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Bisindolylmaleimide compounds such as GF109203X are
potent inhibitors of protein kinase C (PKC) activity. Al-
though bisindolylmaleimides are not entirely selective for
PKC and are known to inhibit a few other protein kinases,
these reagents have been extensively used to study the
functional roles of PKC family enzymes in cellular signal
transduction for more than a decade. Here, we establish a
proteomics approach to gain further insights into the cel-
lular effects of this compound class. Functional immobi-
lization of suitable bisindolylmaleimide analogues in com-
bination with the specific purification of cellular binding
proteins by affinity chromatography led to the identifica-
tion of several known and previously unknown enzyme
targets. Subsequent in vitro binding and activity assays
confirmed the protein kinases Ste20-related kinase and
cyclin-dependent kinase 2 (CDK2) and the non-protein
kinases adenosine kinase and quinone reductase type 2
as novel targets of bisindolylmaleimide inhibitors. As ob-
served specifically for CDK2, minor chemical variation of
the ligand by immobilizing the closely related bisindolyl-
maleimides III, VIII, and X dramatically affected target
binding. These observed changes in affinity correlated
with both the measured IC50 values for in vitro CDK2
inhibition and results from molecular docking into the
CDK2 crystal structure. Moreover, the conditions for af-
finity purification could be adapted in a way that immobi-
lized bisindolylmaleimide III selectively interacted with ei-
ther PKC� or ribosomal S6 protein kinase 1 only after
activation of these kinases. Thus, we have established an
efficient technique for the rapid identification of cellular
bisindolylmaleimide targets and further demonstrate the
comparative selectivity profiling of closely related kinase
inhibitors within a cellular proteome. Molecular & Cel-
lular Proteomics 3:490–500, 2004.

The protein kinase C (PKC)1 family of serine/threonine ki-
nases comprises at least 11 isozymes, which can be divided

into three subgroups based on biochemical criteria such as
differential co-factor requirements. Classical PKCs (�, �1, �2,
and �) depend on both diacylglycerol (DAG) and Ca2� for
kinase activation, novel PKCs (�, �, �, �, and �) require only
DAG, and the activity of the atypical PKCs (	 and 
) is regu-
lated by neither of the two co-factors (1). Individual PKC
isozymes have been implicated in various aspects of cellular
physiology involving biological processes as diverse as cell
proliferation and differentiation, apoptosis, ion channel regu-
lation, glycogenolysis, and protein secretion (2, 3). Moreover,
different PKCs have been implicated as potential targets for
therapeutic intervention in various diseases including several
types of cancer and heart failure (4, 5).

In the majority of previous studies, analysis of PKC function
in cultured cells has been performed with pharmacological
tools that either stimulate or interfere with its cellular activity.
Phorbol esters such as phorbol myristate acetate bind with
high affinity to the C1-domain of classical and novel PKC
isozymes and thereby induce kinase activity through the same
membrane translocation mechanisms as the endogenous C1-
interacting ligand DAG. Small molecule inhibitors of PKC ei-
ther interfere with C1-domain-mediated kinase activation (e.g.
Calphostin C) or directly block PKC kinase activity through
ATP-competitive interaction with the nucleotide-binding
pocket. Inhibitors belonging to the bisindolylmaleimide class
of compounds fall into the second category. GF109203X, the
most popular of these bisindolylmaleimide inhibitors of PKC
activity, has been used in numerous studies contributing to
more than 1000 published articles about cellular PKC function
(6). Due to this widespread application of PKC inhibitors such
as GF109203X, their selectivity is a highly relevant issue for
many experimental studies and has previously been exam-
ined by parallel activity measurements of different recombi-
nant protein kinases in the presence of bisindolylmaleimide
compounds (7). Importantly, as well documented in the com-
prehensive selectivity study by Cohen and colleagues, various
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1 The abbreviations used are: PKC, protein kinase C; 16-BAC,
16-benzyldimethyl-n-hexadecylammonium chloride; AK, adenosine
kinase; BisIII, bisindolylmaleimide III; BisVIII, bisindolylmaleimide VIII;

BisX, bisindolylmaleimide X; CaMKII, calmodulin-dependent kinase II;
CDK2, cyclin-dependent kinase 2; DAG, diacylglycerol; EGF, epider-
mal growth factor; GSK3, glycogen synthase kinase 3; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazoline; NQO2, quinone-reduc-
tase type 2; PS, phosphatidylserine; RICK, Rip-like interacting
caspase-like apoptosis-regulatory protein (CLARP) kinase; ROCK,
Rho-dependent protein kinase; Rsk, ribosomal S6 protein kinase;
SLK, Ste20-related kinase.
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bisindolylmaleimide derivatives blocked the activities of the
ribosomal S6 protein kinase 2 (Rsk2) and its close relative
mitogen and stress-activated protein kinase 1 as potently as
PKC� in vitro. Moreover, some other kinases including glyco-
gen synthase kinase 3 (GSK3) and p70 ribosomal S6 protein
kinase (S6K) were also inhibited, albeit to a lesser extent. In
addition to these alternative kinase targets, GF109203X was
reported as potent inhibitor of voltage-dependent sodium
channels and the 5-hydroxytryptamine3 receptor (8, 9). But,
as these previous studies only covered a tiny fraction of the
potential bisindolylmaleimide targets expressed in the pro-
teome of a mammalian cell or organism, tools for a more
comprehensive and less biased analysis of PKC inhibitor se-
lectivity are needed.

To study kinase inhibitor selectivity on a proteome-wide
scale, affinity purification methods combined with mass spec-
trometry have the potential to reveal the relevant cellular drug
targets in cases where suitable compound derivatives can be
obtained for immobilization on chromatography beads. In
several earlier studies, this straightforward “chemical pro-
teomics” approach has been employed and could deliver
some additional information about the proteins targeted by
small molecule inhibitors (10–13). We have recently estab-
lished an efficient proteomics method to identify the cellular
targets of the p38 kinase inhibitor SB 203580 (14). In this
study, affinity chromatography was performed under highly
optimized biochemical conditions and led to the identification
of a set of previously unknown SB 203580 targets, demon-
strating that this widely used reagent is far less selective for
p38 than assumed (14).

Here, we have adapted this proteomics approach to identify
the cellular targets of bisindolylmaleimides. In addition to
protein kinases known to be affected by these compounds,
we found various other specifically interacting enzymes and
could verify them by in vitro binding and activity assays as
novel targets of bisindolylmaleimide inhibitors. Interestingly,
cyclin-dependent kinase 2 (CDK2) interaction with bisindolyl-
maleimides was dramatically affected through subtle chemi-
cal variation of the immobilized inhibitors. This differential
binding could be correlated with the derivatives’ in vitro po-
tency toward CDK2 kinase activity and their respective affin-
ities according to molecular docking analysis.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids—Cell culture media and LipofectAMINE
were purchased from Invitrogen (San Diego, CA). Radiochemicals,
epoxy-activated Sepharose 6B and protein G Sepharose were ob-
tainedfromAmershamBiosciences (Uppsala,Sweden).2-[1-(3-Amino-
propyl)-1H-indol-3-yl]-3-(1H-indol-3-yl) maleimide (BisIII), 2-[1-(3-
aminopropyl)-indol-3-yl]-3-(1-methyl-indol-3-yl) maleimide (BisVIII),
2-[1-(3-aminopropyl)-6,7,8,9-tetrahydropyridol [1,2-a] indol-3-yl]-3-
(1-methyl-indol-3-yl) maleimide (BisX), and histone H1 were obtained
from Calbiochem (La Jolla, CA). 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolin (MTT) was obtained from Sigma (St. Louis, MO).
NADH was purchased from Roche (Basel, Switzerland). Menadion
was obtained from Calbiochem. All other reagents were obtained

from Sigma. Antibodies used in this study were: rabbit polyclonal
anti-Rsk1, mouse monoclonal anti-GSK3�/�, rabbit polyclonal anti-
CDK2 (all from Santa Cruz Biotechnology, Santa Cruz, CA), rabbit
polyclonal anti-p38 antibody (Cell Signaling Technology, Beverly,
MA), rabbit polyclonal anti-RICK antibody (Affinity BioReagents,
Golden, CO), mouse monoclonal anti-PKC� (Upstate Biotechnology,
Lack Placid, NY), mouse monoclonal anti-FLAG clone M2 (Sigma),
and mouse monoclonal anti-c-myc clone 9E10 (Upstate Biotechnol-
ogy). Human CDK2/cyclinA was purchased from Upstate Biotechnol-
ogy. The DNA sequences coding for full-length Ste20-related kinase
(SLK) and full-length adenosine kinase (AK) were PCR-amplified from
human spleen and liver cDNA libraries. The SLK cDNA was fused to
a N-terminal FLAG-tag, whereas the AK cDNA was fused to a N-
terminal myc-tag and cloned into a pRK5 expression vector (15–17).

Normalization of the BisIII, BisVIII, and BisX Concentrations—All
three bisindolylmaleimide compounds were dissolved in 100% dim-
ethylsulfoxide. Stocks were spectrophotometrically normalized
(Spectramax Plus 384; Molecular Devices, Sunnyvale, CA) using their
absorption maxima at 372 nm and 460 nm and stored under argon at
�20 °C in the dark.

Immobilization of Bisindolylmaleimides—For immobilization,
drained epoxy-activated Sepharose 6B was resuspended in 2 vol-
umes of 20 mM BisIII, BisVIII, or BisX dissolved in 50% dimethylfor-
mamide/0.1 M Na2CO3 pH 11. After adding of 10 mM NaOH, coupling
was performed overnight at 30 °C in the dark. After three washes with
50% dimethylformamide/0.1 M Na2CO3, remaining reactive groups
were blocked with 1 M ethanolamine, pH 11. Subsequent washing
steps were performed according to the manufacturer‘s instructions.
To generate the control matrix (Ctrl), epoxy-activated Sepharose 6B
was directly reacted with 1 M ethanolamine pH 11 and equally treated
as described above. The matrices were stored at 4 °C in the dark.

Cell Culture—COS-7, HeLa, or HuH-7 cells were cultured in Dul-
becco�s modified Eagle�s medium supplemented with 10% fetal bo-
vine serum. COS-7 cells were transiently transfected as previously
described (15). Epidermal growth factor (EGF) stimulation of starved
HeLa cells was carried out as described (18).

Cell Lysis and in Vitro Association Experiments—COS-7 and HeLa
cells were usually lysed in Triton X-100 lysis buffer (TL-buffer) con-
taining 50 mM HEPES, pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 1 mM

EDTA, 1 mM EGTA, 3 mM CaCl2 plus additives (10 mM sodium fluoride,
1 mM orthovanadate, 10 �g/ml aprotinin, 10 �g/ml leupeptin, 1 mM

phenylmethylsulfonyl fluoride, 0.2 mM dithiothreitol) and co-factors
(100 �g/ml phosphatidylserine (PS), 20 �g/ml DAG)). For analytical in
vitro association experiments, lysates were precleared by centrifuga-
tion and equilibrated to 1 M NaCl. Then 300 �l of the high salt lysate
were incubated together with 20 �l of drained bisindolylmaleimide
matrix (Bis matrix) for 3 h at 4 °C. Afterward, the Bis matrices were
washed twice with 500 �l of TL-buffer plus 1 M NaCl and once with
500 �l of TL-buffer; both steps were performed without additives, and
the co-factor concentrations were reduced to one-tenth. In the ex-
periments designed to detect specific SLK and AK binding to BisIII
beads, CaCl2 and the co-factors were not included in the lysis and
wash buffers. When the stimulation-dependent binding of Rsk1 to
BisIII beads was analyzed, CaCl2 and the co-factors were omitted
from the lysis and wash buffers and the NaCl concentration was kept
at 150 mM. For activation-dependent detection of PKC� binding from
HuH-7 cells, the lysis buffer was 20 mM HEPES, pH 7.5, 150 mM NaCl,
0.25% Triton X-100, 0.1 mM EDTA, 0.2 mM EGTA plus additives.
Where indicated, 0.5 mM CaCl2 plus co-factors were added. Co-
factor concentrations were also reduced to one-tenth in the respec-
tive washing buffer, which was lysis buffer without additives. Bound
proteins were eluted by boiling of the affinity beads in 1.5x SDS
sample buffer. After SDS-PAGE, proteins were transferred to nitro-
cellulose membrane and immunoblotted with the corresponding an-
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