered during clinical development is whether a 
kinase inhibitor is effectively inhibiting its appropriate target kinase and pathway in the tumor. Reverse-phase 
protein arrays (RPMAs) offer the ability to analyze behavior of entire signaling networks in response to 
drug treatment and thus have promise as a technology for monitoring cellular response to kinase inhibitors. 
We have shown that it is possible to use RPMAs to detect phosphorylation changes in key multiple signaling 
pathway proteins in response to targeted inhibitors of EGFR, MEK, and PI3 kinase.

Key words: MEK inhibitor, PI3 Kinase inhibitor, Reverse-phase protein array, Pharmacodynamic 
biomarker

Almost all signal transduction pathways involved in proliferation 
and survival of cancer cells contain networks of cascading and 
interconnected phosphorylation events; hence, disrupting key 
nodes of these networks with inhibitors targeting specific kinases 
has great conceptual appeal in the treatment of cancer. Indeed, 
the diverse family of protein kinases encoded by the human 
genome have become the subject of intensive drug discovery 
efforts in recent years and therapeutics targeting kinases such as 
EGFR (erlotinib, gefinitinib), HER2 (trastuzumab, lapatinib), 
and BCR-Abl (imatinib) have all received FDA approval for the 
treatment of various solid tumor and hematological malignancies 

1. Introduction
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(reviewed in ref. 1). In addition to already approved agents, one 
recent estimate suggests that novel agents targeting at least 30 of 
the 515 or so human kinases have currently progressed to at least 
the phase I stage of clinical development (2). Two pathways that 
are currently the subject of particularly intense efforts are the 
EGFR/RAS/MEK/ERK pathway (3) and the PI3 kinase/Akt 
pathway (4), since these two pathways are thought to play funda-
mental roles integrating and transducing signals from multiple 
extracellular receptors (see Fig. 1) and are also frequently dys-
regulated through mutation or other genetic alterations in neo-
plasms (3, 5).

A key factor that will enhance success of drug discovery efforts 
targeting these pathways is the development of tools that will 
allow assessment of target pathway modulation in response to 
kinase inhibition in small amounts of patient tumor material. Such 
readouts would be invaluable during early drug development in 
that they would allow confirmation that the intended kinase 
target and corresponding pathway was being modulated at the 
dose and schedule being tested. With this in mind, we have developed 
a protocol that uses reverse-phase protein microarrays (RPMAs) to 
profile and monitor multiple components of signaling pathways 
and have demonstrated its utility in cell lines treated with selective 
kinase inhibitors that target EGFR (6), MEK (7), and PI3 kinase (8). 

Fig. 1. Schematic of major proteins and phosphorylation events mediated by EGFR/RAS/RAF/MEK signaling and PI3K/Akt 
signaling in tumor cells. Drugs used to inhibit EGFR, MEK, and PI3 kinase are underlined and italicized (adapted with 
permission from ref. 12).
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The basis of the technology is to immobilize small amounts of 
lysate from a cell line or tumor sample in serial dilution on a 
microarray slide. Multiple samples are thus arrayed on a slide and 
can be probed with antibodies that detect a particular phosphoe-
pitope (9, 10) (see Fig. 2 for overview). A key advantage of RPMAs 
is that they offer the potential to profile and measure potentially 
hundreds of phosphorylation events in very small quantities of 
tumor material such as one that might be obtained from laser 
capture microdissection from a biopsy (11), so RPMA pathway 
mapping should also have utility in the clinical setting.

Through these studies, we have shown that an inhibitor of all 
isoforms of the class I catalytic subunit of PI3 kinase, GDC-0941, 
results in potent and selective inhibition of multiple nodes in the 
PI3K/Akt pathway, and that a selective MEK inhibitor results in 
potent downregulation of pErk1/2 and actually increases signaling 
through the PI3K/Akt axis (12) (Fig. 3). Thus, RPMAs not only 
can be used to confirm expected pathway effects and specificity 
for a given kinase target but may also enable discovery of novel 
feedback loops that may have clinical implications. Here we describe 
a detailed protocol that can be used to monitor in vitro phosphop-
roteomic response to kinase inhibitors through profiling lysates on 
reverse-phase protein arrays.

Fig. 2. Schematic of the reverse-phase protein microarray workflow.
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 1. The breast cancer cell lines MDA-MB-231 and CAL-85-1 
were obtained from American Type Culture Collection (ATCC, 
Manassas, VA) and the Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen GmbH (DSMZ, Braunschweig, 
Germany), respectively.

 2. Culture conditions medium: Dulbecco’s Modified Eagle’s 
Medium (DMEM) supplemented with 10% fetal bovine serum, 
nonessential amino acids, and 2 mM L-glutamine.

 3. Kinase inhibitors: 10 mM in 0.1% dimethyl sulfoxide (DMSO); 
MEK1/2 inhibitor PD0325901, PI3 kinase inhibitor GDC-
0941, and EGFR inhibitor Erlotinib. Store in aliquots at −80°C.

 4. Lysis buffer (components per 1 ml): 913 l T-PER Reagent 
(includes 25 mM bicine, 150 mM sodium chloride, pH 7.6 and 
an unknown quantity of a detergent proprietary to Pierce), 60 l 
of a 5 M NaCl solution, 10 L of a 100 mM orthovanadate 
solution, 10 L of a 200 mM PEFABLOC (4-(2-Aminoethyl)-
benzensulfonylfluorid) solution, 1 L of a 5 mg/mL Aprotinin 
solution, 5 L of a 1 mg/mL Pepstatin A solution, and 1 L of 
a 5 mg/mL Leupeptin solution. Note that the final concentra-
tion of NaCl is 450 mM. Just prior to use, add 2-mercaptoethanol 
to a final concentration of 2.5% (v/v).

 1. Nitrocellulose coated glass slides.
 2. 384 well plates.
 3. Drierite drying material and zip-lock bags for storing printed 

nitrocellulose slides.
 4. Kitchen plastic wrapping foil.
 5. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM 

KCl, 100 mM Na2HPO4, 2 mM KH2PO4, adjusted to pH 7.4 
using HCl or NaOH.

2. Materials

2.1. Cell Lines  
and Kinase Inhibitors

2.2. Sample Arraying

Fig. 3. Pharmacodynamic modulation of signaling pathways by targeted kinase inhibitors. The heat map shows end points 
with at least a twofold change in intensity between pretreatment and 6 h treatment with at least one inhibitor in CAL85-1 
cells (a) and MDAMB231 cells (b). Green indicates low and red high levels of phosphorylation. Graphs to the right show 
normalized intensity values for select end points that were modulated by compound treatment. Treatment with the PI3 
kinase inhibitor GDC-0941 resulted in downregulation of multiple components of the PI3K/mTOR axis in both cell lines, 
including pAkt(S473), pp70S6K(T389), 4EBP1, and pS6 ribosomal protein. By contrast, treatment with the MEK inhibitor 
resulted in decreased levels of pErk1/2 and upregulation of key nodes in the PI3K pathway such as pAkt and pS6. This 
finding suggests the existence of a feedback loop whereby inhibition of the MEK/ERK axis causes upregulation of signaling 
in the PI3K/AKT pathway. Finally, treatment with the EGFR inhibitor had little or no effect on downstream pathway compo-
nents such as pErk1/2 in the erlotinib unresponsive, KRAS mutant cell line MDAMB231, but did dramatically reduce 
pErk1/2 levels in the sensitive cell line CAL85-1 (reprinted with permission from ref. 12).
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 6. Dulbecco’s phosphate-buffered saline (DPBS): 130 mM NaCl, 
7.5 mM Na2HPO4, 1.5 mM KH2PO4, 0.5 mM MgSO4, 1 mM 
CaCl2, 0.03 mM KCl, and 5 mM glucose, adjusted to pH 7.4 
using HCl or NaOH.

 1. Primary antibody for protein of choice.
 2. Hydrogen peroxide: 3% (v/v) in water.
 3. ReBlot mild antibody stripping solution: 10× stock.
 4. I-block reagent.
 5. Dako Catalyzed Signal Amplification Kit (CSA).
 6. Biotin Blocking System.
 7. DAKO Catalyzed Signal Amplification (CSA) System: Streptavidin 

Biotin Complex consisting of Reagent A and Reagent B.
 8. Dako antibody diluent with background reducing components.
 9. Fluorophor: IRDYE 680 Streptavidin.
 10. Wash buffer: TBST, 20 mM Tris, 137 mM Sodium Chloride, 

0.1% Tween-20, pH 7.6.
 11. SYPRO Ruby protein blot stain.

Disruption of key signaling pathway nodes with kinase inhibitors is 
expected to perturb phosphorylation of multiple components of 
signaling pathways and yield a proteomic signature unique to each 
inhibitor. Identification and evaluation of such signatures 
could have use both in preclinical target pathway validation and 
ultimately in the clinical setting to determine assess target modula-
tion at clinically achievable doses. We determined the quantitative 
in vitro pharmacodynamic effects of small-molecule kinase inhibitors 
of MEK1/2, PI3 kinase, and EGFR on a subset of 24 signaling 
pathway components using RPMAs (12). We evaluated relative 
phosphorylation levels of all 24 end points pre and post (6 h) treat-
ment with each compound in the breast cancer cell lines CAL85-1 
and MDA-MB-231 (see Note 1) and were able to identify distinct 
patterns of pathway modulation in response to the different inhibitors 
in both cell line. Here, we describe a general approach to in vitro 
pharmacodynamic analyses of phosphoproteomic networks using 
RPMA technology.

 1. Cells are maintained in DMEM until use.
 2. The cells are plated in six-well plates and allowed to adhere 

overnight, and should be checked the next day to ensure 60–80% 
confluence (see Note 2). For the cell lines used in this study, 

2.3. Slide Staining

3. Methods

3.1. Sample 
Preparation for RPMA
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a split ratio of 1:2 will typically yield the appropriate confluence 
the following day, but this should be empirically determined 
for other cell lines.

 3. Upon confirmation of appropriate confluence, the cells are 
then lysed either immediately or after 6 h incubation in the 
presence of 1 M of each inhibitor or a DMSO control (see 
Note 3).

 4. Cell lysis is accomplished directly in six well plates by addition 
of lysis buffer.

 5. Determine protein concentration of each lysate using your 
preferred method.

 6. Dilute all lysates in lysis buffer to a final protein concentration 
of 0.5 mg/ml and then print 30 L of each sample, arrayed in 
a series of sixfold dilutions, in duplicate on slides as described 
in Subheading 3.2. Control lysates derived from, for example, 
Hela cells or Hela cells treated with pervanadate may also be 
printed on each slide as low and high phosphorylation con-
trols, respectively (see Notes 4 and 5).

 1. Make sure to prepare a sufficient number of slides including 
one as negative control (see Subheadings 3.4 and 3.5).

 2. These instructions assume the use of the Aushon 2470 arrayer. 
Any other arrayer may be used but optimizations may apply.

 3. Turn on power. If the arrayer is not switched on prior to starting 
the Aushon software, the communication with the arrayer 
will not be established and the computer will be unable to 
download the control instructions to the instrument when the 
run is started.

 4. Perform the necessary housekeeping processes by emptying 
the waste carboy and by filling wash carboy and the humidifier 
with deionized water (see Note 6).

 5. Load the samples plates in the Well Plate Elevator and the 
nitrocellulose slides into the Substrate Hotel. The loading 
order is from top to bottom on the left side of the Well Plate 
Hotel and then from top to bottom on the right side of the 
Well Plate Hotel.

 6. If slides have labels, the slide must be positioned so that the 
label is located at the “finger-hole end” of the slide position on 
the platen.

 7. Up to ten slides can be loaded on a platen. Please note that 
there should not be any breaks or gaps between slides on the 
platens. However, empty platens can be left in the hotel during 
a print run because the user specifies during programming 
which platens have slides present.

3.2. Arraying Samples 
on Nitrocellulose 
Slides
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 8. Program the arrayer. Define the type of well plates to be used, 
which wells in each plate should be used for sample extraction 
and the location of the well plates in the Well Plate Hotel.

 9. Define the Array and Substrate by entering the characteristics 
of the array to be printed on the slide. There are five areas for 
entering information: Substrate Parameters, Feature Parameters, 
Sub Array Parameters, Super Array Parameters, and Replicate 
Parameters. User must customize each of these parameters.

 10. Review the graphical representation of the slide in the lower 
right section of the screen. The arrays will be shown in the 
locations that they will be printed on a slide. Once the layout 
is acceptable, proceed to the next programming step, which 
will allow you to enter the length of time for the pins to be 
washed between samples to avoid any carryover. The user 
should customize this parameter based on the matrix of his/
her samples. Some samples might be more viscous and require 
stricter protocol to avoid contamination.

 11. Run the instrument preparation checklist, and once everything 
is set, start the deposition of lysates onto nitrocellulose slides.

 12. When deposition is complete, the arrayer displays the message 
“Quit or Continue”. Select “Continue” to continue printing 
more slides or select “Quit” if you have printed the desired 
number of slides.

 13. Remove slides from platens. Remove the slides in the opposite 
order that they were loaded on the platens so that there is less 
chance of touching the nitrocellulose surface.

 14. Store the slides in small slide boxes. Place the slide boxes in 
zip-lock plastic bags with several scoops of Drierite. Close the 
zip-lock bags and store the slide boxes in the −20°C.

 15. Remove the well plates from the well plate holders. Place the 
well plates on the bench top, remove the lid and place the 
sticky side of a small piece (approximately 5 in. by 7 in.) of 
kitchen plastic wrapping foil on the surface of the well plate 
covering the surface completely and overlapping the sides. 
Smooth out any wrinkles to seal all wells. Wrap the excess foil 
over toward the underside of the well plate. Place the lid back 
in place on the well plate. Repeat the same process for all well 
plates and store at −20°C.

 16. Empty the waste from the Waste Carboy, exit the operating soft-
ware by choosing “Quit” in the file menu. Turn the power off.

Protein immobilized on nitrocellulose coated slides may be used 
for protein characterization. Nonspecific binding sites on the 
nitrocellulose cause high background staining and must be blocked 
prior to addition of primary antibody to prevent nonspecific 

3.3. Stripping  
and Blocking 
Nitrocellulose Slides
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binding of the antibody to nitrocellulose membrane. Blocking is 
achieved via a two-step process using an antigen recovery step 
in the addition to a blocking step. Antigen recovery utilizes a mild 
stripping reagent to expose the antigenic sites. Blocking is performed 
with conventional protein-based reagents.

 1. Remove the microarray slides from freezer. Place them in a petri 
dish or a slide box in case there are many slides to process.

 2. Add sufficient mild antibody stripping reagent (ReBlot) to cover 
each slide in the container and rock gently for exactly 14 min. 
Please note that this step is critical. Therefore, do not exceed 
or cut short the 14-min time. This is a very strict requirement 
for the protocol.

 3. Decant the ReBlot reagent and rinse the slides with (1×) 
DPBS.

 4. Pour 1× PBS without calcium and magnesium into the con-
tainer, enough to just cover the microarray slides. Allow to 
gently rock for 5 min.

 5. Decant the 1× DPBS.
 6. Repeat steps 4 and 5.
 7. Add sufficient I-Block reagent to cover the slides in the con-

tainer; allow rocking for at least 1 h prior to immunostaining 
(see Note 7).

The DAKO CSA System is an extremely sensitive immunohis-
tochemical (IHC) staining procedure that incorporates a signal 
amplification method based on a peroxidase-catalyzed deposition 
of a biotinylated phenolic compound, followed by a secondary 
reaction with a fluorescent dye conjugated with streptavidin. This 
protocol is optimized for use with an automated DAKO Autostainer. 
However, this procedure can be carried out manually or with any 
other kind of autostainer but may have to be adapted or optimized 
on a case by case basis.

 1. Prepare reagents, optimized antibody dilution, required 
amount of wash buffer and load them in the autostainer. After 
the blocking step, load the slides in the autostainer and keep 
them wet with wash buffer until you are ready to start the 
autostainer.

 2. The first step is to block endogenous peroxidase. Incubate the 
slides for 10 min in 3% hydrogen peroxide.

 3. Wash with wash buffer for 3–5 min.
 4. Block endogenous avidin and biotin by adding the avidin and 

biotin blocking solutions respectively and incubate for 5 min.
 5. Wash with wash buffer 3–5 min.

3.4. Immunostaining 
of Slides
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 6. Add protein blocking solution to suppress the nonspecific 
binding and incubate for 10–20 min.

 7. Wash with wash buffer 3–5 min.
 8. Add the first antibody (except for negative control slide) which 

has been diluted to an optimal dilution in antibody diluents 
and incubate for 30 min. Each slide is immunostained with 
only one antibody. Each antibody must have been previously 
validated (see Note 8). The phosphoproteins we have analyzed 
are described in reference (12).

 9. After three washes of 3–5 min each to remove the first antibody 
solution, add the biotin-conjugated secondary antibody to 
all slides (including the negative control slide) and incubate 
for 15 min. Make sure to use the appropriate species.

 10. Wash thoroughly (3× 3–5 min) with wash buffer to remove the 
secondary antibody solution.

 11. Add the Streptavidin Biotin Complex consisting of Reagent A 
and Reagent B diluted in Streptavidin Biotin Complex Diluent 
and incubate for 15 min.

 12. Wash thoroughly with wash buffer for 3× 3–5 min.
 13. Add the amplification reagent and incubate for 15 min.
 14. Wash thoroughly with wash buffer for 3× 3–5 min to remove 

the amplification reagent solution.
 15. Add the streptavidin-conjugated fluorophore and incubate 

for 15 min.
 16. Wash with deionized water and dry the slides at ambient 

temperature; store the slides at room temperature in the dark 
(the slides are now light sensitive) until further use.

 17. Scan the slides using any fluorescent slide scanner, preferably at 
2,540 dots per inch (dpi). Each detected spot will be associated 
with a raw intensity value.

 1. Each detected spot is associated with a raw intensity value. 
To allow normalization of total protein on printed arrays, one 
to two slides in each print run are stained with SYPRO Ruby 
protein blot stain (see Note 9) and the value obtained from 
these stained arrays are used for normalization of all analyte 
end-point values.

 2. Subject the phosphoprotein analyte intensity values for each 
slide to local background subtraction and check the intensity 
values for saturation effects and the limit of detection.

 3. Subject intensity values to nonspecific binding subtraction using 
the data from the negative control slide, in which the primary 
antibody was omitted and only the secondary antibody applied.

 4. Normalize each value relative to the total protein intensity 
value obtained from the SYPRO Ruby stained slide. Samples 

3.5. Image Acquisition 
and Data 
Normalization
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may additionally be normalized to lysates from ligand/
chemical-stimulated cell lines that contain high levels of 
phosphoproteins (e.g., Hela cells ± pervandate for 30 min) 
that are printed on every slide and provide for high or low 
phosphorylation controls. These lysates ensure for process 
QA/QC as well as provide for bridging cases so that relative 
comparisons of data generated from different experimental 
runs can be performed.

 1. Data analysis in our laboratory is performed with Partek 
Genomics Suite software version 6.3 but may also be performed 
with any other appropriate software.

 2. RPMA data are preprocessed by Log2 transformation and 
further linear scaling (z-score conversion) to ensure data 
normality and linearity. The log transformed data are useful for 
Principle Component Analysis (PCA) and other statistical 
analyses and the z-scores may be used in hierarchical cluster 
analysis (HC). Examples of data visualization for multiple pathway 
components using a heat-map representation as well as bar charts 
showing normalized signal intensity in treated and untreated 
cells are shown in Fig. 3.

 1. Cell lines have been characterized previously for both molecular 
subtype (12) and sensitivity to targeted kinase inhibitors (11). 
CAL85-1 is a basal-like breast cancer cell line with submi-
cromolar in vitro EC50 sensitivity to all three compounds 
(0.33 M for GDC0941, 0.11 M for PD0325901, and 
0.23 M for erlotinib) in a standard ATP-based viability assay 
(see Subheading 3).

 2. It is essential that cells are still in log phase growth and actively 
cycling through the cell cycle to assess biological effects of 
kinase inhibitors, thus such analyses should not be conducted 
on overconfluent cultures which may have a majority of quies-
cent and nonresponsive cells (see Subheading 3.1).

 3. A DMSO control is essential for these experiments to ensure 
effects are due the specific inhibitor being tested (see 
Subheading 3.1).

 4. Pervanadate is an irreversible protein tyrosine phosphatase 
inhibitor (13) that results in global cellular increase in protein 
phosphorylation and hence pervanadate treatment provides a 
useful high phosphorylation control (see Subheading 3.1).

 5. The use of low and high phosphorylation controls printed on 
each array is important to allow comparison of data from arrays 

3.6. Statistical 
Analysis of RPMA Data

4. Notes
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run at different times and is discussed in detail in reference (8) 
(see Subheading 3.1).

 6. The water used in all procedures has a resistance of 18.2 M  cm 
and it is filtered with a 0.22- m filter (see Subheading 3.2).

 7. The slides should remain rocking for the entire blocking period. 
Blocking times can range from 1 h to overnight. If overnight 
blocking is performed, the microarray slides should be blocked 
at 2–4°C (see Subheading 3.3).

 8. Prior to use, antibodies should undergo validation for both 
phosphorylation detection and protein specificity using criteria 
such as single band detection at the appropriate molecular 
weight by immunoblotting. Each antibody should also be 
titrated to find the most appropriate concentration for RPMA 
applications (see Subheading 3.4).

 9. SYPRO ruby is a ruthenium-based florescent stain for the 
detection of proteins separated by polyacrylamide gel electro-
phoresis (PAGE) or on blotted membranes. It is useful for 
quantitation of total protein, since it has a linear quantitation 
range of over three orders of magnitude and detects the majority 
of the cellular proteome (14) (see Subheading 3.5).
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Chapter 15

Measuring Phosphorylation-Specific Changes in Response 
to Kinase Inhibitors in Mammalian Cells Using Quantitative 
Proteomics

Nurhan Özlü, Marc Kirchner, and Judith Jebanathirajah Steen 

Abstract

Many cancers have been associated with the deregulation of kinases, and thus, kinases have become a prime 
target for the development of cancer treatments. This focus on kinases has resulted in the approval of several 
small-molecule kinase inhibitors for cancer treatments. Further, the use of these inhibitors as tools to study 
cancer has provided valuable information about biological mechanisms. However, to date, not much is 
known about the global effects of kinases on the proteome or phosphoproteome. In this protocol, we 
describe methodology to study the impact of kinase inhibitors on the proteome and phosphoproteome 
using mass spectrometry-based quantitative proteomics. More specifically, we focus on the effects of 
Aurora B kinase inhibitors on the proteome, cytoskeleton proteome, the phosphoproteome, and the 
cytoskeleton phosphoproteome during cell cycle. This methodology is easily extended to other biological 
studies whose aim is to study the global proteomic effects of a kinase inhibitor.

Key words: Quantitative mass spectrometry, Kinase inhibitors, Aurora kinase, Phosphoproteome, 
Microtubulome

Posttranslational modifications are important hallmarks of protein 
function including cellular signaling activities, energy metabolism, 
cell division, and cell death. Phosphorylation is the most ubiquitous 
protein modification that has been conserved throughout evolution. 
The reversible and transient nature of protein phosphorylation 
allows tight regulation of diverse cellular functions. Various complex 
cellular events are orchestrated by several kinase families, which 
catalyze protein phosphorylation. It is often technically very challenging 
to dissect the role of a kinase using traditional genetic approaches 

1. Introduction
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or RNAi techniques. This is because kinase activities often trigger 
a cascade of phosphorylation events that require a temporal control 
of kinase inhibition to access the downstream events. A particularly 
explicit case is the study of kinases that are active during cell 
division. Several kinases, such as Aurora B and Polo-like kinase, are 
active during several stages of mitosis; thus, it is difficult to study 
these kinases in all stages of mitosis using RNAi, as the cells arrest 
in the first stages of mitosis that the kinase is active (1). Thus, one 
does not learn much about the role of that kinase in subsequent 
stages of cell division. Partial knockdown of a kinase may also not 
be very effective as the residual kinase would be sufficient to trigger 
enzymatic activities. Therefore, small molecules have proved to 
be powerful tools for elucidating the role of different kinases and 
the mechanism of their action by providing potent, selective, 
prompt and often reversible inhibition of a kinase activity. Kinase 
inhibitors not only are great research tools to understand biology 
but can also serve as drugs to treat diseases where the misregulation of 
a kinase is responsible (2). For example, a synthetic inhibitor of a 
tyrosine kinase, BCR-ABL is used as an anticancer drug for treatment 
of chronic myeloid leukemia. Similarly, various synthetic inhibitors 
of CDK kinases – master regulators of cell cycle – have been proved 
to be promising for various cancer treatments (3).

Mass spectrometry (MS)-based techniques are becoming 
important tools to expand the picture of regulatory mechanism of 
phosphorylation. The ultimate goal of identifying phosphorylation 
sites is (a) to identify substrate and to (b) elucidate the function 
of the modification. The identification of the kinase and the sub-
strate is theoretically addressable using MS and bioinformatics 
methods, whereas the latter involves specific biological experi-
ments. Phosphorylation analysis using mass spectrometry provided 
large-scale data sets of phosphorylation sites in many different 
model organisms, tissues, and cultured cells (4). These data sets are 
useful resources that document specific phosphorylation sites under 
a particular biological condition. One of the next challenges in 
phosphoproteomics is to establish new methods to understand the 
effect of a specific kinase on the phosphoproteome. This is also 
important for therapeutic purposes: a drug (i.e., kinase inhibitor) 
may not have one particular molecular target, thus MS-based tech-
niques can analytically examine all targets in an in-depth and 
unbiased manner which would be useful for further optimization 
of the drug by medical chemistry (5). For example, a study using 
nonselective kinase inhibitors immobilized on beads identified novel 
targets of therapeutic kinase inhibitors when used in competitive 
proteomic assays (6).

Here, we describe a quantitative method to study the effect of 
kinase inhibitors by monitoring the changes on the phosphop-
roteome in response to kinase inhibitors. By this method, targets 
of a kinase can be identified in the whole proteome. Our  
interest underlies on an important mitotic kinase, Aurora kinase.  
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Aurora kinases are required for spindle assembly, which is a 
 microtubule based structure that segregates the duplicated chro-
mosomes during cell division (7). Given the fact that many anti-
cancer drugs target microtubules, Aurora kinases have garnered 
attention and various small molecules that inhibit Aurora kinases 
are in clinical trials for anticancer treatments (3, 8). Here we used 
VX-680, a potent inhibitor of Aurora kinases (IC50 VX-680: Aurora 
B = 18 nM, Aurora A = 36 nM, and Aurora C = 25 nM) (9) as an 
example to examine the effect of Aurora kinases on the phosphop-
roteome and microtubulome. Typical steps of this experiment, 
which we describe here, are as follows: (1) growing tissue culture 
cells in SILAC media for quantitative analysis of kinase inhibition, 
(2) cell lysis, (3) fractionation of complex protein mixture 
(optional), (4) proteolysis, (6) enrichment of phosphopeptides, 
(7) analysis by LC–MS/MS, and (8) data evaluation (see Fig. 1).

 1. Cell line: this study used HeLa S3 suspension cells, which are 
easy to grow in bulk for cell structure isolations or other bio-
chemical experiments which require more starting material. 
Many other cell lines may also be used.

 2. Cell culture medium: Dulbecco’s modified Eagle’s medium 
(DMEM) without L-lysine and L-arginine.

2. Materials

2.1. Cell Culture  
and SILAC Media

Fig. 1. Work flow of SILAC-based phosphoproteomic analysis of kinase inhibitor-treated cells.
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 3. Dialyzed fetal bovine serum (FBS).
 4. Amino acids: “Light” (12C, 14N) L-Lysine and L-Arginine and 

“heavy” (13C, 15N) L-Lysine and L-Arginine for SILAC labeling. 
In this study, 13C6, 

15N2 L-Lysine and 13C6, 
15N4 L-Arginine were 

used resulting in mass differences of 8 and 10 Da between 
heavy and light isoforms for Lysine and Arginine, respectively.

 5. Antibiotics: Streptomycin (10.000 g/ml) and penicillin 
(10,000 g/ml).

 6. Trypsin–EDTA: 0.25% Trypsin (w/v), 2.21 mM ethylenedi-
aminetetraacetic acid (EDTA) in Hank’s balanced salt solution 
(HBSS) without sodium bicarbonate, calcium, and magnesium.

 7. Phosphate-buffered saline (1×): sterile, without magnesium 
and calcium.

 8. S-Trityl-L-cysteine: 1 mM in dimethylsulfoxide (DMSO).
 9. Nocodazole: 1 mM in dimethylsulfoxide (DMSO).
 10. Vincristine: 1 mM in dimethylsulfoxide (DMSO).
 11. Thymidine: 100 mM stock solution in sterile PBS, filtered 

through 0.22- m pore size filter prior to use.
 12. Particle Count and Size Analyzer or Hemocytometer for 

counting cells.

 1. Lysis buffer for in-solution digest: 6 M urea, 2 M thiourea, 
50 mM Tris–HCl, 10% glycerol, 2% n-octylglucoside.

 2. Lysis buffers for in-gel digest (see Subheading 2.4).
 3. Protease inhibitor cocktail tablet, EDTA free.
 4. Phosphatase inhibitors: See Table 1 and Note 1.
 5. SDS-Page sample buffer: 100 mM Tris–HCl(hydroxymethyl)-

aminomethane (Tris), pH 6.8, 50 mM dithiothreitol (DTT), 
2% SDS, 15% glycerol (see Note 2).

 6. Coomassie blue stain.
 7. Sonicator.

 1. Protein standard: Bovine serum albumin (BSA).
 2. Protein assay reagent: Bicinchoninic acid (BCA).
 3. Spectrophotometer.

 1. Lysis buffer: 20 mM HEPES, pH 7.4, 100 mM KCl, 2 mM 
ethylene glycol tetraacetic acid (EGTA), 2 mM MgCl2, 10% 
glycerol, 1% NP-40 (see Note 3).

 2. F buffer: 20 mM HEPES, pH 7.4, 100 mM KCl, 2 mM 
MgCl2.

2.2. Cell Lysis

2.3. Protein 
Concentration 
Determination

2.4. Cytoskeleton 
Pelleting

2.4.1. Actin Pelleting
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 3. Phalloidin: 1 mg/ml Stock in DMSO. Phalloidin is used to 
stabilize actin polymers.

 4. Glycerol cushion: 40% (v/v) Glycerol in F Buffer.

 1. Lysis buffer: 100 mM potassium1,4-piperazinediethanesul-
fonate (K-Pipes), pH 6.8, 1 mM MgCl2, 2 mM EGTA, 1% 
NP-40 (see Note 4).

 2. CM buffer: 100 mM K-Pipes, pH 7.0, 1 mM EGTA, 2 mM 
MgCl2.

 3. Paclitaxel (Taxol): 2 mM stock in DMSO. Taxol is used to 
stabilize microtubules.

 4. 40% Glycerol cushion in BRB80: 40% (v/v) glycerol in 80 mM 
4-piperazinediethanesulfonate (Pipes), pH 6.8, 1 mM MgCl2, 
1 mM EGTA.

 1. HPLC-grade water.
 2. HPLC-grade acetonitrile (ACN).
 3. Ammonium bicarbonate: 1 M in water (see Note 5).
 4. Iodoacetamide: 500 mM in water (see Note 6).
 5. Trypsin: Sequencing grade.

 1. HPLC-grade water.
 2. Trifluoroacetic acid (TFA).
 3. HPLC-grade ACN.
 4. TiO2 Toptip columns.
 5. Binding buffer: 5% (v/v) TFA, 40% (v/v) ACN in water.
 6. Wash buffer: 1% TFA (v/v), 80% (v/v) ACN in water.
 7. Elution buffer: 0.4 M NH4OH in water.

2.4.2. Microtubule 
Pelleting

2.5. Reduction, 
Alkylation,  
and Digestion of 
Protein Samples

2.6. Enrichment  
of Phoshopeptides

Table 1
List of phosphatase inhibitors used in the lysis buffer (see Note 1)

Inhibitor Stock concentration Stock solvent Final concentration

Okadaic acid  1 mM DMSO  1 M

Microcystin-LR  1 mM DMSO  1 M

Sodium fluoride 500 mM Water 10 mM

Sodium orthovanadate 100 mM Water  1 mM

-Glycerol phosphate  1 M Water 20 mM

Sodium pyrophosphate 100 mM Water  1 mM
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 1. Loading buffer: 4% Formic acid, 4% ACN in HPLC-grade 
water.

 2. HPLC buffer A: 95:5 (v/v) water–ACN 0.2% formic acid.
 3. HPLC buffer B: 5:95 (v/v) water–ACN 0.2% formic acid.

system was used. Alternative systems may also be used.
 5. HPLC column: Magic C18 (5 U, 100 A) reversed-phase nano-

column packed in-house into FS360-100-15-N-5-C30 PicoTips.
 6. Mass spectrometer: In this study, an LTQ-Orbitrap mass 

spectrometer was used. Alternative systems may also be used.

 1. Prepare a 100× stock solution of labeled amino acids (both 
light and heavy isoforms) in sterile 1× PBS and store at −20°C. 
The concentration of amino acids should be calculated 
such that they are at the concentration of the original medium. 
For DMEM media, add Lysine and Arginine amino acids to a 
final concentration of 0.146 and 0.084 g/l concentration, 
respectively (see Note 7).

 2. Prepare Light and Heavy DMEM media (for HeLa S3 cells) by 
adding light and heavy labeled amino acids, respectively. The 
following should be added to the media: dialyzed fetal bovine 
serum (FBS) to a 10% concentration and 1% of streptomycin 
and penicillin. Filter both heavy and light media through a 
0.22- m filter. Store the media at 4°C.

 1. Grow equal amounts of cells (from the same clonal stock) in 
light and heavy media. For complete incorporation of the 
SILAC amino acids, 6–8 cell passages (with 1:5 split ratio) are 
recommended. Starting with a small amount of cells (~106) 
minimizes the amount of media needed for complete labeling 
(see Note 8).

 2. Once full incorporation of the isotopic labeled amino acids has 
been achieved, grow HeLa S3 cells to a density of 106 cells/mL 
in suspension using Erlenmeyer culture flasks with a 0.22- m 
vented cap.

Before treating cells with a kinase inhibitor it may be necessary to 
synchronize cells at a certain cell stage. For proteomic analysis, it is 
very important to generate robust synchronization protocols and 
homogenous cell populations to minimize noise between different 
biological replicates. In our case, we are interested in the cell cycle 

2.7. LC–MS Analysis

3. Methods

3.1. Preparation of Cell 
Culture Medium  
for SILAC

3.2. Growing Cells  
in SILAC Media

3.3. Synchronization  
of HeLa S3 Cells
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dependent activity of Aurora B, thus we established protocols that 
produce cells that are 90–100% synchronous. To synchronize 
cells at G1/S, follow the protocol established by Fang et al. using 
a double thymidine block (10). For Mitotic Cell Synchronization, a 
single thymidine block followed by a mitotic block is recommended.

 1. Treat HeLa S3 suspension cells grown in SILAC labeled 
DMEM media with Thymidine added to a final concentration 
of 2 mM for 18 h.

 2. Centrifuge cells at 300 × g for 5 min.
 3. Wash cells twice with sterile PBS (at 37°C) by resuspending 

cells in PBS followed by pelleting cells in a centrifuge at 
300 × g.

 4. After the last wash, resuspend the cells in fresh SILAC medium 
for 3–4 h (see Note 9).

 5. Block cells at mitosis using media containing 10 M of the 
kinesin-5 inhibitor S-Trityl-L-cysteine (STC) for 12 h. Alternative 
drugs for mitotic arrest are as follows: 0.1 g/ml nocodazole 
for 12 h, 10 nM vincristine for 18 h, 20 nM taxol for 20 h 
(11, 12) (see Note 10).

Prior to performing SILAC experiments, it is imperative to determine 
the correct concentration of the kinase inhibitor for cell culture. 
It should be low enough to selectively inhibit the kinase of interest 
and avoid nonspecific inhibition of other kinases, but it should 
also be potent enough for large scale experiments to affect the 
biochemistry of the bulk cell population homogenously. For this 
purpose it is important to evaluate the kinase inhibitor selectivity, 
i.e., IC50s of the kinase of interest versus irrelevant kinases. Also, 
if the kinase inhibitor affects other kinases that are active in the cell 
cycle phase that you are studying, it is beneficial to use an alternative 
inhibitor to distinguish off-target effects. It is recommended to 
perform a series of experiments in which the concentration of the 
kinase inhibitor is titrated and the kinase treatment is preformed in 
a time course manner to determine the most effective and selective 
condition. A practical way of evaluating different conditions is to 
perform western blotting analyses against known phosphorylation 
sites (see Fig. 2). After the conditions for the particular kinase 
inhibitor have been determined, SILAC samples are prepared as 
above to analyze global changes.

 1. Count the number of cells grown in suspension in heavy and 
light media using a hemocytometer or coulter counter. Ensure 
that there are equal numbers of cells from both conditions; if 
not, adjust the cell amount.

 2. Split the cells grown in heavy and light media into two equal 
amounts.

3.4. Treatment of Cells 
with Kinase Inhibitor
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 3. Treat half of the heavy cells and half of the light cells with the 
kinase inhibitor and the other halves with mock (the same 
volume of DMSO, if the inhibitor was dissolved in DMSO) or 
a generic, nonselective inhibitor (see Note 11).

 4. Wash both mock- and inhibitor-treated heavy and light cells 
with ice-cold PBS twice by resuspending the cells in PBS 
followed by cell pelleting in a refrigerated centrifuge at 300 × g.

 5. Snap-freeze the cells in liquid nitrogen.

 1. Lyse frozen cells in lysis buffer (see Subheading 2.4.1 or 2.4.2) 
containing protease inhibitors and phosphatase inhibitors 
(see Note 12). The lysis buffer should be twice the volume of 
the cell pellet. Incubate for 20 min on ice.

 2. Centrifuge cell lysates at 2,800 × g for 10 min at 4°C.
 3. Measure the protein concentration of supernatants using the 

BCA assay. Use BSA (50–2,000 g/ml) as a standard.
 4. Mix cell lysates in 1:1 ratio (v/v): Mix inhibitor-treated heavy 

cells (+) with mock-treated light cells (−). To swap the metabolic 
label, mix mock-treated heavy cells (−) with inhibitor-treated 
light cells (+).

 5. Add SDS-PAGE buffer to each sample. Add iodoacetamide to 
a final concentration of 50 mM and incubate and incubate in 
the dark for 30 min.

 6. Separate the protein mixture via SDS-PAGE. Stain the gel with 
a Coomassie stain.

For further details on the digestion procedure, refer to (13).

 1. Cut the gel into ten or more slices and wash gel slices in HPLC 
water (see Note 13).

3.5. Cell Lysis and 
Protein Digestion

3.5.1. Cell Lysis for In-gel 
Digest

3.5.2. In-gel Digest

Fig. 2. Time course inhibition of an Aurora-B phosphorylation site using the Aurora kinase 
Inhibitor VX680. Mitotic cells were treated with 400 nM VX680 for 0, 10 and 20 min. 
Western blotting against a phoshoserine residue on Histone H3, a known Aurora-B phos-
phorylation site, showed a dramatic inhibition by VX680 treatment after 20 min (top panel). 
The loading control from the same blot is shown at the bottom panel.
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 2. Wash the gel slices with 0.1 M ABC followed by acetonitrile 
(ACN). Repeat this washing procedure three times.

 3. After the last ACN wash, add trypsin to 12.5 ng/ l in 100 mM 
ABC to cover gel slices. Leave on ice for 30 min, remove excess 
trypsin solution and add enough 0.1 M ABC to cover gel 
pieces (see Note 14).

 4. Incubate at 37°C for 8 h.
 5. Extract the peptides using 0.1 M ABC and ACN in a 1:1 (v/v) 

ratio and perform a final extraction using 100% ACN. Lyophilize 
the digested samples and store at −20°C until use.

 1. Add five volumes of cell lysis buffer per volume of frozen cell 
pellet. Incubate for 20 min on ice.

 2. Mix cell lysates in 1:1 ratio (v/v): Mix inhibitor-treated heavy 
cells (+) with mock-treated light cells (−). To swap the metabolic 
label, mix mock-treated heavy cells (−) with inhibitor-treated 
light cells (+) (see Note 15).

 3. Sonicate cells on ice at 40% maximal sonicator output with 
three time intervals, 15 s on, 45 s off.

 4. Centrifuge cell lysates at 2,800 × g for 10 min at room tem-
perature (RT).

 5. Add DTT to a final concentration of 20 mM to each superna-
tant and incubate at RT for 30 min.

 1. Add 40 mM iodoacetamide to the sample generated the last 
step of Subheading 3.5.3, incubate for 30 min at RT in the 
dark.

 2. Dialyze the lysates overnight against 1 l of 10 mM ammonium 
bicarbonate (ABC).

 3. Raise the ABC concentration to 50 mM using the 1 M stock 
solution.

 4. Add trypsin at a protein to enzyme ratio of 100:1 and incubate 
at 37°C for 6–8 h.

It is useful to reduce the complexity of the proteome prior to the 
enrichment of phosphorylated peptides. This is especially useful if 
one is interested in a particular molecular pathway. Treatment of 
cells with a kinase inhibitor may promote global affects in different 
cellular compartments. However, it is not always feasible to 
obtain an in-depth analysis of these changes as excessive fraction-
ation must be performed, which would require many hours of instru-
ment time and several LC/MS runs. Depending on the purpose of 
the experiment, it may not be necessary to cover the whole proteome, 
but rather focus on a specific cellular compartment where the kinase’s 
substrates are mostly localized. For example, Aurora kinases are 

3.5.3. Cell Lysis  
for In-solution Digest

3.5.4. In-solution Digest

3.6. Fractionation  
of Cell Content After 
Inhibitor Treatment
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mainly involved in cell division and cytoskeleton regulation. Therefore, 
the isolation of the cytoskeleton (14) or chromosomes will 
likely enrich the substrates of the Aurora B. One disadvantage of 
cellular enrichment is that kinase inhibitors will also affect the 
binding efficiency of substrates to the cytoskeleton. Therefore, the 
phosphorylation difference for each protein should be normalized 
by the amount of protein in each condition.

 1. Use the lysis buffer listed in Subheading 2.4.1 and follow the 
first four steps described in Subheading 3.5.1 (see Note 16).

 2. After mixing cell lysates, clear the lysate by centrifugation 
for 25 min at 80,000 × g. Recover the middle layer and avoid 
collecting the white, fluffy lipid layer on top.

 3. To stabilize actin filaments, add 10 g/ml phalloidin and 
incubate on ice for 20 min.

 4. Pellet actin through a 40% glycerol cushion in F buffer (sup-
plemented with 10 g/ml phalloidin as well as protease and 
phosphatase inhibitors) with twice the volume of the supernatant 
for 25 min at 80,000 × g at 4°C.

 5. Discard the supernatant and the cushion. Resuspend the pellet 
in 1/4 of the original volume of F buffer. Load the sample 
onto a second 40% glycerol cushion as described above and 
centrifuge at 80,000 × g for 25 min.

 6. Discard the supernatant and cushion and resuspend the pellet 
in SDS-PAGE buffer, and separate protein mixture via SDS-
PAGE.

 7. Perform tryptic digestion as described in Subheading 3.5.2.

 1. Use the lysis buffer listed in Subheading 2.4.2 and follow the 
first four steps described in Subheading 3.5.1 (see Note 16).

 2. After mixing cell lysates, clear the supernatant by centrifuga-
tion for 25 min at 80,000 × g. Recover the middle layer and 
avoid the white, fluffy lipid layer on top.

 3. Take supernatant, add 5 M taxol and 0.5 mM GTP, mix well, 
and incubate for 2–3 min before adding additional 20 M 
taxol (final taxol concentration is 25 M). Incubate for 20 min 
at RT.

 4. Pellet the microtubules using two volumes of a 40% glycerol 
cushion in 1× BRB80 (+protease inhibitors, phosphatase 
inhibitors, 1 mM DTT, 25 M taxol, 1 mM GTP). Centrifuge 
for 25 min at 80,000 × g at 20°C.

 5. Discard supernatant and cushion. Resuspend pellet in 1/4 
original volume of 50 l CM buffer, wash tube with an addi-
tional 50 l of CM buffer, and load the sample onto another 
cushion (same as above). Centrifuge again for 25 min at 20°C 
at 80,000 × g. Discard supernatant and cushion as above.

3.6.1. Actin Cytoskeleton 
Pelleting

3.6.2. Microtubule 
Pelleting
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 6. Discard the supernatant and cushion and resuspend the pellet in 
SDS-PAGE buffer, and separate protein mixture via SDS-PAGE.

 7. Perform tryptic digestion as described in Subheading 3.5.2.

 1. Dissolve lyophilized tryptic digests in 50 l binding buffer.
 2. Equilibrate the TiO2 column with binding buffer.
 3. Load samples slowly onto the TiO2 column.
 4. Wash the column twice with 50 l of binding buffer each and 

once with HPLC water.
 5. Elute phosphopeptides first with 30 l of 100 mM ammonium 

bicarbonate and then with 30 l of 0.4 M NH4OH/40% acetonitrile. 
Acidify the eluate using 3 l of TFA (see Note 17).

 6. Optional: Lyophilize the eluate and reload onto the same TiO2 
column as described above (see Note 18).

Reversed-Phase high performance liquid chromatography (RP- 
HPLC) is the most common peptide separation technique prior to 
MS acquisition because of its high compatibility with MS. For accu-
rate quantification of isotopic peptide ratios, it is necessary to acquire 
the data on a high mass accuracy instrument. The protocol described 

-
pled on-line to an LTQ Orbitrap mass spectrometer (other LC–MS 
instruments can also be used). Protein digests are separated at 
400 nl/min via 60 min linear gradient from 5 to 35% acetonitrile in 
0.2% formic acid. Up to six of the most intense ions per peptide mass 
spectrum are fragmented and analyzed in the linear trap. The resulting 
MS files are converted into peak lists. For each MS/MS spectrum, 
the 200 most intense fragment ions are selected and formatted into 
a Mascot generic file (mgf). The mgf files are submitted to the search 
engine MASCOT specifying 10 ppm (for precursor ion) and 0.8 Da 
(for product ion) mass tolerance respectively. Standard search criteria 
are cysteine carbamidomethylation as fixed modification, and acetyl 
(N-terminal), deamidation (N and Q), oxidation (M), phosphoryla-
tion (S, T, and Y) as variable modifications. In addition, 13C/15N-
labeled Arg and Lys are specified as variable modifications to account 
for the SILAC labeling. Up to two missed tryptic cleavages are 
allowed (see Note 19).

Example quantification data of a phosphopeptide SILAC ratio in 
kinase inhibitor- and mock-treated cells are shown in Fig. 3. Isotope 
ratios using inverse labeled cells were analyzed in parallel (for further 
details of quantification of SILAC data see (15, 16)). If we compare 
ratios L H/i ia a of the light and heavy peptide SILAC pair intensities 

L
ia and H ,ia ratios with L H

i ia a will fall into the interval (0,1) and 
ratios with L H

i ia a will fall into (1, ). To account for this asymmetry, 
it is necessary to log-transform the SILAC ratios prior to statistical 
analysis (17), yielding L Hlog /i i iz a a . For testing if a peptide has 

3.7. Phosphopeptide 
Enrichment

3.8. Liquid 
Chromatography  
and Mass 
Spectrometry

3.9. Data Analysis

3.9.1. Peptide Level 
Analysis
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a SILAC ratio that is significantly different from the majority of 
peptides is desired, one can derive an empirical confidence interval 
(e.g., 90%) from repeated measurements of the same peptide (if 
available). Under the hypothesis that a peptide is not differentially 
expressed, the probability that the log ratio measurement zi does 
not fall into this confidence interval is q = 0.1. Assuming a peptide 
is measured in n repeats, k times of which it falls outside of the 
confidence interval, its p-value for departure from the ratio of the 
majority would be:

 (1 ) .
n

i n i

i k

p q q
n
i

 

In order to determine if a protein P exhibits a significantly larger 
mean SILAC ratio than a reference protein R, one can determine 
if the mean of all P

iz that belong to protein P falls into a confidence 
interval constructed by bootstrapping from the observations R

iz of 
the reference. Therefore, draw N sets of size nP with replacement 
from the log ratio measurements 

R ,iz where nP is the number 
of measurements available for protein P. For each of these sets, 
calculate the mean and determine the empirical (100p)% confidence 
interval. If the mean of the observations P

iz falls into the confi-
dence interval, the deviation is not significant at a (1 − p) level. Suitable 
parameters are, for example, N = 1,000, p = 0.99.

 1. Stock solutions of Okadaic acid and Microcystine should be 
kept at −20°C. Okadaic acid should be protected from light. 
Both components are very toxic, so check Material Safety Data 
Sheets (MSDS) before working with these chemicals (see 
Subheading 2.2).

3.9.2. Protein Level 
Analysis

4. Notes

Fig. 3. Example for phosphopeptide quantitation following kinase inhibitor treatment. SILAC quantification of the doubly 
phosphorylated peptide (S71, S72) from Vimentin between VX680-treated (heavy) versus mock-treated (light) cells. The log 
isotope ratio of VX680 (heavy) versus Mock (light) reveals a log ratio of −3.2 (left panel). Quantification of the same phos-
phopeptide with inversely labeled cells (right panel) shows a log ratio of 3.4. The SILAC ratios for this phosphopeptide from 
both experiments show significant deviations from the distribution of the majority of peptide ratios (p < 0.001).
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 2. Suggested DTT stock solution is 1 M (in water), stored at 
−20°C. DTT should be added to the SDS buffer immediately 
prior to use (see Subheading 2.2).

 3. If the myosin motor proteins dominate in the actin assay, 
adding 1 mM ATP to the lysis buffer and F-buffer would 
reduce the amount of myosin pelleting with actin (see 
Subheading 2.4.1).

 4. Microtubule assay conditions can vary to favor binding of 
specific classes of proteins. For instance, adding 2–5 mM of 
AMPPNP to the lysis buffer will stabilize binding of motor 
proteins to microtubules (18) (see Subheading 2.4.2).

 5. Store 1 M ammonium bicarbonate at 4°C and make this solu-
tion fresh every week (see Subheading 2.5).

 6. Store iodoacetamide stock solution (500 mM), at −20°C in 
the dark (see Subheading 2.5).

 7. For tryptic digestion, it is beneficial to label lysine and arginine 
since trypsin cleaves proteins after these amino acids. Labeling 
both residues increases the population of quantifiable peptides 
(see Subheading 3.1).

 8. It is convenient to cryopreserve fully labeled heavy and light 
cells for future experiments. One can directly grow the cells 
from these stocks in heavy or light media without needing to 
passage the cells multiple times to incorporate the amino 
acids for each experiment. However, cells may change their 
morphology or differentiate over time; therefore, this is only 
advisable to generate and use these stocks in the short term to 
prevent divergence of heavy and light labeled cell lines (see 
Subheading 3.2).

 9. As cells are semisynchronized at this stage, they can be grown 
at a higher density 2–5 × 106 cells/mL, to control the cost of 
SILAC media (see Subheading 3.3).

 10. Perform a FACS analysis to confirm the synchrony and the cell 
stage of the collected cells (see Subheading 3.3).

 11. Swapping the labels is crucial for reliable results and eliminates 
systematic errors (see Subheading 3.4).

 12. All sample preparation should be performed on ice to minimize 
any enzyme activity. Buffers should always include a mixture 
of phosphatase inhibitors to prevent dephosphorylation. 
Alternatively, perform all lysis steps in a cold room at 4°C 
(see Subheading 3.5.1).

 13. Separate dark- and light-stained regions to prevent masking of 
less abundant proteins (see Subheading 3.5.2).

 14. Although trypsin is the most commonly used protease  
for LC–MS/MS experiments, using different proteolytic 
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enzymes will allow an increase in the analytical depth (the 
proteome coverage and the number of phosphopeptides 
(see Subheading 3.5.2).

 15. We found it more convenient to mix the cell lysates before the 
sonication to minimize discrepancy during cell lysis (see 
Subheading 3.5.3).

 16. It is important that all experiments are performed in the shortest 
time possible after the mixing of the heavy and light isotope 
labeled lysates as equilibration of the proteins can take place. 
For example, in the case of the cytoskeleton, it was observed if 
the lysates were incubated for extended periods in time the 
differences in the mitotic versus interphase samples were less 
pronounced (see Subheadings 3.6.1 and 3.6.2).

 17. Acidification is necessary because phospho-groups on the 
proteins are chemically stable at the acidic or physiological pH 
values (see Subheading 3.7).

 18. In our experience, this step significantly increases the specific-
ity for phosphopeptides (see Subheading 3.7).

 19. Phosphopeptides have a significantly higher number of missed 
cleavage events compared to other peptides due to hindering 
of proteases by phosphorylated residues that are in close proximity 
to sites of proteolytic cleavage. Therefore, it is recommended 
to allow a higher number of missed cleavage events for searching 
phosphopeptide-enriched samples (19) (see Subheading 3.8).
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Chapter 16

Investigation of Acquired Resistance to EGFR-Targeted 
Therapies in Lung Cancer Using cDNA Microarrays

Kian Kani, Rafaella Sordella, and Parag Mallick 

Abstract

Clinical tools to accurately describe, evaluate, and predict an individual’s response to cancer therapy are a 
field-wide priority; in many advanced cancers, only 10–20% of individuals will have a clinical benefit from 
therapy, yet we treat the entire population. Furthermore, many therapies are initially effective, but lose 
effectiveness over time. Here we describe methods to derive in vitro models of resistance to EGFR tyrosine 
kinase inhibitors. We additionally describe approaches to characterize possible mechanisms of resistance by 
genomic and transcriptomic approaches.

Key words: Gefitinib, Erlotinib, Non-small-cell lung cancer, Therapeutic response, Proteomics, 
Resistance

Mechanistically, changes in cancer cell growth patterns and rates 
may originate with alterations in growth signaling networks. The 
concept of “oncogene addiction” has been demonstrated in a variety 
of mouse tumorigenesis models in which continued expression of 
the transforming oncogene is required for tumor maintenance. 
Numerous targeted therapeutics attempt to halt the growth of a 
tumor via specific disruptions in these networks. For example, the 
efficacy of drugs such as imatinib illustrate the importance of BCR-
ABL in chronic myelogenous leukemia and the dramatic responses 
of epidermal growth factor receptor (EGFR)-mutant lung tumors 
to EGFR tyrosine kinase inhibitors (TKIs), such as erlotinib and 
gefitinib, suggest that even complex epithelial cancers may exhibit 
dependency on a single activated kinase for survival. Specifically 

1. Introduction
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in the case of lung cancer, much excitement has recently been 
generated by the finding that a group of non-small-cell lung cancer 
(NSCLC) patients benefit highly from treatment with selective 
EGFR inhibitors (1). The clinical success of tyrosine kinase inhibi-
tors (TKIs) has dramatically influenced research and medical 
oncology over the past decade. Unfortunately, these therapies are 
often only effective in a small percentage of patients. Furthermore, 
even when initially effective, therapies can lose effectiveness over 
time, presumably through the tumor’s molecular evolution of 
resistance to the therapeutic. Despite extensive study, de novo and 
acquired resistance to targeted therapeutic agents remains a major 
obstacle to improving remission rates and achieving prolonged 
disease-free survival.

Through the use of derived models of resistance numerous 
mechanisms of response and resistance have been uncovered. 
NSCLC patients with activation mutations in the EGFR gene 
exhibit dramatic sensitivity to targeted TKIs (2). These mutations 
remove some or all of the negative allosteric regulatory mecha-
nisms in the EGFR kinase domain (3). The most frequent activating 
mutations are the in-frame deletions of leucine-747 to glutamic 
acid-749 (DLRE) and the leucine to arginine substitution at codon 
858 (L858R), which account for 44% and 41% of all the mutations 
in EGFR cases in NSLC, respectively (4, 5). Subsequent studies 
also identified a mutation of threonine to methionine at 790 that 
confers resistance. In addition to mutations in the EGFR, amplifi-
cation of c-MET has recently been identified as another potential 
acquired resistance mechanism. In a preliminary study, 22% (4/18) 
of cases of NSCLC with acquired resistance to gefitnib/erlotinib 
have been shown to harbor c-MET amplification (6). Interestingly, 
some of these tumors contained both the T790M mutation and 
c-MET amplification. Although the role of c-MET amplification 
in EGFR TKI-acquired resistance has yet to be definitively proven, 
current studies suggest that the presence of T790M and c-MET 
amplification could account for approximately 50% of all cases (6). 
Thus, despite considerable progress in identifying acquired resis-
tance mechanisms, new determinants of EGFR TKI have yet to be 
uncovered in the majority of tumors that have relapsed.

The accumulation of genetic/epigenetic aberrations that 
ultimately lead to the acquisition of resistance to a particular TKI 
treatment in fact usually results in dramatic changes in the expres-
sion pattern of multiple genes. In this regard, a strong correlation 
between gene expression and copy number variations has been 
observed. As such, gene expression profiling or microarray analysis, 
by enabling the measurement of thousands of genes in a single 
RNA sample, provides a powerful research tool for elucidating 
genetic interactions and response to drug treatments.

Simplistically, while DNA sequence analysis instructs us on 
what a cell could possibly do as a consequence of the accumulations 
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of genetic aberrations, the expression profile data conveys us 
what it is actually happening in a given cell in a particular cell state. 
The basic idea behind all the different variety of microarray 
platforms that have been developed is simple: a glass slide or 
membrane is spotted or “arrayed” with DNA fragments or oligo-
nucleotides that represent specific gene coding regions. Purified 
RNA is then fluorescently or radioactively labeled and hybridized 
to the slide/membrane. After thorough washing, the raw data is 
obtained by laser scanning or autoradiographic imaging. At this 
point, the data may then be entered into a database and analyzed 
by a number of statistical methods. The up-front design of a study 
is critical to a research study’s ability to draw sound conclusions in 
the particular case of identifying signaling pathways or genes 
whose disregulation could contribute to the acquisition of resistance 
to a given drug treatment. Here, we introduce several techniques 
for deriving models of resistance. We also describe genomic and 
transcriptomic techniques for characterizing the mechanism of 
resistance of those models.

 1. NSCLC cell lines: e.g., HCC827 cells.
 2. Type II classification biological hood and safety cabinet.
 3. Cell growth media compatible for cells under investigation: 

e.g., Dulbecco’s Modified Eagle’s Medium (DMEM) contain-
ing 1% of dialyzed fetal bovine serum.

 4. Gefitinib: 99% purità, prepare 10 mM stock solution in DMSO.
 5. Cell counter, microscope.
 6. 96-well plates: flat bottom for cell culture.
 7. Cell viability assay kit: e.g., the MTS or MTT assays are com-

mercially available from many sources.
 8. Ethyl methane sulfonate (EMS): 600 g/ml in cell culture 

medium.

DNA can be prepared for sequencing by use of several commer-
cially available kits.

 1. DNeasy Blood and Tissue Kit.
 2. Pipettes and pipette tips.
 3. Vortexer.
 4. Microcentrifuge tubes (1.5 ml or 2 ml).
 5. Microcentrifuge with rotor for 1.5 ml and 2 ml tubes.
 6. Ethanol: 96–100% purity.

2. Materials

2.1. In Vitro Selection 
of Resistant 
Populations

2.2. DNA Sequencing
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 7. Phosphate-based saline (PBS).
 8. Lysis buffer: Autoclaved PBS supplemented with 1 mM EDTA, 

0.5% NP40, 25 mM DTT, 5 mM MgCl2, and 1× RNase 
Inhibitor.

 1. Trizol reagent.
 2. Chloroform.
 3. Ethanol: 200 proof quality.
 4. Dulbecco’s phosphate-buffered saline (DPBS).
 5. Sodium acetate: 3 M, pH 5.2.
 6. RNAse-free water: 1 ml of 0.1% (v/v) diethylpyrocarbonate 

(DEPC) in 999 ml of water. Let stand overnight. Autoclave 
prior to use.

 7. Cell scraper.
 8. Centrifuge tubes: 15 ml, round bottom, polypropylene.
 9. Centrifuge tubes: 50 ml, conical, polypropylene.
 10. Plastic tubes: 1.5 ml.
 11. PCR tubes: 0.2 ml, thin wall.
 12. Centrifugal filter: MicroCon 100.
 13. High-speed centrifuge.

 1. PCR tubes: 0.2 ml, thin wall (or plate).
 2. Plastic tubes: 1.5 ml, RNAse free.
 3. Primers for genes of interest.
 4. DNA polymerase: JumpStart Taq kit.
 5. Reverse transcription: ImProm-II Rt system.

 1. Ethanol: 200 proof quality.
 2. Dulbecco’s phosphate-buffered saline (DPBS).
 3. Sodium acetate: 3 M, pH 5.2.
 4. Nucleotides: dATP, dCTP, dGTP, dTTP, 100 mM each, store 

frozen at −20°C.
 5. Primers: 1 mg/ml pd(T)12–18 in water, store frozen at −20°C.
 6. Oligo primer: anchored, 5 -TTT TTT TTT TTT TTT TTT 

TTV N-3 , resuspend at 2 mg/ml, store frozen at −20°C.
 7. Fluorescent dyes: 1 mM CyTM3-dUTP and 1 mM CyTM5-

dUTP, store at −20°C, protect from light.
 8. Rnase inhibitor: RNasina, store at −20°C.
 9. SUPERSCRIPTTM II Rnase H` Reverse Transcriptase Kit: 

store at −20°C.
 10. Human C0t-1 DNA: 10 mg/ml, store frozen at −20°C.

2.3. RNA Isolation

2.4. Quantitative PCR

2.5. Transcriptomic 
Profiling
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 11. Ethylenediaminetetraacetic acid (EDTA): 0.5 M, pH 8.0.
 12. NaOH: 1 N.
 13. Tris(hydroxymethyl)aminomethane (Tris)–HCL: 1 M, pH 

7.5.
 14. TE buffer (1×): 10 mM Tris, 1 mM EDTA pH 7.4.
 15. Diethylpyrocarbonate (DEPC)-treated water: 0.1% v/v dieth-

ylpyrocarbonate in water.
 16. Tris-Acetate electrophoresis buffer (TAE, 50×): 2 M Tris ace-

tate pH 8.0, 55 mM EDTA in DEPC-treated water.
 17. Centrifuge tubes: 15 ml, round bottom, polypropylene.
 18. Centrifuge tubes: 50 ml, conical bottom, polypropylene.
 19. Plastic tubes: 1.5 ml.
 20. PCR tubes: 0.2 ml, thin wall.
 21. Centrifugal filter: MicroCon 100.
 22. High-speed centrifuge for 15-ml tubes.
 23. Nucleotides: 100 mM dGTP, dATP, dCTP, and dTTP.
 24. First-Strand Buffer: 5×, provided with Superscript II kit.
 25. Poly d(A): 8 mg/ml in water.
 26. Yeast tRNA: 4 mg/ml in water.
 27. SSC buffer (20×): 3 M sodium chloride, 300 mM sodium 

citrate, pH 7.0.
 28. Denhardt’s blocking solution (50×): 1% Ficoll type 400, 1% 

polyvinylpyrrolidone, and 1% bovine serum albumin.
 29. For our studies, we used the Affimetrix platform including the 

Affimetrix U95Av2 array that contains approximately 12,600 
human genes and the Affymetrix GeneChip Scanner 3000. 
Other alternative systems may also be used.

 1. Maintain cells for several passages to ensure normal growth 
(see Note 1).

 2. Plate the cells at 3,500 cells per well in quadruplicate in 96-well 
plates (flat bottom, cell culture plated).

 3. 18 h after cell plating, wash the cells with fresh medium and 
then add medium supplemented with different concentrations 
(e.g., threefold dilution series) of gefitinib (see Note 2). 
Incubate the cells for 2–3 days (see Note 3).

3. Methods

3.1. Generation  
of Gefitinib Resistant 
Cell Populations  
in Cell Culture

3.1.1. Titration Method
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 4. Measure cell viability, for example, using the MTS assay with 
UV detection at 490 nM in a plate reader. Determine the drug 
concentration at which 50% of all cells are viable (IC50 value). 
This drug concentration is used as a starting point for subse-
quent cell dosing.

 5. Start dosing the cells at one order of magnitude below the 
determined IC50 value (e.g., 100 nM).

 6. Plate the cells in a 10-cm cell-culture plate.
 7. Incubate the cells with 10 nM gefitinib (see Note 4) and 

replenish drug containing media every 24 h.
 8. Monitor cell viability and increase gefitinib concentration as 

the cells regain normal growth kinetics (see Note 5).
 9. Expand the cells to desired quantities for subsequent experiments 

(see Notes 6 and 7).

In addition to the above described titration method, a rapid selec-
tion protocol with or without exposure to mutagen can be employed. 
A mutagen such as EMS can be used to increase genetic aberra-
tions. In this case, cells are treated prior to selection with EMS at a 
concentration of 600 g/ml and allowed to recover for 72 h.

 1. Maintain the cells for several passages to ensure normal 
growth.

 2. Measure IC50 by performing a MTS viability assay with different 
concentrations of gefitinib as described in Subheading 3.1.1.

 3. Plate the cells in a 10 cm cell culture plate at a 30% confluency 
(i.e., 6 × 104 cells per 10 cm2).

 4. Incubate the cells with three times the IC50 in the presence of 
5% serum (selection media). In the case of the HCC827 cells, 
this corresponds to 1 M gefitinib.

 5. Replenish every 24 h with new selection media (RPMI, 5% 
FBS, Strep/pen Invitrogen).

 6. Expand the cells to the desired quantities for subsequent 
experiments.

 1. Grow cells to 65% confluence in 10-cm plates and wash three 
times with PBS.

 2. Scrape the cells off the plate with 400 l of lysis buffer.
 3. Add 40 l proteinase K. Check pH. If required, adjust pH 

using hydrochloric acid or glacial acetic acid.
 4. Add 400 l Buffer AL provided in the DNeasy kit (without 

added ethanol) to the sample and mix thoroughly by vortexing.
 5. Add 400 l ethanol (96–100%) and mix again thoroughly by 

vortexing. It is important that the sample and the ethanol are 
mixed thoroughly to yield a homogeneous solution.

3.1.2. Rapid Selection 
Method

3.2. Characterization 
of Resistant Cell 
Populations by DNA 
Sequencing
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 6. Pipette the mixture from step 5 (including any precipitate) 
into the DNeasy Mini spin column placed in a 2-ml collection 
tube (provided). Centrifuge at 6,000 × g for 1 min. Discard 
the flow-through and collection tube.

 7. Place the DNeasy Mini spin column in a new 2-ml collection 
tube (provided), add 500 l Buffer AW1 (provided in the 
DNeasy kit), and centrifuge for 1 min at 6,000 × g. Discard 
the flow-through and collection tube.

 8. Place the DNeasy Mini spin column in a new 2-ml collection 
tube (provided), add 500 l Buffer AW2 (provided in the 
DNeasy kit), and centrifuge for 3 min at 20,000 × g to dry the 
DNeasy membrane.

 9. Place the DNeasy Mini spin column in a clean 1.5 ml or 2 ml 
microcentrifuge tube (not provided) and pipette 400 l Buffer 
AE (provided in the DNeasy kit) directly onto the DNeasy 
membrane. Incubate at room temperature for 1 min and then 
centrifuge for 1 min at 6,000 × g to elute the sample.

 10. Measure the DNA quality and purity by use of OD 260/280 
and send out for commercial sequencing (see Note 8).

Here, we provide a reliable protocol to assess the expression of 
most commonly used epithelial to mesenchymal transition (EMT) 
markers by using QPCR-based techniques (see Note 9).

Many protocols and commercially available kits are currently 
available for the generation of RNA. We routinely employ the 
following method based on a combination of phase extraction 
and chromatography.

 1. Wash subconfluent cells (i.e., approximately 5 × 106 cells) twice 
with cold PBS on ice. Scrape the cells with 1 ml of cold PBS 
and transfer them into sterile RNase-free 1.5-ml microcentri-
fuge tubes. Pellet by centrifugation at 13,000 × g for 10 s and 
remove the supernatant by gently aspiration.

 2. Lyse cells by repetitive pipetting in 1 ml of Trizol.
 3. Add two-tenth volume of chloroform (i.e., 200 l) and shake 

vigorously for 15 s.
 4. Let mixture stand for 3 min at room temperature. Centrifuge 

at 13,000 × g for 15 min at 4°C.
 5. Take off the aqueous phase (i.e., upper phase) and transfer it to 

a polypropylene tube.

3.3. Interrogation  
of Markers of 
Epithelial to 
Mesenchymal 
Transition by 
Quantitative PCR

3.3.1. RNA Isolation
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 6. Add 0.53 volumes of ethanol (i.e., 500 l) slowly while vortexing 
(see Note 10).

 7. Let mixture stand for 10 min at room temperature and centri-
fuge at 13,000 × g for 10 min at 4°C.

 8. The RNA forms a pellet on the side or bottom of the tube. 
Discard the supernatant.

 9. Wash the pellet two times by adding 1 ml of 75% ethanol and 
centrifuging at 10,000 × g for 5 min at 4°C.

 10. Dry the pellet for 5–10 min and resuspend RNA in 80 l of 
DEPC-treated water at 65°C.

 11. Resuspend RNA at approximately 1 mg/ml in DEPC-treated 
water.

 12. Concentrate the sample by centrifugation (500 × g) in a 
MicroCon 100 filter unit (see Note 11).

 13. Determine the concentration of RNA by spectrophotometry. 
Store at −80°C (see Note 12). To measure the RNA concentra-
tion, take 2–5 l RNA sample and dilute with RNase-free water 
to a final volume of 1 ml in a 1.5-ml microcentrifuge tube (i.e., 
200–500 dilution of the RNA sample). Transfer 1 ml of RNase-
free water to a clean cuvette and read absorbance as blank. 
Pipette the diluted RNA sample in to a clean cuvette and read 
absorbance at 260 nm and 280 nm. To determine RNA con-
centration of the original sample, use the following formula: 
[RNA g/ l] = A260 × 33 × dilution factor/1,000.

Many commercial kits are available for the reverse transcriptase 
reaction. The following protocol has been optimized for the 
ImProm-II Rt system.

 1. Preparation of a reaction master mix is highly recommended to 
give best reproducibility. Mix all reagents but template in a 
common mix, using ~10% more than needed. A 20 l reaction 
contains 4 l reaction buffer, 3 mM MgCl2, 0.5 mM of each 
dNTP, 1 / l ribonuclease inhibitor (we suggest recombinant 
RNAasin), and 1 l of reverse transcriptase (we suggest the 
Improm-II system, see Note 13).

 2. Anneal RNA and oligos for 5 min at 25°C.
 3. For each reaction, combine 15 l of reverse transcriptase mix 

with RNA and oligos for a final volume of 20 l.
 4. The first-strand cDNA is synthesized by incubating the reaction 

for 60 min at 42°C (i.e., the extension reaction) and termi-
nated by incubating at 70°C for 15 min.

Quantitative PCR uses the linearity of DNA amplification to 
determine relative amounts of a known sequence in a sample by 
using a fluorescent reporter in the reaction. When the DNA is in 

3.3.2. Reverse 
Transcriptase Reaction

3.3.3. Quantitative PCR
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the log linear phase of amplification, the amount of fluorescence 
increases above the background. The point at which the fluores-
cence becomes measurable is called the Threshold Cycle (CT) or 
crossing point.

 1. A reaction master mix (see Note 14) of all reagents but 
template is assembled as a common mix according to Table 1.

 2. Aliquot the master mix into a 200 l PCR tube or plate.
 3. Add 1 l of RT reaction.
 4. Mix gently by vortexing and briefly centrifuge to collect all 

components at the bottom of the tube.
 5. Perform thermal cycling according to Table 2 (see Note 17).

The first step in gene expression profiling analysis is the RNA isola-
tion. We refer to Subheading 3.3.1 for a detailed protocol.

 1. Anneal the oligo dT(12–18) primer to the RNA in the reaction 
mixture defined in Table 3 using a 0.2-ml thin-wall PCR 

3.4. Gene Expression 
Profiling

3.4.1. RNA Labeling

Table 1
Pipetting scheme for QPCR

Volume* Reagent Final concentration

25 l 2× JumpStart Taq ReadyMix 1.5 units Taq DNA polymerase, 10 mM Tris–HCl, 
50 mM KCl, 1.5 mM MgCl2, 0.001% gelatin, 
0.2 mM dNTP, stabilizers

– l Forward primer 50–1,000 nM (see Notes 15 and 16)

– l Reverse primer 50–1,000 nM

– l Template DNA 10–100 ng

– to 50 l Water

50 l Total volume

Table 2
PCR cycle conditions

Temperature Time

Initial denaturation 94°C 2 min*

Denaturation 94 °C 15 s

Annealing/extension 60°C or 5°C below lowest primer TM 1 min**

Cycle 40

(Optional) Hold 4°C – only if products will be run out on a gel
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tube so that incubations can be carried out in a PCR cycler 
(see Note 18).

 2. Heat to 65°C for 10 min and transfer on ice for 2 min.
 3. Add 23 l of the reaction mixture defined in Table 4 containing 

either Cy5-dUTP or Cy3-dUTP nucleotides, mix well by 
pipetting, and use a brief centrifuge spin to concentrate the 
liquid in the bottom of the tube.

 4. Incubate at 42°C for 30 min. Then add 2 l Superscript II. 
Make sure that the enzyme is well mixed in the reaction 
volume and incubate at 42°C for 30–60 min (see Note 19).

 5. Stop the reaction by adding 5 l of 0.5 M EDTA (see Note 20).
 6. Add 10 l of 1 N NaOH and incubate at 65°C for 30 min 

to hydrolyze residual RNA. Cool to room temperature (see 
Note 21).

 7. Neutralize the reaction by adding 25 l of 1 M Tris–HCl, 
pH 7.5.

 8. Desalt the labeled cDNA by adding the following neutralized 
reaction: 400 l of TE pH 7.5 and 20 g of human C0t-1 
DNA. Transfer the solution to a MicroCon 100 cartridge. 
Pipette to mix and spin for 10 min at 500 × g.

Table 3
Pipetting scheme for RNA annealing

Component
Addition for Cy5 
labeling

Addition for Cy3 
labeling

Total RNA (>7 mg/ml) 150–200 g 50–80 g

dT(12–18) primer (1 g/ l) 1 l 1 l

DEPC H2O to 17 l to 17 l

Table 4
Pipetting scheme for RNA labeling

Component Volume [ml]

5× first-strand buffer 8

10× low T dNTPs mix 4

Cy5 or Cy3 dUTP (1 mM) 4

0.1 M DTT 4

Rnasin (30 / l) 1

Superscript II (200 / l) 2

Total volume 23
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 9. Wash again by adding 200 l TE pH 7.5 and concentrating to 
about 20–30 l by centrifuging at 500 × g for 8–10 min.

 10. Recover the sample by inverting the concentrator over a clean 
collection tube and spinning for 3 min at 500 × g.

 11. Take a 2–3 l aliquot of the Cy5-labeled cDNA for analysis, 
leaving the remaining 18–28 l for hybridization.

 12. Run this probe on a 2% agarose gel (6 cm wide × 8.5 cm long, 
2 mm wide teeth) in Tris Acetate Electrophoresis Buffer (TAE, 
see Note 22).

 13. Scan the gel on a fluorescence scanner (setting: red fluores-
cence, 200 m resolution, see Note 23).

 1. As an initial step, it is necessary to determine the volume of 
the hybridization solution required (see Note 24). Usually, 
0.033 l of hybridization solution is used for each mm2 of 
slide surface area covered by the coverslip for each array is used 
(i.e., an array covered by a 24 mm by 50 mm coverslip will 
require 40 l of hybridization solution).

 2. For a 40 l hybridization, pool the Cy3- and Cy5-labeled cDNAs 
into a single 0.2-ml thin-wall PCR tube and adjust the volume 
to 30 l by either adding DEPC-treated water, or by removing 
water in a vacuum concentrator. If using a vacuum device to 
remove water, do not use high heat or heat lamps to accelerate 
evaporation as the fluorescent dyes might be degraded.

 3. For a 40- l hybridization, combine the components specified 
in Table 5.

 4. Mix the components well by pipetting, heat at 98°C for 2 min in 
a PCR cycler, cool quickly to 25°C, and add 0.6 l of 10% SDS.

 5. Centrifuge for 5 min at 14,000 × g. The labeled cDNAs have 
a tendency to form small, very fluorescent, aggregates 

3.4.2. Hybridization

Table 5
Pipetting scheme for array hybridization

Component High sample blocking High array blocking

Cy5 + Cy3 probe 30 l 28 l

Poly d(A) (8 mg/ml) 1 l 2 l

Yeast tRNA (4 mg/ml) 1 l 2 l

Human C0t-1 DNA (10 mg/ml) 1 l 0 l

20× SSC 6 l 6 l

50× Denhardt’s blocking solution 1 l (optional) 2 l

Total volume 40 l 40 l
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which result in bright, punctate background on the array slide. 
Hard centrifugation will pellet these aggregates, avoiding their 
introduction to the array.

 6. Apply the labeled cDNA to a 24 mm × 50 mm glass coverslip 
and then touch with the inverted microarray (see Note 25).

 7. Place the slide in a microarray hybridization chamber. Add 5 l 
of 3× SSC to the reservoir and seal the chamber. Submerge the 
chamber in a 65°C water bath and allow the slide to hybridize 
for 16–20 h (see Note 26).

 8. Wash off unbound fluorescent cDNA by incubating in prewarmed 
2× SSC, 0.2% SDS washing solution at 65°C for 5 min. Then, 
wash the array three times in 2× SSC, 0.2% SDS washing 
solution at RT for 2 min. Subsequently, air-dry the array.

 9. Remove the hybridization chamber from the water bath, cool 
and carefully dry off. Unseal the chamber and remove the slide 
(see Note 27).

 10. Place the slide, with the coverslip still affixed, into a Coplin jar 
filled with 0.5× SSC/0.01% SDS wash buffer. Allow the coverslip 
to fall from the slide and then remove the coverslip from the jar 
with a forceps. Allow the slide to wash for 2–5 min.

 11. Transfer the slide to a fresh Coplin jar filled with 0.06× SSC. 
Allow the slide to wash for 2–5 min (see Note 28).

 12. Transfer the slide to a slide rack and centrifuge at low speed for 
3 min in a clinical centrifuge equipped with a horizontal rotor 
for microtiter plates (see Note 29).

 13. Obtain image of array. Images are typically obtained using 
microarray scanners. A large variety of microarrays scanners are 
available with different features such as sensitivity, resolution, 
scan area, rapidity of scan, excitation and emission filters, and 
autofocus capability. For our studies, we used the Affymetrix 
GeneChip Scanner 3000.

 1. The first step in any analysis of microarray data is the extraction 
of quantitative information from the images resulting from the 
readout of hybridizations. As a preliminary analysis, the data 
from each experiment is assessed for overall quality and to 
determine the extent of difference between the experimental 
sample and the reference sample. A segmentation of the array 
is initially performed to decode the array information. Since 
each element of an array is printed automatically to a predefined 
location and because specific orientation markers are given, the 
initial positioning of the grid can be automatically aligned.

 2. The background of the microarray image is usually not uniform 
over the entire array. Therefore, it is necessary to extract local 
background intensities. Owing to many technical reasons, 

3.5. Data Analysis

3.5.1. Array Segmentation, 
Background Intensity 
Extraction, and Target 
Detection
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the changes of fluorescent background across an array are 
usually gradual and smooth. In case more abrupt changes 
are observed, we recommend caution in the interpretations of 
the data. Conventionally, pixels near the bonding box edge are 
taken to be the background pixels, and the average gray level 
of these pixels are used for the estimation of the local back-
ground intensity.

 3. A fixed thresholding method is used in image analysis to deter-
mine the signal corresponding to a specific target over the 
background. A threshold value (T) corresponding to changes 
of over three times the value of standard deviation (s) over the 
local background mean (m) is usually used (e.g., T = m + 3s). 
However, this method based on a simple fixed thresholding 
fails quite often due to variability of the background and the 
signal, particularly when the signal is weak (a frequent finding 
in cDNA array experiments). To avoid these problems, a more 
sophisticated thresholding method such as the Mann–Whitney 
method may be implemented (7).

 4. The local background value is subtracted from the reported 
sample intensities from the red channel (R) and the green 
channel (G), and then the ratio (R/G) is calculated. Clearly, 
the ratio measurement is the ratio of two average intensity 
measurements. We usually use Affymetrix Expression Console 
QC metrics to pass the image data, although other software 
packages are available and can be used.

A second general step in the analysis of gene expression profile 
data is the collection of experimental data into a database that 
supports both further mathematical analysis and connection to 
the available knowledge about the structure and function of the 
individual genes (Database Design & Development). Usually, this 
step is automatically generated by current software packages.

 1. Gene annotation provides functional information on a given 
gene. In addition, depending on the tool utilized this analysis 
can also provide other useful information such as for example 
the location of each gene within a particular chromosome. 
Having identified some set of regulated genes, the next step in 
expression profiling analysis involves looking for patterns 
within the regulated set. The way in which particular genes’ 
expression patterns vary across the samples can be analyzed in 
a variety of ways. In expression clustering analysis, a query asks 
whether the similarities of patterns between genes suggest 
involvement in common processes, or whether differences in 
the individual gene expression patterns can be aligned with 
differences in the sample types. In Discriminative Gene List 
analysis, genes having the most differential behavior between 

3.5.2. Data Visualization

3.5.3. Gene Annotation
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samples can be used to try to identify the particular cellular 
activities that differ between classes of samples. By using these 
two types of analysis, one can start to make biological sense of 
expression profiling data. Many analytical tools are currently 
available for data mining and to determine whether, for example, 
proteins made from genes with similar patterns of expression 
perform related functions, whether they are chemically alike or 
have similar subcellular localization.

 2. As part of available tools, Gene ontology analysis provides a 
standard way to define these relationships. Gene ontologies 
start with very broad categories, e.g., “metabolic process,” and 
break them down into smaller categories, e.g., “carbohydrate 
metabolic process,” and finally into quite restrictive categories 
such as “inositol and derivative phosphorylation.” The Molecular 
Signatures Database, the Comparative Toxicogenomics Data-
base and the Ingenuity Gene Network Diagram are examples 
of resources to further categorize genes.

 1. Data analysis of microarrays has become an area of intense 
research. Simply stating that a group of genes are regulated 
by at least twofold lacks a solid statistical footing. The usual 
typical three replicates in each group are in fact not sufficient 
from a statistical perspective and can easily create a deceptive 
difference greater than twofold. Rather than identifying differ-
entially expressed genes using a fold change cutoff, one can 
use a variety of statistical tests such as ANOVA, all of which 
estimate how often we would observe the data by chance alone. 
This type of analysis also allows the identification of genes that, 
despite subtle variation in expression, could have important 
biological functions.

 2. In addition to treatment (i.e., drug) or comparison of multiple 
cell lines, it is also helpful to include information such as 
hybridization, operator, scanner, etc. as variable control items.

 3. The output of an ANOVA test includes two values: a p-value 
and a mean square for each factor tested. The mean of the 
mean square for each factor is used to quantify the contribu-
tion of each factor to the experimental variation. The p-values 
indicate instead the significance of an observed difference in 
the expression. The lower the p-value, the more confidence 
one has that the difference detected are not due to random 
chance. A p-value of 0.05 is typically defined to indicate 
significance, since it estimates a 5% probability of observing 
the data by chance. A p value alone of course is not sufficient 
since for example analysis of 10,000 genes on a microarray 
would result in the identification of 500 genes at p < 0.05 
even if there were no difference between the experimental 
groups. A variety of analysis packages from bioinformatics 

3.5.4. Validation by 
Statistical Analysis
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companies are available to account for this so-called multiple 
hypothesis testing. Among these tools, we use the Significance 
Analysis of Microarrays (SAM) system. In addition, we suggest 
following the MAQC Project recommendations for microarray 
analysis.

Ultimately, changes in the expression of certain genes of interest 
should be further validated by more direct methods such as quan-
titative PCR and western blot analysis. While high throughput 
DNA microarrays lack the quantitative accuracy of QPCR, it takes 
about the same time to measure the gene expression of a few dozen 
genes via QPCR as it would to measure an entire genome using 
DNA microarrays. Thus, we suggest performing semiquantitative 
DNA microarray analysis experiments to identify candidate genes 
and then perform QPCR on some of the most interesting candi-
date genes to validate the microarray results. Western blot analysis 
of some of the protein products of differentially expressed genes 
is also recommended, since the mRNA levels do not necessarily 
correlate to the amount of expressed protein. We refer to the previous 
section for a detailed protocol for QPCR analysis.

 1. Cell growth should be carefully monitored, as some cells take 
longer to obtain a resistant phenotype (see Subheading 3.1.1).

 2. Drug resistance can be obtained by incremental titration of a 
particular drug over a several month time course. For example, 
the IC50 of the HCC827 cell line treated with gefitinib is in 
the nanomolar range (10–100 nM). Once the IC50 has been 
determined for a particular cell line and drug, the initial dosage 
can be set. For example, if the IC50 for the HCC827 cell line 
with gefitinib is ~100 nM, then one could begin dosing with 
10 nM of gefitinib for 1 month. The exact concentration of 
gefitinib has to be established by a case-by-case basis, but initial 
dosing at concentrations above the IC50 can result in apopto-
sis and the release of cell debris that can prevent proper cell 
attachment and growth (see Subheading 3.1.1).

 3. The rate of the development of an acquired resistance cell 
line also depends on the frequency of drug replenishment. 
Gefitinib is an anilinoquinazoline and thus will undergo latent 
hydrolysis in aqueous and is insoluble in alkaline pH. Therefore, 
the replenishment of the gefitinib containing media will 
determine the effective inhibition time of EGFR. The half-life 
of the therapeutic in vitro will determine the rate and possibly 
influence the mechanism of resistance. This parameter should 

3.5.5. Validation by QPCR 
and Western Blot Analysis

4. Notes



248 K. Kani et al.

be addressed prior to dosing and documented in any manu-
script (see Subheading 3.1.1).

 4. Acquired resistance can develop over a course of several 
months. For the HCC827 example, if the initial dosing started 
at 10 nM, then one can incrementally increase gefitinib threefold 
until a particular stopping point is achieved. Cell viability should 
be monitored regularly and drug concentration increased as 
cells regain their normal growth kinetics at each dosing level. 
In our hands, HCC827 gefitinib-resistant cells demonstrated 
normal growth kinetics after 4 months and ultimately handled 
gefitinib up to 10 M. However, as with any therapeutic in 
high concentration, the number of off-target hits increases 
leading to overlapping inhibition of multiple kinases. It would 
be reasonable to generate a line that is resistant to gefitinib at 
concentrations above 10 M as long as the final resistant pool 
was maintained in 1 M to avoid overlapping inhibition (see 
Subheading 3.1.1).

 5. After approximately 2 weeks, resistant clones start to be visible 
at a frequency of 0.01% (i.e., 100 clones for 1 × 106 selected 
cells). Each clone can then be expanded from a 96-well plate 
to a 10 cm dish in the presence of selecting medium (see 
Subheading 3.1.1).

 6. At this point, usually the resistant derived cell lines have become 
stably resistant to the drug treatment and can be grown in 
normal media without drug (see Subheading 3.1.1).

 7. The in vitro development of acquired resistance starts with a 
homogenous cell type, which has been a priori deemed sensitive 
to a particular therapy. In the case of NSCLC tissue, several cell 
lines with activation mutations in the EGFR kinase domain 
have been isolated and cataloged at various bioresource centers 
(ATCC in the USA, JCRB in Japan). Once the appropriate 
cell line has been obtained, one should confirm the sensitivity 
to EGFR targeted tyrosine kinase inhibitors (TKIs) by per-
forming a cell viability assay to demonstrate the half maximal 
inhibitory concentration (IC50) of the particular TKI (see 
Subheading 3.1.1).

 Limitations: The described protocols make use of in vitro-
based cell culture systems. Although these systems are easy to 
implement and are based on a limited number of variables, 
they do not represent the high complexity of actual tumors. 
New experimental evidence is now indicating that also the 
tumor microenvironment could play an important role in 
modifying the response of cells to drug treatment. As such new 
protocols based on in vivo selections are currently under devel-
opment. In addition, one should also be aware that the cell 
lines currently in used are usually highly genetic unstable and 
therefore genomic abnormalities observed in this culture 
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 system could not reflect actual mechanism of resistance. The 
 possibility of utilizing early passages tumors cells could over-
come these limitations.

 8. In order to characterize modes of acquired TKI resistance, it is 
imperative to sequence exon 18–20 of EGFR. This is particularly 
important because a low percentage of T790M is sufficient to 
confer resistance (8, 9) even when introduced in cis (10). As a 
result, traditional sequencing might not be sufficiently 
stringent enough to identify a small proportion of T790M 
mutant bearing EGFR genes. One such method relies on an 
exonuclease derived from celery (CEL I) (11). This enzyme 
demonstrates preference for cutting at 3  to the mismatched 
nucleotides on both strands of DNA. CEL I recognizes 
deletions and insertion mutations irrespective of context within 
the DNA. This has been adapted to fully automated and 
commercially available sequencing such as the SURVEYOR 
(12). DNA should be prepared from any tissue using aseptic 
technique and purified highly. Polymerase chain amplification 
of the region of interest is then performed on heterozygote 
alleles followed by heat denaturation and slow reannealing 
generates a population of dsDNA heteroduplexes. Enzymatic 
digestion of the PCR product by SURVEYOR yields cleaved 
fragments. These fragments can be separated by HPLC column 
to further increase signal-to-noise prior to sequencing. This 
technique has been applied to EGFR mutation screens with 
success in the past (13) (see Subheading 3.2).

 9. Resistant populations obtained either by rapid selection pro-
tocol or by progressive titration of drug usually display a high 
degree of heterogeneity in their morphological features. While 
the majority display characteristic of epithelial cells (i.e., cobble 
stone morphology, growth in patches) other are characterized 
by more mesenchymal like appearance (i.e., spindle shape). 
These morphological differences are usually associated with 
changes in their growth properties, motility, and invasive 
capabilities. At the molecular level the switch to a more mesen-
chymal phenotype (i.e., EMT) has been associated with the 
activation of complex network of signaling molecules 
and transcription factors (e.g., TGF , WNT, Notch, NF-KB, 
STAT3 signaling axis and transcriptional regulators such as 
Snail, Slug, ZEB1, ZEB2, TWIST, and FOXM1). Interestingly, 
the cell rewiring that lead to the acquisition of mesenchymal 
features has also been shown to lead to resistance to certain 
drug treatment. Decreased sensitivity to erlotinib in NSCLC 
derived cell lines has for example been recently associated with 
EMT-like properties (see Subheading 3.3).

 10. The ethanol should be added drop by drop and allowed to mix 
completely with the supernatant before more ethanol is added. 
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If a high local concentration of ethanol is produced, the RNA 
will precipitate (see Subheading 3.3.1).

 11. This step removes many residual, small to medium-sized 
molecules that inhibit the reverse transcription reaction in 
the presence of fluorescently derivatized nucleotides (see 
Subheading 3.3.1).

 12. A ratio between 1.7 and 2 of absorbance at 260 over 280 
represent good RNA (see Subheading 3.3.1).

 13. The reverse transcriptase reaction is usually set up in 20 l reaction 
and utilize up to 1 g of RNA allowing the detection of all 
the target here described. We recommend using a mixture of 
random priers and oligo (dT) with a final concentration of 0.5 g. 
It is important to use sterile, nuclease-free reaction tubes and to 
perform all the reactions on ice (see Subheading 3.3.2).

 14. We usually use a volume for 50 l reaction; however, volumes 
may be scaled to give the desired reaction volumes (see 
Subheading 3.3.3).

 15. Primers are usually kept as a 100 M stock (see Table 1).
 16. Table 6 lists the primers that we successfully used to detect the 

expression of selective EMT markers. The following Web site 
provide a useful source of validated QPCR primers: http://
web.ncifcrf.gov/rtp/gel/primerdb/default.asp (see Table 1)

 17. Optimal cycling parameters vary with probe design and ther-
mal cycler. We found that an initial denaturation step of greater 
than 2 min is unnecessary and it is actually not recommended 
(see Subheading 3.3.3).

 18. Because the incorporation rate for Cy5-dUTP is less than that 
of Cy3-dUTP, more RNA is labeled in the former case to 
achieve equivalent signal (see Subheading 3.4.1).

Table 6
Validated primers for detecting the expression of EMT markers

Gene Forward primer Reverse primer

TGFB1 CAACAATTCCTGGCGATACCT GCTAAGGCGAAAGCCCTCAAT

TGFB2 CCCCGGAGGTGATTTCCATC CAGACAGTTTCGGAGGGGA

Ecad CGAGAGCTACACGTTCACGG GGCCTTTTGACTGTAATCACACC

Vim AGAACTTTGCCGTTGAAGCTG CCAGAGGGAGTGAATCCAGATTA

SNAIL AATCGGAAGCCTAACTACAGCG GTCCCAGATGAGCATTGGCA

ZEB2 GCTCCGAAGCTGGCAAGAA GGGACTTGTCACTATGCAGGTT
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 19. The superscript polymerase is very sensitive to denaturation at 
air–liquid interfaces, so be very careful to suppress foaming in 
all handling of this reaction (see Subheading 3.4.1).

 20. It is important to stop the reaction first with EDTA before 
adding NaOH, since nucleic acids precipitate in alkaline mag-
nesium solutions (see Subheading 3.4.1).

 21. The purity of the sodium hydroxide solution used in this step 
is crucial. Slight contamination or long storage in a glass vessel 
can produce a solution that will degrade the Cy5 dye molecule 
(see Subheading 3.4.1).

 22. For maximal sensitivity, do not add ethidium bromide to the 
gel or running buffer (see Subheading 3.4.1).

 23. Platforms: With the continue advances in microarray technol-
ogies multiple platforms are currently available both form 
commercial and for in-house generation. While in principle 
cDNA and oligos platforms can be easily generated, depending 
on the number of planned experiments, it can be more prudent 
to seek the service of an academic microarray core facility or a 
commercial service. The estimated cost for purchasing a clone 
set and/or an oligos library, robot, printing pins, and the 
reagents could vary significantly, but one can expect to need at 
least $100,000 to establish such a platform. Using commercial 
platforms it also eliminates the manufacturing expertise 
required and ensures more robust and reproducible results. 
In order to decide which commercial system to use one should 
consider the total content of the array, the availability of gene 
annotation, standardize protocol and reagents as well as plat-
form performance, cost, and general acceptance. For our studies, 
we use an Affimetrix U95Av2 (Sata Clara,CA) that contains 
approximately 12,600 human genes (see Subheading 3.4.1).

 24. The volume of the hybridization solution is critical. If not 
enough solution is used, the coverslip will bow toward the 
slide in the center and the hybridization will be nonuniform 
and likely air bubbles over some portion of the arrayed ESTs 
will be also introduced. On the contrary, if too much solution 
is added the coverslip will move too easily compromising the 
accuracy of the experiment (see Subheading 3.4.2).

 25. The hybridization solution is added to the coverslip first, since 
some aggregates of fluor remain in the solution and will bind 
to the first surface they touch (see Subheading 3.4.2).

 26. There are a wide variety of commercial hybridization chambers. 
It is worthwhile to prepare a mock hybridization with a blank 
slide, load it in the chamber, and incubate it to test for leaks, or 
drying of the hybridization fluid, either of which cause severe 
fluorescent noise on the array (see Subheading 3.4.2).



252 K. Kani et al.

 27. As there may be negative pressure in the chamber after cooling, 
it is necessary to remove water from around the seals so that it 
is not pulled into the chamber and onto the slide when the 
seals are loosened (see Subheading 3.4.2).

 28. The sequence of washes may need to be adjusted to allow for 
more aggressive noise removal, depending on the source of the 
sample RNA. Useful variations are to add a first wash which is 
0.5× SSC/0.1% SDS or to repeat the normal first wash twice 
(see Subheading 3.4.2).

 29. If the slide is simply air dried, it frequently acquires a fluorescent 
haze. Centrifuging off the liquids results in a lower fluorescent 
background. As the rate of drying can be quite rapid, it is sug-
gested that the slide be placed in the centrifuge immediately 
upon removal from the Coplin jar (see Subheading 3.4.2).

Limitations: Numerous gene expression profiling studies 
genes have identified statistically significant changes in expres-
sion that occur upon acquisition of resistance. Although infor-
mative, this type of analysis bears several limitations. First, 
because of financial constraints, usually expression profiling 
experiments are limited to a small number of observations 
(i.e., three biological replicas) reducing the statistical power of 
the experiment, making it impossible for the experiment 
and as such preventing the identification of subtle yet bio-
logically important changes. In addition, cells in fact use many 
other mechanisms to regulate proteins in addition to altering 
the amount of mRNA, so these genes may stay consistently 
expressed even when protein concentrations are rising and 
falling.
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