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The kinase PIM-1 plays a pivotal role in cytokine signaling and is implicated in the development
of a number of tumors. The three-dimensional structure of PIM-1 is characterized by an unique
hinge region which lacks a second hydrogen bond donor and makes it particularly important
to determine how inhibitors bind to this kinase. We determined the structures of PIM-1 in
complex with bisindolylmaleimide (BIM-1) and established the structure-activity relationship
(SAR) for this inhibitor class. In addition, we screened a kinase targeted library and identified
a number of high affinity inhibitors of PIM-1 such as imidazo[1,2-b]pyridazines, pyrazolo[1,5-
a]pyrimidines, and members of the flavonoid family. In this paper we present an initial SAR
of the identified scaffolds determined on the basis of a thermostability shift assay, calorimetric
binding data, and biochemical assays which may find applications for the treatment of PIM-1
dependent cancer types.

Introduction

The protooncogene PIM-1 kinase was first discovered
as a preferential proviral insertion site in Moloney
murine leukemia virus (MoMuLV) induced T-cell lym-
phoma.1 Further studies showed that PIM-1 encodes for
a highly conserved serine/threonine kinase which is
mainly expressed in thymus, testis, and cells of the
hematopoietic system.2,3 PIM-1 expression is directly
induced by STAT transcription factors,4 and PIM-1 has
therefore been implicated as an effector of many cytok-
ine signaling pathways such as interleukins (IL), gran-
ulocyte-macrophage colony stimulating factor (GM-
CSF), R- and γ-interferon, erythropoietin, and prolactin.5
Recent data show that PIM-1 also stabilizes the nega-
tive regulator of the JAK/STAT pathway SOCS-1 by
phosphorylation, suggesting that PIM-1 modulates a
negative feedback mechanism in these cytokine signal-
ing pathways.6,7 Mice deficient for all three PIM genes
showed an impaired response to hematopoietic growth
factors and demonstrated that PIM proteins are re-
quired for efficient proliferation of peripheral T lym-
phocyes. In particular it was shown that PIM function
is required for efficient cell cycle induction of T cells in
response to synergistic T-cell receptor and IL-2 signal-
ing.2 A large number of interaction partners and sub-
strates of PIM-1 have been identified,5 suggesting a
pivotal role for PIM-1 in cell cycle control, proliferation
as well as in cell survival.

The oncogenic potential of this kinase has been first
demonstrated in Eµ PIM-1 transgenic mice in which
PIM-1 overexpression is targeted to the B-cell lineage

which leads to formation of B-cell tumors.8 Subsequently
PIM-1 has been reported to be overexpressed in a
number of prostate cancers, erythroleukemias, and
several other types of human leukemias.9-11 For ex-
ample, chromosomal translocation of PIM-1 leads to
overexpression of PIM-1 in diffuse large cell lym-
phoma.12 Furthermore, a number of missense mutations
in PIM-1 have been reported in lymphomas of the
nervous system and AIDS-induced non-Hodgkins’s lym-
phomas that probably affect PIM-1 kinase activity or
stability.13-15 Thus, the strong linkage between reported
overexpression data and the occurrence of PIM-1 muta-
tions in cancer suggests a dominant role of PIM-1 in
tumorigenesis.

Several crystal structures of PIM-1 have been re-
ported recently.16-18 Interestingly, the presence of a
proline residue in the hinge region of PIM-1 allows only
for the formation of one hydrogen bond to the adenosine
ring of ATP and so far makes the PIM family of kinases
unique in the way they recognize ATP and consequently
ATP mimetic inhibitors.16

In order to identify inhibitor scaffolds for PIM-1 we
screened a small kinase targeted library of about 200
compounds and determined the structure-activity re-
lationship (SAR) for commercially available analogues
of the identified scaffolds. In this report we identified
members of the kinase inhibitor family of bisindolyl-
maleimides (BIM) as very potent inhibitors of PIM-1
and determined the cocrystal structure of BIM-1 with
the nonphosphorylated and phosphorylated PIM-1. The
bisindolylmaleimide scaffold is based on the nonspecific
kinase inhibitor staurosporine.19 Members of this class
were originally reported as selective PKC inhibitors.20,21

A related inhibitor 1 (LY333531) has been developed
for the specific inhibition of PKCâ and is currently in
phase III clinical trials for the treatment of left ven-
tricular hypertrophy in heart failure as well as for
diabetes complications such as diabetic retinopathy.22
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In addition, we identified several flavonoids, imidazo-
[1,2-b]pyridazines, and pyrazolo[1,5-a]pyrimidines as
potent inhibitors of PIM-1. Analysis of the determined
high-resolution structural data of the BIM-1 complex
with PIM-1 kinase as well as the determined SAR gives
interesting insight into the recognition of the identified
inhibitors and suggests applications of these well-
studied compounds for the treatment of leukemia and
other PIM-1 dependent cancer types.

Material and Methods

Compounds. BIM-4 was purchased from ALEXIS. Stau-
rosporine, BIM-8, BIM-9, BIM-10, and BIM-11 were purchased
from LC laboratories. BIM-A, BIM-B, BIM-C, BIM-D, and
BIM-E were synthesized as described previously.23 Fisetin,
luteolin, kaempferol, chrysin, baicalein, biochanin A, and
myricetin were purchased from Sigma Aldrich. Chromene-3,4-
dione 1 (5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)-2H-chromene-
3,4-dione) was purchased from InterBioScreen, compound ID
STOCK1N-00524. Chromene-3,4-dione 2 (5,7-dihydroxy-2-(4-
hydroxy-3-methoxyphenyl)-2H-chromene-3,4-dione) was pur-
chased from InterBioScreen, compound ID STOCK1N-00608.
Chromene-3,4-dione 3 (2-(3,4-dihydroxyphenyl)-5,7-dihydroxy-
8-methyl-2H-chromene-3,4-dione) was purchased from Nano-
syn, compound ID NS64156. Chromene-3,4-dione 4 (5,7-
dihydroxy-2-(4-hydroxyphenyl)-2H-chromene-3,4-dione) was
purchased from Nanosyn, compound ID NS64159. Chromene-
3,4-dione 5 (2-(2,4-dihydroxyphenyl)-5,7-dihydroxy-2H-chro-
mene-3,4-dione) was purchased from InterBioScreen, com-
pound ID STOCK1N-05787. Chromene-3,4-dione 6 (2-(3-hy-
droxyphenyl)-2H-chromene-3,4-dione) was purchased from
TimTec Inc, compound ID ST055991. Chromene-3,4-dione 7
(6-hydroxy-2-phenyl-2H-chromene-3,4-dione) was purchased
from InterBioScreen, compound ID STOCK1N-04756. Chro-
mene-3,4-dione 8 (2-(3,4-dimethoxyphenyl)-6-methyl-2H-chro-
mene-3,4-dione) was purchased from TimTec Inc, compound
ID ST056253. Chromene-3,4-dione 9 (2-(4-methylphenyl)-2H-
chromene-3,4-dione) was purchased from InterBioScreen,
compound ID STOCK1S-88260. Imidazo[1,2-b]pyridazine 1
(1-(3-{6-[(cyclopropylmethyl)amino]imidazo[1,2-b]pyridazin-
3-yl}phenyl)ethanone) was purchased from BioFocus, com-
pound ID 229_4051_4145). Imidazo[1,2-b]pyridazine 2 (3-(3-
chlorophenyl)-N-tetrahydro-2H-pyran-4-ylimidazo[1,2-b]py-
ridazin-6-amine) was purchased from BioFocus, compound ID
229_0242_0279. Imidazo[1,2-b]pyridazine 3 (3-(3-chlorophe-
nyl)-N-(2-pyridin-2-ylethyl) imidazo[1,2-b]pyridazin-6-amine)
was purchased from BioFocus, compound ID 229_0115_0279.
Imidazo[1,2-b]pyridazine 4 (3-phenyl-N-(thien-2-ylmethyl)imi-
dazo[1,2-b]pyridazin-6-amine) was purchased from BioFocus,
compound ID 229_0146_0061. Imidazo[1,2-b]pyridazine 5 (N-
(4-fluorobenzyl)-3-(2-furyl)imidazo[1,2-b]pyridazin-6-amine) was
purchased from BioFocus, compound ID 229_0224_0142. Imi-
dazo[1,2-b]pyridazine 6 (N-(cyclopropylmethyl)-3-thien-2-ylim-
idazo[1,2-b]pyridazin-6-amine) was purchased from BioFocus,
compound ID 229_4051_4147. Pyrazolo[1,5-a]pyrimidine 1 (3-
(4-chlorophenyl)-N-(pyridin-3-ylmethyl)pyrazolo[1,5-a]pyrimi-
din-5-amine) was purchased from BioFocus, compound ID
294_4003_0160. All other compounds were purchased from
Calbiochem.

Protein Expression and Purification. Full-length hu-
man PIM-1 (gi|33304198) was subcloned by ligation indepen-
dent cloning into a pET-derived expression vector, pLIC, and
expression performed in BL21(DE3) with 1 mM IPTG induc-
tion for 4 h at 18 °C. Cells were lysed using a high pressure
homogenizer, cleared by centrifugation and the lysate purified
by Ni-NTA chromatography. The eluted PIM-1 protein was
treated with lambda phosphatase together with TEV protease
overnight to remove phosphorylation and the hexa-histidine
tag, respectively. The protein was further purified on a monoQ
column and resolved into two species, shown by ESI-MS to be
homogeneous nonphosphorylated and singularly phosphory-
lated PIM-1. These samples were concentrated to 10 mg/mL

in the elution buffer, 50 mM HEPES pH 7.5, 250 mM NaCl,
5% glycerol, and 10 mM DTT.

Isothermal Titration Calorimetry (ITC). Calorimetric
measurements were carried out using a VP-ITC titration
calorimeter (MicroCal Inc). PIM-1 protein (100 to 150 µM) was
dialyzed against 50 mM HEPES pH 7.5, 150 mM NaCl, and 1
mM DTT, and the identical buffer was used to dissolve the
ligands (5 to 10 µM). Data were analyzed using a single
binding site model implemented in the Origin software pack-
age provided with the instrument.

Kinase Assay. Phosphorylation reactions were monitored
using a coupled-enzyme assay in which ADP production was
coupled to NADH oxidation by pyruvate kinase (PK) and
lactate dehydrogenase (LDH).24 The assay was carried out in
a total volume of 100 µL in a buffer containing 50 mM HEPES
pH 7.5, 100 mM NaCl, 10 mM MgCl2, 1.0 mM phospho-
enolpyruvate, 0.1 mM NADH, 30 µg/mL pyruvate kinase, 10
µg/mL lactate dehydrogenase, and 20 nM PIM-1. The reaction
was monitored at 340 nm at 25 °C on a Spectramax spectro-
photometer (Molecular Devices, Sunnyvale, CA). The reaction
was started by addition of ATP after a 10 min preincubation
of the reaction mixture at 25 °C. Substrate concentrations were
30 µM using a recognition peptide of the PIM-1 substrate p21
(RKRRQTSMTD). The ATP concentration was 100 µM. Inhibi-
tors, dissolved in DMSO, were added at the beginning of the
preincubation period, resulting in a final DMSO concentration
of 2% in the assay. Kinetic analysis was performed by
nonlinear regression fitting using the program KaleidaGraph
(SynergySoftware,CA).

Thermal Stability Measurements. Thermal melting ex-
periments were carried out using a high temperature fluores-
cence microplate reader (FluoDia T70, Photon Tech. Int.).
PIM-1 was buffered in 20 mM PIPES pH 7.0, 150 mM NaCl
and assayed in a 96 well plate at a final concentration of 2
µM. Inhibitors were added at a final concentration of 10 µM
from 500 µM stocks in DMSO. SYPRO-Orange (Molecular
probes, OR) was added as a fluorescence probe at a dilution
of 1 in 1000. The plate was shaken gently for 15 min at room
temperature before starting the experiment. Excitation and
emission filters for the SYPRO-Orange dye were set to 465
and 590 nm, respectively. Temperature was raised with a step
of 1 °C per 1.5 min from 20 °C to 72 °C, and fluorescence
readings were taken at each interval. The temperature
dependence of the fluorescence during the protein denaturation
process was approximated by the equation

where yF and yU are the fluorescence intensity of the probe in
the presence of completely folded and unfolded protein,
respectively.25 The sloping baselines of these initial and final
fluorescent species with increasing temperature were ap-
proximated by a linear fit. The observed temperature shifts,
∆Tm

obs, for each inhibitor were recorded as the difference
between the transition midpoints of sample and reference wells
containing protein without inhibitor in the same plate.

Crystallization. BIM-1 (2-[1-(3-dimethylaminopropyl)-1H-
indol-3-yl]-3-(1H-indol-3-yl) maleimide, HCl) was purchased
from Calbiochem and added at a concentration of 1 mM from
a 50 mM DMSO stock solution to the protein. Nonphospho-
rylated PIM-1 crystals were grown at 4 °C in 3 µL sitting drops
mixing 2.0 µL PIM-1 (10 mg/mL in 50 mM HEPES pH 7.5,
250 mM NaCl, 5% glycerol, 10 mM DTT with 1.0 µL of a
solution containing 0.1 M BisTrisPropane pH 6.5, 0.2 M Na2-
SO4, 20% PEG 3350, 10% ethylene glycol, and 0.5% DMSO.
Crystals of phosphorylated PIM-1 were grown at 4 °C in 150
nL sitting drops mixing 50 nL of PIM-1 (10 mg/mL in 50 mM
HEPES pH 7.5, 280 mM NaCl, 5% glycerol,10 mM DTT) with
100 nL of a solution containing 0.1 M BisTrisPropane pH 7.5,
0.2 M Na2SO4, 20% PEG 3350, 10% ethylene glycol, and 0.5%
DMSO.

Structure Determination. PIM-1 diffraction data (Table
1) were collected on a cryofrozen crystal (100 K) using a Rigaku

y(T) ) yF +
yU - yF

1 + e∆uG(T)/RT
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FRE X-ray generator equipped with multilayer mirrors and
an R-AXIS HTC detector. Images were indexed and integrated
using MOSFLM,26 and scaled using SCALA27 implemented in
the CCP4 (CCP4, 1994) suite of programs. Phosphorylated-
PIM-1 data were collected at the PX-I beamline at the Swiss
Light Source and processed with HKL2000.28 The nonphos-
phorylated structure was solved using molecular replacement
and the program Phaser29 using 1MQ4 (an Aurora-related
kinase) as a search model. Both structures were refined with
REFMAC530 using iterative rounds of rigid-body refinement
and restrained refinement with TLS, against maximum likeli-
hood targets, interspersed with manual rebuilding of the model
using Xfit/XtalView.31

Coordinates. Coordinates for the phosphorylated and
unphosphorylated PIM-1 in complex with BIM-1 have been
deposited in the Protein Data Bank (codes 2BIK and 1XWS,
respectively). An “iSee” visualization package describing these
structures and associated data and interpretation can be
downloaded from our website (http://www.sgc.ox.ac.uk/struc-
tures).

Docking Procedure. The ICM docking method32 was used
for all docking experiments. This approach performs a flexible
ligand/grid receptor docking process using an extended Em-
pirical Conformation Energy Program for Peptides 3 (ECEPP/
3)33 force field and partial charges from the Merck Molecular
Force Field (MMFF).34 Potential grids are calculated (including
van der Waals, electrostatic, hydrogen bond, and hydrophilic
potentials), which are then applied to the molecule to be docked
and the side chains of the receptor site using a global
optimization method. This is based upon a series of biased-
probability Monte Carlo algorithm35 and local energy minimi-
zation steps. This approach also allows for the incorporation
of energy terms that have no derivatives, such as surface-based
solvation energy, using a double-energy Monte Carlo minimi-
zation method.36 The ability for protein side chains within the
receptor site to rotate helps to relieve unfavorable contacts and
also promote positive interactions between the docked ligand
and protein.

The docking process involves two main steps: first with only
the ligand flexible and second with the ligand and receptor
side chains flexible (refinement) which allows for a rapid
conformational search in the first step followed by removal of
unrealistic conformations before they are refined in the second
step.

Results

Overall structure of PIM-1. The structure of PIM-1
in complex with the BIM-1 inhibitor was solved in both

the nonphosphorylated and phosphorylated states to 1.8
Å resolution (Figure 1A). The overall structure shows
the typical bilobal protein kinase architecture with the
catalytic domains positioned in a constitutively closed
conformation, consistent with previous PIM-1 structural
studies.16-18 The closest structural relative is the active
form of the Aurora-A protein kinase (pdb entry 1OL5),
which has a backbone rmsd of 3.3 Å for the full length
protein and only 1.7 Å for the C-terminal kinase lobe
alone. Superimposition gives Asp200 equivalence with
phosphorylated Thr288 in active Aurora-A, suggesting
that this residue mimics a phosphorylation site in this
constitutively active kinase. Also, other conserved resi-
dues important for catalysis and cofactor binding are
correctly oriented and form interactions typical for
active kinases. For example, Lys67 which interacts with
phosphates in ATP forms a salt bridge with Glu89 in
helix RC. General structural aspects of PIM-1 kinase
have been discussed previously.16-18

The presence of a single phosphate was evident in
LC-ESI-MS. The location of the site was subsequently
identified by electron density at Ser261. This modifica-
tion induces no conformational change and lying at the
base of the C-terminal domain has no affect on activity
or inhibitor binding (data not shown). As a consensus
Arg-X-X-Ser PIM-1 target sequence it could, however,
have a potential role regulating PIM-1 protein interac-
tions or stability in vivo.

The Mode of Binding of Bisindolylmaleimide I
(BIM-1). The conformation of BIM-1 is very well sup-
ported by electron density (Figure 1B) showing that the
PIM-1 hinge backbone interacts with the maleimide
carbonyl as found for staurosporine as well as other
bisindolylmaleimides.37 However, in contrast to struc-
tures determined of PDK1-BIM complexes, the PIM-1
hinge region leaves only one hydrogen bond opportunity
between the backbone carbonyl of Glu121 (equivalent
to Ser160 in PDK1) and the maleimide nitrogen. Hy-
drogen bonding to the two additional maleimide oxygens
is satisfied in PDK1 using the amide of the hinge
residue Ala162 and the side chain of Thr222, while
neither interaction is possible in PIM-1 which has
Pro123 and Ile185 in these positions, respectively.

BIM-1 fits nicely in the hydrophobic pocket created
by the glycine rich loop of PIM-1 and is enclosed by a
number of other hydrophobic contacts with the residues
Leu44, Val52, Ala65, Ile104, Leu120, Leu174, and
Ile185 (Figure 1C). Notably, the side chain of Phe49 is
positioned to form a stacking interaction with the top
of the second indole ring and its hydrophobic tail,
similar to the interaction seen in the PKA-BIM-2
complex.38 This interaction is absent in PDK1 where the
â-turn pulls the corresponding Phe93 out of the ATP
pocket such that it makes no contact with BIM-1.

We determined a binding constant of 9.9 ( 2.2 107

M-1 (KD 10 nM) for BIM-1 to nonphosphorylated PIM-1
using isothermal titration calorimetry (ITC). Binding is
strongly driven by binding enthalpy (-14.3 kcal/mol)
(Figure 3A), reflecting the favorable polar interactions
attained by the rotational freedom of the two indole
rings (Figure 1D). In comparison, staurosporine bound
with a slightly higher affinity (KD 1.4 nM) associated
with a reduced enthalpy, but increased entropy (Table
3).

Table 1. Diffraction Data

nonphosphorylated phosphorylated

Data Collection
space group P65 P65
cell dimensions (Å) 99.55, 99.55, 80.06 99.55, 99.55, 80.06
resolution (Å) 1.8 1.8
total observation

(unique,
redundancy)

289994 (41917, 6.92) 202137 (41795, 5.67)

completeness (%)
(outer shell)

99.4 (98.2) 99.8 (99.7)

Rmerge (Rsym) 0.063 (0.781) 0.072 (0.3623)
I/σ (outer shell) 15.4 (1.5) 15.3 (3.0)

Refinement
Rwork (%) (Rfree) 18.2 (21.3) 15.8 (18.3)
protein atoms (water) 2232 (242) 2257 (290)
hetero groups sulfate, BIM-1 BIM-1
rmsd bond length (Å) 0.018 0.009
rmsd bond angle (deg) 1.914 1.602

Ramachandran
allowed/generally

allowed/
disallowed (%)

94.1/5.9/0 94.5/5.5/0
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PIM-1 Inhibition by Bisindolylmaleimides. The
bisindolylmaleimide scaffold was screened further using
compounds with four types of side groups (Figure 2: (i)
hydrogen only (BIM-4); (ii) a single aliphatic side chain
(BIMs 1, 8, and 9); (iii) a cyclic side chain fused to a
one indole (BIMs 10 and 11); and (iv) an extended side
chain tether between the two indole rings (BIM-A to E)).
The original hit BIM-1 appears to belong to the sub-
group with the highest PIM-1 affinity, with measured
KDs for BIM-1, BIM-8, and BIM-9 of 8-12 nM by ITC
(Table 3). This is supported by the low IC50 of 27 nM
for BIM-1 and the effective inhibition shown by all three
compounds when screened in the low micromolar range
(Table 2). The loss of the aliphatic moiety in BIM-4 has
only a minor effect (KD ) 27 nM), indicating that the
large enthalpic contribution to binding is derived pri-
marily from the core bisindolylmaleimide.

The additional methyl on one indole ring and the
increased bulkiness of the R1 cyclic side group in BIM-
10 and BIM-11 (KD ) 72 and 250 nM, respectively)

introduce steric constraints with the PIM-1 residues
Val126, Asp128, and Glu171. This is shown by their
significant loss in binding enthalpy, which is partly
rescued by favorable entropic contribution to the bind-
ing. Accordingly, BIM-10 has an estimated IC50 of about
1 µM with 45% PIM-1 activity remaining at this
concentration (Table 2). The BIM-11 R1 aliphatic side
chain extends by an additional methyl group and allows
over 90% PIM-1 activity in the presence of this inhibitor
at 1 µM.

Using this set of closely related BIM compounds we
evaluated a melting temperature shift assay,25 as a
direct ligand binding assay for high throughput inhibi-
tor screening. As a result of the law of mass action,
ligand binding to the native protein is observed as a
relative increase in the protein’s melting temperature
(Tm shift), proportional to both binding affinity and
ligand concentration. The reference temperature is
measured as the Tm of the ligand-free protein, which
for PIM-1 was relatively low at 41 °C. In this test study

Figure 1. (A) Structural overview of PIM-1 in complex with BIM-1. The main secondary structure elements, the N- and C-termini
of the protein as well as the activation loop are labeled. (B) Conformation of BIM-1 when bound to PIM-1. The electron density
(2FoFc) is shown in blue. (C) Binding of BIM-1 to the hinge region of PIM-1. Residues in the vicinity of the inhibitor have been
labeled. (D) Comparison of BIM-1 and staurosporine binding to the active site of PIM-1. The main chains of both structures (pdb
codes 1XWS and 1YMS) have been superimposed to generate the overlay. Staurosporine carbon atoms are shown in magenta,
and BIM-1 carbon atoms are shown in yellow.

PIM-1 Kinase Inhibitors Journal of Medicinal Chemistry, 2005, Vol. 48, No. 24 7607



we observe an excellent correlation (R ) 0.98) between
the observed Tm shifts and the KB values determined
directly by ITC (Figure 3B). Furthermore, when this

approach is extended to our entire inhibitor screen, a
correlation can also be seen between Tm shifts and
inhibition data at 1 µM inhibitor concentration, sug-

Figure 2. Inhibitor structures and assigned compound names used in this study.

7608 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 24 Bullock et al.



gesting that this assay is a general method for the
identification of both weak (low micromolar) and strongly
interacting ligands (Figure 3C).

The subset of tethered bisindolylmaleimide com-
pounds, BIM-A to E, lie at the detection limit of this
analysis, producing no significant Tm shift in screening.
However, BIM-E showed a second melting transition
consistent with a stabilizing ligand interaction (Table
2). Indeed, there seems to be a noteworthy correlation
between binding and the length of the macrocyclic tether
with BIM-A and BIM-E giving 0 and 100% inhibition,
respectively, at 10 µM concentration. Previous work
suggests that the shorter tether prevents the idealized
(i.e. tether-free) geometry of the two indole rings; thus
the right tether length might constrain the two indole
rings in a conformation similar to this ideal and
significantly reduce any unfavorable entropic contribu-
tions to binding.

1, a related bisindolylmaleimide derivative with a
heterocyclic tether, is also reported to bind tightly to
PIM-1 with a KD of 55 nM.39 We used the BIM-1
complex as a model for the docking of this compound.
The best docking model reproduced the binding mode
observed in the PDK1 complex37 (Figure 4A). In order
to accommodate this inhibitor the glycine rich loop
residue Phe49 needs to flip out of the ATP pocket to
assume a conformation similar to that observed in the
AMP-PNP complex.16

PIM-1 Inhibition by Flavonoids. The flavonoid
inhibitors were found to have comparable potential
against PIM-1 as the bisindolylmaleimides. To investi-
gate their structure-activity relationships, screens were
undertaken against four flavonoid scaffolds: (i) fla-
vonols, (ii) flavanones, (iii) flavones, and (iv) isoflavones

(Figure 2). The span of their affinities is several orders
of magnitude greater than the bisindolylmaleimides
studied by ITC. Also here a good correlation is observed
between our coarse ligand screen using Tm shift values
and kinase inhibition data (Figure 3C). These combined
data show PIM-1 to bind with highest affinity first to
flavonols > flavones > isoflavones while the flavanone
derivatives used in this study vary across this range
depending on the various R groups present (Table 2).
These results are consistent with the known specificity
of isoflavones such as genistein for the tyrosine protein
kinase family compared to their inactivity against
serine-threonine protein kinases such as PIM-1.47

Flavonols and Flavanones. The two most potent
inhibitors of the flavonoid class identified in this study
were quercetin and fisetin. Quercetin bound with a KD
of 25 nM as determined by ITC and had an IC50 of 43
nM in enzyme kinetic assays. In fact all four flavonols
tested showed comparable inhibitory activity within the
experimental error, giving complete inhibition at 1 µM
concentration. Kaempferol differs from myricetin by the
absence of R1 and R3 hydroxyls, suggesting that a single
hydrogen bond donor on ring B is sufficient. The
flavanones tested in this study are a series of chromene-
3,4-dione derivatives that substitute the R4 flavonol
hydroxyl with a keto group conserving the potential
hydrogen bond with the hinge anchor residue, Glu121.
Apart from this, the flavanone chromene-3,4-dione 1 is
similar to myricetin and shows a comparable Tm shift
and enzymatic inhibition (Table 2). Similar results for
chromene-3,4-dione 2 show that substitution of OCH3
for OH at R3 is well tolerated (for example, ring B is
free to rotate out of plane with the double ring system).
However, the introduction of a methyl group at R8 in

Figure 3. (A) Isothermal titration calorimetry data of BIM-1 binding to PIM-1. The protein has been titrated into a solution of
the ligand in 50 mM HEPES, 150 mM NaCl, and 1 mM DTT at 10 °C. Raw binding data are shown in the upper panel of the
figure. A normalized binding isotherm is shown in the lower panel. Data were fitted using a one binding site model implemented
in the Origin software. The best fitting function is shown as a solid line, and fitting parameters of this experiment are summarized
in Table 3. (B) Plot of melting temperature (Tm) versus the binding constants (KB) determined by ITC. Data were fitted with a
linear function (R ) 0.98). (C) Plot of melting temperature (Tm) versus enzyme kinetic data (% inhibition at 1 µM inhibitor
concentration). Bisindolylmaleimides, flavonoids, and imidazopyridazines are shown by solid black squares, open circles, and
crosses, respectively.
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chromene-3,4-dione 3 decreases the Tm by 5 °C and
raises the PIM-1 activity at 1 µM inhibitor concentration
to 30%. Chromene-3,4-diones 8 and 9 were the least
potent inhibitors detected in this study and lack hy-
droxyl groups anywhere within their structure.

Flavones and Isoflavones. In contrast to the fla-
vonols and several flavanones, the four flavones tested
all fail to show complete inhibition at 1 µM concentra-
tion. Luteolin and apigenin differ from quercetin and
kaempferol, respectively, by the single absence of the

Table 2. Screen of Potential PIM-1 Inhibitors

% activityc

inhibitor ∆Tm
obs a (°C) 1 µM inhibitor 10 µM inhibitor

staurosporine 10.2 ( 0.3 (3) 0 ( 0 (3) 0 ( 0 (3)
bisindolylmaleimides

BIM-1 7.1 ( 0.2 (3) 9 ( 2 (3) 5 ( 1 (3)
BIM-4 5.4 ( 0.4 (3) 14 ( 3 (3) 8 ( 1 (3)
BIM-8 7.8 ( 0.3 (3) 0 ( 0 (3) 0 ( 0 (3)
BIM-9 9.3 ( 0.4 (3) 0 ( 0 (3) 0 ( 0 (3)
BIM-10 4.7 ( 0.2 (3) 45 ( 6 (3) 13 ( 3 (3)
BIM-11 4.1 ( 0.4 (3) 93 ( 3 (3) 34 ( 6 (3)
BIM-A -0.7 (1) 100 (1) 100 ( 0 (2)
BIM-B 0.7 ( 1.2 (2) 100 (1) 80 ( 3 (2)
BIM-C 2.0 (1) 76 (1) 30 ( 6 (2)
BIM-D 1.6 ( 0.5 (2) 90 (1) 76 ( 3 (2)
BIM-E 1.4 ( 0.4 (2)b 42 ( 6 (2) 0 ( 0 (2)

flavonoids
quercetin 11.3 ( 0.3 (4) 0 ( 0 (3) 0 (1)
fisetin 9.3 ( 0.6 (3) 0 ( 0 (2) 0 (1)
kaempferol 9.1 ( 0.5 (3) 0 (1) 0 (1)
myricetin 8.7 ( 0.4 (3) 0 (1) 0 (1)
luteolin 7.6 ( 0.7 (3) 14 ( 3 (2) 0 (1)
apigenin 5.6 ( 0.2 (3) 21 (1) 16 (1)
chrysin 4.8 ( 0.3 (3) 32 (1) 16 (1)
baicalein 3.0 ( 1.2 (3) 29 (1) 17 (1)
genistein 2.6 ( 0.6 (3) 71 (1) 65 (1)
biochanin A 4.3 ( 0.6 (3) 80 (1) 69 (1)
chromene-3,4-dione 1 7.7 ( 0.9 (3) 0 ( 0 (2) 0 ( 0 (2)
chromene-3,4-dione 2 9.1 ( 0.7 (3) 0 (1) 0 (1)
chromene-3,4-dione 3 5.0 ( 0.7 (3) 30 (1) 7 (1)
chromene-3,4-dione 4 7.1 ( 0.8 (3) 5 (1) 0 (1)
chromene-3,4-dione 5 7.6 ( 0.5 (4) 0 (1) 0 (1)
chromene-3,4-dione 6 4.6 ( 0.3 (3) 10 (1) 0 (1)
chromene-3,4-dione 7 3.7 ( 0.4 (3) 14 (1) 0 (1)
chromene-3,4-dione 8 0.0 ( 0.1 (3) 45 (1) 28 (1)
chromene-3,4-dione 9 0.5 ( 0.1 (3) 31 (1) 22 (1)

imidazopyridazine
imidazo[1,2-b]pyridazine 1 6.6 ( 0.3 (3) 2 ( 1 (2) 0 (1)
imidazo[1,2-b]pyridazine 2 8.5 ( 0.3 (3) 1 (1) 0 (1)
imidazo[1,2-b]pyridazine 3 7.4 ( 0.1 (3) 0 (1) 0 (1)
imidazo[1,2-b]pyridazine 4 3.7 ( 0.2 (3) 76 (1) 15 (1)
imidazo[1,2-b]pyridazine 5 5.0 ( 0.8 (3) 5 (1) 0 (1)
imidazo[1,2-b]pyridazine 6 5.8 ( 0.3 (3) 20 (1) 2 (1)
pyrazolo[1,5-a]pyrimidine 1 4.9 ( 0.2 (3) 10 (1) 5 (1)

a Apparent Tm shift upon inhibitor binding ( standard error. Number of repeats in parentheses. 10 µM inhibitor. b BIM-E at 20 µM
showed two transitions upon denaturation: 3.5 °C and a less populated transition at 11.4 °C. c Activity as a percentage of the maximum
rate observed in the absence of inhibitor ( standard error. Number of repeats in parentheses.

Table 3. ITC and Binding Data for Selected PIM-1 Inhibitors and Determined IC50 Values

inhibitor
∆Tm

obs a

(°C)
IC50
(nM)

KD
(nM)

KB × 106

(M-1)
∆Hobs

(kcal/mol)
T∆S

(kcal/mol)
∆G

(kcal/mol) Nb

quercetin 11.3 43 25 39.3 ( 6.3 -9.6 ( 0.1 0.26 -9.8 0.97
staurosporine 10.2 1.4 705 ( 345 -8.1 ( 0.1 3.34 -11.5 0.85
BIM-1 7.1 27 10 98.6 ( 21.7 -14.3 ( 0.1 -3.85 -10.4 0.64
BIM-4 5.4 27 37.0 ( 4.0 -10.4 ( 0.1 -0.55 -9.8 0.45
BIM-8 7.8 12 85.2 ( 15.5 -9.9 ( 0.1 0.39 -10.3 0.57
BIM-9 9.3 8 127 ( 36 -10.7 ( 0.1 -0.22 -10.5 0.61
BIM-10 4.7 72 13.8 ( 3.0 -5.6 ( 0.1 3.59 -9.2 0.88
BIM-11 4.1 250 4.0 ( 1.3 -3.3 ( 0.1 5.29 -8.5 0.58
imidazo[1,2-b]pyridazine 1 6.6 61 25 39.7 ( 13.6 -5.2 ( 0.1 4.67 -9.8 0.57

staurosporine 10d 15c

BIM-1 150d

BIM-9 10d

flavopiridol 520c

LY-333531 55c

a Average value from Table 2. b Stoichiometry determined from a single binding site model. c Published PIM1-T7 phage fusion affinity
data.39 d Published.17
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R4 hydroxyl showing the importance of this side group.
Chrysin and baicalein also lack any hydroxyl substitu-
ent on ring B. Notably, baicalein produces a Tm shift (3
°C) less than half that of the best flavone, luteolin (7.6
°C). However, the comparable inhibition profiles of
apigenin, chrysin, and baicalein suggest that chrysin
and baicalein may bind in an alternative orientation to
restore some hydrogen bonding potential. Both isofla-
vones tested show less than 50% inhibition of PIM-1
activity even at the higher inhibitor concentration of 10
µM.

The Mode of Binding of Flavonoids from PIM-1
Docking Studies. From the known structures of
CDK2-deschloroflavopiridol,40 CDK6-fisetin,41 and
Hck-quercetin,42 flavonoids are expected to anchor to
the kinase hinge region competing for the same hydro-
gen bonds as the N1 and N6 nitrogens of ATP. Despite
the occurrence of Pro123 at the third hinge residue, the
docking model of the PIM-1-fisetin complex (Figure 4B)
reproduced the binding orientation observed in the
corresponding CDK6-fisetin structure and was com-
parable to a simple superimposition of the two struc-
tures. The PIM-1 proline substitution removes the
amide hydrogen bond donor to the carbonyl oxygen of
ring C, but the first hinge residue, Glu121, provides a
backbone hydrogen bond acceptor for the R4 hydroxyl.
This binding mode places ring B deep into the ATP
pocket where the R2 and R3 hydroxyls form a strong
hydrogen bonding network with the catalytic residues
Lys67, Glu89, and Asp186, which are also conserved in
CDK6. Similarly, PIM-1 satisfies a conserved hydrogen
bond between the C-7 hydroxyl (ring A) and Asp128.

In the CDK2-deschloroflavopiridol43 and Hck-quer-
cetin44 complexes the additional R5 hydroxyl replaces
the fisetin R4-hinge interaction through a ligand rota-
tion of ∼180° around the hydrogen bond between the
third hinge residue and the ring C carbonyl. This anchor
point is unavailable in PIM-1, and docking of the
quercetin complex was inconclusive. In either ligand
orientation the R2 side group would be positioned to
form a direct hydrogen bond with either Glu89 or

Asp131. In the absence of R2 or other ring B hydroxyl
groups, the docked PIM-1-chrysin complex suggested
an interaction between R3 and Asp186 and between the
C-7 hydroxyl and Asp128/Glu171 (not shown).

Imidazo[1,2-b]pyridazines and Pyrazolo[1,5-a]-
pyrimidines. We also established a SAR of novel
kinase inhibitor scaffolds as PIM-1 inhibitors. This
included a small kinase-targeted compound collection
obtained from BioFocus (Cambridge, U.K.) biased to-
ward simple scaffolds that are prospective low affinity
compounds for lead development. Ten compounds from
a 96-well plate of this collection produced a significant
Tm shift (>2 °C) which belonged to two similar scaf-
folds: imidazo[1,2-b]pyridazines and pyrazolo[1,5-a]-
pyrimidines. Compounds with the largest Tm shift were
effective PIM-1 inhibitors at 1 µM (Table 2). Indeed, the
compound imidazo[1,2-b]pyridazine 1 had an IC50 of 61
nM and a dissociation constant measured by ITC of 25
nM (Table 3). Even with this remarkably high affinity
there appears to be opportunity for further optimization
as the majority of compounds tested from these two
scaffolds were classed as significant hits (Tm shift >2
°C). The ITC data show highly favorable binding entropy
but a moderate enthalpy, suggesting that polar interac-
tion of this inhibitor class with PIM-1 should be
improved.

It is noteworthy that the positions of the R1 and R2

groups are conserved across both scaffolds and in the
weakest hit, imidazo[1,2-b]pyridazine 4, these substitu-
tions are purely hydrophobic (Figure 2). Variation of
these two scaffolds to alter the R1 and R2 positions
appears unfavorable (Figure 5). For example 34 com-
pounds with the imidazo[1,2-a]pyrazine scaffold were
tested including such alterations but failed to produce
a significant Tm shift. The compound library consisted
largely of disubstituted compounds, and one substitution
at the C-7 position of the successful imidazo[1,2-b]-
pyridazine scaffold remains to be explored. Attempts to
dock either scaffold into the PIM-1 ATP binding pocket
failed to identify a single low-energy binding mode.

Figure 4. (A) Docking model of 1 into the ATP binding site of PIM-1. The determined binding mode represented the model with
lowest pseudo-energy term and reproduced well the binding mode observed for this compound in complex with PDK1.37 Inhibitor
carbon atoms are shown in yellow. For reasons of clarity only some residues have been labeled. (B) Docking model of the flavonoid
fisetin. Atoms are colored as shown as in Figure 4A.
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Conclusions

A large body of biological data suggests inhibition of
PIM-1 as an interesting point of intervention to treat
certain human leukemia and lymphomas. Due to the
unique hinge region (characterized both by an atypical
conformation and by the lack of a hydrogen bond donor
at position 123) it is of particular importance to examine
how PIM-1 binds small molecule inhibitors. The lack of
this hydrogen bond donor in kinases of the PIM family
has been reported to produce a significantly altered
selectivity toward small molecules as compared to other
serine/threonine protein kinases. For example, in a
recent publication by Kumar et al. an unexpected
binding mode for AMP and an inhibitor of the oxindole
class have been described.18 However, the high-resolu-
tion structure of PIM-1 in complex with BIM-1 revealed
no unexpected differences in binding mode when com-
pared with cocrystal structures of this compound with
the kinase PDK1.37 Also a subsequent screening of a
kinase targeted library identified several typical ATP
mimetic kinase inhibitors as high affinity ligands of
PIM-1 suggesting that the missing hydrogen bond in
the hinge region can be well tolerated. However, the lack
of a second hydrogen bond donor made docking of
compounds into the active site of PIM-1 a difficult task
and we presented here only models that resulted in a
unique low energy conformation which was well sup-
ported by the established SAR.

In addition to traditional methods such as activity
assays and isothermal titration calorimetry (ITC), we
employed a facile Tm shift assay to rapidly screen for
putative PIM-1 inhibitors. Ligand binding is simply
detected as a relative increase in the protein’s melting
temperature, proportional to ligand concentration and
affinity. This methodology was found to be very robust
and reliable, and the data correlate well with both
activity and calorimetrically determined binding con-
stants. A linear relationship was found for the deter-
mined binding constant and the shift in melting tem-
perature suggesting that once the data have been
calibrated for a certain scaffold-protein system the
determined temperature shift could be used to establish
a SAR of the selected inhibitor class. However, it would
be interesting to verify the general applicability of this
methodology on a larger set of different enzymes and
inhibitor systems. In principle, Tm shifts are expected
to detect all binders including those that bind to cavities
other than the active site, although the majority of

inhibitors in our screening were well studied ATP
mimetic inhibitors.

The binding of bisindolylmaleimides in this study was
characterized thermodynamically by a large favorable
binding enthalpy indicating favorable polar interactions.
This result is quite surprising considering that one main
chain and another side chain hydrogen bond cannot be
formed. However, the introduced flexibility of the two
indole rings has a high entropic penalty when compared
with the binding of staurosporine. A possible solution
to this problem is the generation of macrocyclic bisin-
dolylmaleimides in which the indole nitrogens are
linked with a tether that constrains the indole ring
conformation. Thus, if the correct conformation neces-
sary for binding is determined by the tether in solution,
binding entropy changes would be expected to be more
favorable when compared to the unconstrained com-
pound. Unfortunately, the small series of this inhibitor
class used in this study were either completely inactive
or had rather weak inhibitory activity. In contrast, the
macrocyclic bis-indolylmaleimide 1 has been reported
to be a potent PIM-1 inhibitor39 (KD ∼ 50 nM). Since
this inhibitor has advanced to phase III human clinical
trials, it might be an interesting drug candidate for
treatment of human cancer. A recent publication sug-
gests that PIM kinase inhibitors would be particularly
beneficial for rapamycin-insensitive forms of leukemia
and lymphoma.45

Several flavonoids were detected to be highly potent
PIM-1 inhibitors. This compound class has been de-
scribed to inhibit a large number of kinases as well as
other enzymes.46 For example, the isoflavone genistein
inhibits EGFR in the submicromolar range.47 The
protection against some forms of cancer provided by
many common foods has been observed in multiple
epidemiological studies. Thus, flavonoids such as the
synthetic flavone, flavopiridol; the soy isoflavone,
genistein; the tea catechin epigallocatechin gallate; or
the common dietary flavonol, quercetin, are emerging
as prospective anticancer drug candidates, and some of
them have already entered into clinical trials. Besides
their therapeutic potential, since lots of flavonoids are
present in our diet, a greater understanding of their
anticancer properties might help to prevent cancer by
suggesting modifications in dietary habits.48

SAR analysis showed a strong dependence on the
availability of the flavonol R2 and R4 hydroxyls. The
docked PIM-1-fisetin complex maintains the binding
mode observed in the CDK6-fisetin crystal structure.49

The lost hinge interaction from Pro123 appears to be
compensated by a hydrogen bonding network created
by the insertion of ring B deep into the ATP-binding
pocket (Figure 4B). This favorable interaction site is also
observed in the recent crystal structures of PIM-1 in
complex with LY294002 (2-(4-morpholinyl)-8-phenyl-
4H-l-benzopyran-4-one)17 and the quinolinone derivative
PLX-K063 (3,4-dihydroxy-1-methyl-quinolin-2-one),18

which both utilize two conserved water molecules to
achieve optimal hydrogen bonding.

Finally, PIM-1 is identified to have marked specificity
for a subset of 3,6-disubstituted imidazo[1,2-b]py-
ridazine and 3,5-disubstituted pyrazolo[1,5-a]pyrimidine
scaffolds which represent novel derivatives of these
inhibitor classes. SAR analysis shows a requirement for

Figure 5. SAR conclusions for imidazopyridazine and pyra-
zolopyrimidine-type inhibitors of PIM-1 (imidazo[1,2-b]py-
ridazine scaffold shown). Compounds showing a significant Tm

shift (>2 °C) were imidazo[1,2-b]pyridazin-6-amines and pyra-
zolo[1,5-a]pyrimidin-5-amines, both with at least a monocyclic
aromatic C-3 substitution (R1). Ring positions with substitu-
tions providing no significant Tm shift are labeled unfavorable.
These compounds included C-3 and C-5 substituted imidazo-
[1,2-a]pyrazin-8-amines. Other ring positions were not inves-
tigated in detail.
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these equivalent ring substitutions and intolerance for
other disubstituted alternatives (Figure 5). Pyrazolopy-
rimidine-type inhibitors were first described as specific
inhibitors of the Src-family of tyrosine kinases with
several pyrazolo[3,4-d]pyrimidines having low nanomo-
lar affinity for Lck and anticancer activity.50 One of
these compounds, PP1, was later crystallized in complex
with the autoinhibited form of Hck, providing further
guidance for drug development.51 Subsequently this
scaffold has yielded specific inhibitors for glycogen
synthase kinase-3 (GSK-3)52 and members of the CDK
family.53,54 Inhibitors based on the variant pyrazolo[1,5-
a]pyrimidine scaffold have also been described with
specificity for CDK255 and the KDR kinase domain.56

Additionally, CDK2 has been cocrystallized with both
imidazo[1,2-a]pyridine57,58 and imidazo[1,2-b]pyridazine
compounds.59 Unfortunately, attempts to cocrystallize
or conclusively dock these inhibitors with PIM-1 were
unsuccessful. However, the potential diversity of sub-
stituent groups and their ring positions appears to
provide great opportunity for further diversification of
these scaffolds, and PIM-1 appears to have novel
specificity in this regard. Here we identify a lead
candidate of the imidazo[1,2-b]pyridazine class with an
affinity for PIM-1 of 25 nM. Originating from a screen
of about 100 novel compounds, further development of
this scaffold might lead to interesting clinical candidates
for the treatment of human cancer.
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