
Comprehensive structure-activity-relationship of azaindoles as highly
potent FLT3 inhibitors
Grimm, S.H.; Gagestein, B.; Keijzer, J.F.; Liu, N.; Wijdeven, R.H.; Lenselink, E.B.; ... ; Stelt,
M. van der

Citation
Grimm, S. H., Gagestein, B., Keijzer, J. F., Liu, N., Wijdeven, R. H., Lenselink, E. B., …
Stelt, M. van der. (2019). Comprehensive structure-activity-relationship of azaindoles as
highly potent FLT3 inhibitors. Bioorganic And Medicinal Chemistry, 27(5), 692-699.
doi:10.1016/j.bmc.2019.01.006
 
Version: Publisher's Version
License: Creative Commons CC BY-NC-ND 4.0 license
Downloaded from: https://hdl.handle.net/1887/70508
 
Note: To cite this publication please use the final published version (if applicable).

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hdl.handle.net/1887/70508


Contents lists available at ScienceDirect

Bioorganic & Medicinal Chemistry

journal homepage: www.elsevier.com/locate/bmc

Comprehensive structure-activity-relationship of azaindoles as highly potent
FLT3 inhibitors
Sebastian H. Grimma, Berend Gagesteina, Jordi F. Keijzera, Nora Liua, Ruud H. Wijdevenb,
Eelke B. Lenselinkc, Adriaan W. Tuind, Adrianus M.C.H. van den Nieuwendijkd,
Gerard J.P. van Westenc, Constant A.A. van Boeckele, Herman S. Overkleeftd, Jacques Neefjesb,
Mario van der Stelta,⁎

a Department of Molecular Physiology, Leiden Institute of Chemistry, Leiden University, Leiden, the Netherlands
bOncode Institute and Department of Cell and Chemical Biology, Leiden University Medical Center, Leiden, the Netherlands
c Computational Drug Discovery, Division of Drug Discovery and Safety, Leiden Academic Centre for Drug Research, Leiden University, Leiden, the Netherlands
dDepartment of Bio-Organic Synthesis, Leiden Institute of Chemistry, Leiden University, Leiden, the Netherlands
e Pivot Park Screening Center, Oss, the Netherlands

A R T I C L E I N F O

Keywords:
H-89 analogs
Fms-like tyrosine kinase 3 (FLT3)
Acute myeloid leukemia (AML)
Inhibitors

A B S T R A C T

Acute myeloid leukemia (AML) is characterized by fast progression and low survival rates, in which Fms-like
tyrosine kinase 3 (FLT3) receptor mutations have been identified as a driver mutation in cancer progression in a
subgroup of AML patients. Clinical trials have shown emergence of drug resistant mutants, emphasizing the
ongoing need for new chemical matter to enable the treatment of this disease. Here, we present the discovery
and topological structure-activity relationship (SAR) study of analogs of isoquinolinesulfonamide H-89, a well-
known PKA inhibitor, as FLT3 inhibitors. Surprisingly, we found that the SAR was not consistent with the
observed binding mode of H-89 in PKA. Matched molecular pair analysis resulted in the identification of highly
active sub-nanomolar azaindoles as novel FLT3-inhibitors. Structure based modelling using the FLT3 crystal
structure suggested an alternative, flipped binding orientation of the new inhibitors.

1. Introduction

Acute myeloid leukemia (AML) is a cancer of the blood and bone
marrow that is characterized by a failure in differentiation of stem cells
during hematopoiesis, resulting in flooding of the bloodstream with
immature myeloid blood cells. These blast cells fatally disrupt normal
hematopoietic function and their abundance in blood obstruct the
normal flow in capillaries resulting in a high mortality.1,2 While in
younger patients cure rates can reach up to 35–40%, elderly patients,
who are often unable to cope with the intensive chemotherapy regimen,
do not experience this benefit.3 AML is a genetically diverse disease, but
in 20–30% of patients an internal tandem duplication (ITD) in the
juxtamembrane domain of the Fms-like tyrosine kinase 3 (FLT3) re-
ceptor has been identified as a driver mutation.4,5 The validation of
FLT3 as a drug target led to clinical development of several small mo-
lecule inhibitors, culminating in the recent FDA approval of mid-
ostaurin for treatment of FLT3-dependent AML in conjunction with
standard treatment.6–9 Although the initial response to treatment with

FLT3 inhibitors shows therapeutic promise, many AML patients relapse
due to the emergence of drug-resistant cancer cells.10–12 Resistance-
inducing mutations have thus far been observed in treatments with
several FLT3 inhibitors, among which the highly potent experimental
drug quizartinib.12–14 The discovery of new chemical entities to target
FLT3 represents, therefore, a medical need.

N-[2-(p-bromocinnamylamino)ethyl]-5-isoquinolinesulfonamide
(H-89) is a prototypical and intensely-studied kinase inhibitor
(Figure 1A). It was one of the first non-natural, synthetic inhibitors that
competitively inhibited the binding of ATP to the structurally conserved
binding domain of cAMP-dependent protein kinase (PKA).16,17 The
binding mode of H-89 to PKA has been studied in great detail at the
atomic level using crystallization studies.18 This contributed to the
understanding of kinase function and provided general principles to
develop drug-like kinase inhibitors. The isoquinoline sulfonamide mi-
mics the binding mode of adenosine. The nitrogen of the isoquinoline
ring forms a crucial H-bond bridge to the backbone of Val-123, located
in the hinge region of PKA.18 This binding mode of H-89 is not specific
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to PKA, but has also been observed with Haspin, as shown in structural
data (PDB: 3FMD). Furthermore, H-89 activity has been shown for
several other kinases, including S6K1, MSK1 and ROCK-II.19,20 Conse-
quently, H-89 is used as a starting point in several drug discovery
programs. For example, this lab has previously described the use of H-
89 and its analogs as RAC-alpha serine/threonine-protein kinase
(AKT1) inhibitors to combat bacterial infections, such as Salmonella
typhimurium and Mycobacterium tuberculosis.15,21 During the hit opti-
mization program of H-89 analogs as AKT1 inhibitors, four compounds
(1–4) were identified that demonstrated substantial activity against
FLT3 (Figure 1B).15 In this study the optimization and structure-activity
relationships of H-89-derived compounds as new FLT3 inhibitors is
presented.

2. Results and discussion

To confirm the structure and activity of compound 1, the synthesis
was commenced with the commercially available building blocks as
outlined in Scheme 1. After methylation and reduction, the resulting
alcohol was exchanged for a chlorine and a trityl protected ethylene-
diamine linker was introduced via nucleophilic substitution. Sub-
sequent Boc-protection, Suzuki-coupling with 3-pyridinylboronic acid
and trityl-deprotection yielded the primary amine, which could be
coupled with isoquinoline sulfonyl chloride to provide the desired
product 1. The activity of compound 1 was confirmed in a biochemical
assay using purified, recombinantly expressed human FLT3 with a time-

resolved fluorescence resonance energy transfer (FRET) method. Com-
pound 1 showed potent inhibition with a half maximum inhibitory
concentration (IC50) in the low nanomolar range
(pIC50= 8.02 ± 0.05), which was comparable to the inhibitory ac-
tivity of the reference inhibitor quizartinib (pIC50= 8.30 ± 0.07).
Compound 1 demonstrated favorable physico-chemical properties with
a molecular weight (MW) of 445 and a logD (pH 7.4) of 1.5.22 This
resulted in a lipophilic efficiency (LipE=pIC50 - logD) of 6.5.23 In
summary, compound 1 was defined as an excellent starting point to
develop new FLT3 inhibitors.

A topological exploration of the structure-activity relationship of
isoquinolinesulfonamides was employed guided by the observed
binding mode of H-89 in other kinases.18 First, the isoquinoline sub-
stituent was replaced by various other hinge binding moieties inspired
by kinase drugs, including indolones (sunitinib and nintedanib),24–27

aminoisoquinolines (crizotinib and palbociclib),24,28,29 indazoles (ax-
itinib)24,30 and picolinamides (sorafenib).24,31,32 The analogs (5–16)
were synthesized in a similar manner as compound 1 using a palladium-
catalyzed sulfination of heteroaryl halides and subsequent coupling
with the primary amine as shown in Scheme 1.33 Interestingly, com-
pounds 5–12 displayed similar or slightly weaker activity compared to
compound 1 with a range of pIC50s between 7.6 and 8.0 (Table 1).
Indazole 6 was the most potent compound of the series with a pIC50 of
8.01 ± 0.02.

Moreover, substantially more polar groups such as picolinamide
were well tolerated (as observed in compound 10), resulting in a high

 
Figure 1. FLT3 screening hits (1–4) from an H-89 library.15 Data represent residual in vitro FLT3 activity at 2 µM.

Scheme 1. Synthetic route towards the derivatives 1, 5–16.a. aReagents and conditions: (a) K2CO3, dimethyl sulfate, ACN, 80 °C, overnight; (b) DIBAL-H, toluene,
−80 – 0 °C; (c) SOCl2, DCM, RT; (d) 60, K2CO3, ACN, 70 °C, 2 h; (e) TrtCl, K2CO3, RT, 40min; (f) NaHCO3, Boc2O, THF, RT, overnight; (g) 3-pyridinylboronic acid, Pd
(PPh3)4, K2CO3, DCM/DMF, 85 °C, 6 h; (h) TFA, TES, DCM 0 °C – RT, 5 h; (i) heteroaryl-bromide, K2S2O5, HCOONa, Pd(OAc)2, PPh3, 1,10-phenanthroline, DMSO
then DiPEA, 63, NBS, THF, 0 °C – RT, 1 h; (j) TFA, CHCl3, 1 h; (k) aryl-sulfonylchloride, Et3N, DCM/DMF, 0 °C – RT.
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lipE of 7.6. Surprisingly, the nitrogen atom, which plays an important
role in the hinge binding to other kinases, was not required for activity.
Compounds 13 and 14 retained activity with a pIC50 of 7.21 ± 0.34
and 6.19 ± 0.15, respectively. The same was true for the nitro and
amino phenyl derivatives 15 and 16. All together, these results sug-
gested that the binding orientation of the isoquinolinesulfonamides
might be different than the one of H-89 in PKA. It was envisioned that
the nitrogen atom of the pyridyl ring could act as a potential H-bond
acceptor to interact with the hinge region, which may potentially ex-
plain the activity of compounds 13–16. To test this hypothesis com-
pounds (17–18), in which the pyridine ring was substituted for a car-
bacycle, were synthesized (SI Scheme 1). The pIC50 of these novel
derivatives dropped to < 5 (Table 1). This suggested that the nitrogen

in the pyridine is indeed important for the interaction with FLT3 and
the isoquinolinesulfonamide may have a flipped binding orientation in
the ATP-pocket of FLT3 compared to PKA.33

To further understand the SAR of our chemical series, the im-
portance of the linker between the isoquinoline and the pyridyl moi-
eties was investigated (19–31). The results from this study are sum-
marized in Table 2. The synthetic schemes for these compounds
(19–31) are shown in the SI (SI Schemes 1–4). Several analogs were
made to investigate possible hydrogen bond donor capability of the
sulfonamide and secondary amine group. To this end, the nitrogens of
sulfonamide (19), amine (20) or both (21) were substituted with a
methyl group. This led to a > 10-fold drop in potency for all com-
pounds, which indicated that these NH donors could be important for

Table 1
In vitro FLT3 activity and lipophilic efficiency (LipE) of compounds 1 – 18.

R = 
Entry pIC50 ± SEM LipE Entry pIC50 ± SEM LipE

1 8.02 ± 0.05 6.5 11 7.71 ± 0.10 6.4

5 7.70 ± 0.11 7.0 12 7.62 ± 0.16 6.3

6 8.01 ± 0.08 6.6 13 7.21 ± 0.14 4.6

7 7.77 ± 0.09 6.6 14 6.19 ± 0.15 6.2

8 7.74 ± 0.11 7.0 15 8.07 ± 0.07 6.6

9 7.32 ± 0.12 6.6 16 7.57 ± 0.18 6.6

10 7.86 ± 0.10 7.6

Entry pIC50 ± SEM LipE
17 < 5 n.a.

18 <5 n.a.
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the interaction with FLT3. Next, the linker length between the sec-
ondary amine and the phenyl was investigated. Compounds with re-
duced length of one (22) and two (23) methylene groups showed de-
creased activity. The importance of the basicity of the linker moiety was
tested by replacing the amine with an ether (24), amide (25), or a
methylene (26) containing linker. 24 and 25 were equally active as the
corresponding amine derivative, while 26 was > 10-fold less active
(Table 2). These results suggested that the basic center of the linker is
not required. Of note, reduction of the double bond (27–29) in the
linker resulted in an almost identical inhibitory activity as the parent
compound, whereas increasing the conformational restriction in com-
pound 30 reduced its activity. This indicated that the reduced con-
formational flexibility by the double bond in compound 1 is not ben-
eficial for its activity as has recently been noted for other kinase
inhibitors.34 Finally, the substitution of the sulfonamide for an amide
did result in an inactive compound (31) (pIC50 < 5), which could
possibly be due to a difference in the spatial orientation of the (sulfon)
amide substituents. These data indicate that a flexible linker of 6 atoms

with or without a basic amine is optimal between the sulfonamide and
phenyl-pyridyl rings.

Having established the optimal linker features, an additional array
of compounds (32–37) was synthesized in which the pyridyl ring was
replaced with other (substituted) heteroaryls to optimize the hinge-
binding interaction (Scheme 2). In contrast to the isoquinoline re-
placements, a wide range of activities was observed (pIC50: 5 – 8.9)
(Table 3). While the picolinamide variations (34–35) were inactive
(pIC50 < 5), the azaindoles 36 and 37 demonstrated a significantly
increased pIC50 of 8.87 ± 0.06. and 8.78 ± 0.05, respectively. Of
note, 37 demonstrated a LipE of 6.7. All together, the optimization of
the potential hinge-binding pyridyl moiety resulted in the discovery of
the azaindoles as a potent FLT3 inhibitor scaffold.

Next, a matched-molecular pair analysis was performed using the
azaindole scaffold with amide (38–49) and amine linker (50–54)
series.35 The goal was to study the influence of the substitution pattern
of the phenyl ring.36 Compounds (38–54) were prepared as shown in
Scheme 2. Compounds with electron-withdrawing groups, such as Cl
(39), p-NO2 (43), p-F (45), or electron donating groups (p-Me (41) and
p-OMe (42)) both displayed high potency (pIC50 > 8.0) (Table 4). No
correlation could be found between the Hammett constants of the
substituents and the activity of the compounds (SI Figure 1). In fact,
non-substituted compound 38 was the most potent compound identi-
fied in this study with a pIC50 of 9.49 ± 0.08. The matched-molecular
pair analysis of LipE values of the amine and amide series showed good
correlation, which supports the hypothesis that both series bind in a
similar fashion to FLT3 (Figure 2).

Finally, to explain our structure-activity relationships a structure
based study was performed with compound 1 and compound 38 using a
published DFG-out crystal structure (4RT7), and a DFG-in model (SI
Figure 2). Induced fit docking was performed in combination with a
previously established binding pose metadynamics protocol45, in order
to determine a feasible binding mode. On the basis of these results and
overlap in binding mode with quizartinib (SI Figure 2) it was estab-
lished that compound 1 and compound 38 bind DFG-out (Figure 3A).
The pyridine moiety of 1 is engaged in a hydrogen bond interaction
with the backbone of C694 (hinge) and the adjacent phenyl engages in
a π-interaction with F691 (Figure 3A). Moreover, in the induced fit
experiments no poses were observed in which the isoquinoline inter-
acted with the hinge of FLT3. As shown in Figure 3B the resulting
docking pose of 38 is similar to the binding mode of 1 with an addi-
tional hydrogen-bond-interaction to C694, which may explain the in-
creased potency. To conclude, the observed binding mode is in agree-
ment with the obtained structure-activity relations.

3. Conclusion

In this study, azaindole 38 was identified as a new, highly potent
inhibitor of FLT3-ITD with favorable physico-chemical properties. Our
structure-activity relationships and modeling studies suggest that 38
has an alternative flipped binding mode compared to other kinase in-
hibitors derived from the prototypical kinase inhibitor H-89. 38 forms
an excellent starting point for further lead optimization studies to ob-
tain clinical candidates to modulate FLT3-ITD in AML patients.

4. Experimental

4.1. Chemistry

All of the compounds were synthesized as shown in Schemes 1–2
and Supplementary Schemes 1–5. Detailed procedures and character-
ization data are described in the Supplementary Information.

4.2. Biochemical evaluation of FLT3 inhibitors

In a 384-wells plate (PerkinElmer 384 Flat White), 5 µL kinase/

Table 2
FLT3 activity and LipE of compounds 19 – 31.

R1 = R2 = 
Entry pIC50 ± SEM LipE

19 6.74 ± 0.26 5.0

20 6.87 ± 0.20 4.6

21 6.90 ± 0.19 4.3

22 6.57 ± 0.21 5.4

23 6.80 ± 0.17 5.6

24 8.08 ± 0.09 5.3

25 7.49 ± 0.14 5.3

26 6.77 ± 0.17 2.2

27 7.32 ± 0.15 5.5

28 7.41 ± 0.13 4.3

29 8.05 ± 0.07 6.4

30 6.25 ± 0.21 3.7

31 <5 n.a.
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peptide mix (0.06 ng/µL FLT3 (Life Technologies; PV3182; Lot:
1614759F), 200 nM peptide (PerkinElmer; Lance® Ultra ULightTM TK-
peptide; TRFO127-M; Lot: 2178856)) in assay buffer (50mM HEPES pH
7.5, 1mM EGTA, 10mM MgCl2, 0.01% Tween-20, 2mM DTT) was
dispensed. Separately inhibitor solutions (10 µM – 0.1 pM) were pre-
pared in assay buffer containing 400 µM ATP and 1% DMSO. 5 µL of
these solutions were dispensed and the plate was incubated in the dark
at room temperature. After 90min the reaction was quenched by the
addition of 10 µL of 20mM EDTA containing 4 nM antibody
(PerkinElmer; Lance® Eu-W1024-anti-phosphotyrosine (PT66);
AD0068; Lot: 2342358). After mixing, samples were incubated for
60min in the dark. The FRET fluorescence was measured on a Tecan
Infinite M1000 Pro plate reader (excitation 320 nm, emission donor
615 nm, emission acceptor 665 nm). Data was processed using
Microsoft Excel 2016, pIC50 values were fitted using GraphPad Prism
7.0. Final assay concentrations during reaction: 200 µM ATP, 0.03 ng/
µL FLT3, 100 nM Lance TK-peptide, 0.5% DMSO. Compounds were
tested in n= 2 and N=2.

4.3. Structure based modeling on FLT3

All structure based modeling was performed in the Schrödinger suite
(Schrödinger Release 2017-4: Maestro, Schrödinger, LLC, New York, NY,
2017). Crystal structures were prepared using the protein preparation
wizard,37 ligands were prepared using LigPrep.38 Both the DFG-out
structure co-crystalized with quizartinib (4RT7)39 and a DFG-in model
were used in order to dock our initial compound 1. The DFG-in model was
constructed on the basis of 4RT7 and 3LCD, in a similar fashion as has
been done before,40 using the knowledge based potential in prime.41,42

Docking was done using induced fit docking and using H-bond constraints
on C694.43 In order to determine to correct binding pose, induced fit

Scheme 2. Synthetic route towards the derivatives 32–36 and 38–54.a. aReagents and conditions: (a) SOCl2, DMF, reflux, 4 h; (b) ethylenediamine, DCM, 0 °C – RT;
(c) B2Pin2, KOAc, Pd(dppf)Cl2, 1,4-dioxane, 100 °C, overnight; (d) 105, EDC, HOBt, DiPEA, DCM, 4 h; (e) heteroaryl-bromide, Pd(PPh3)4, K2CO3, DMF, 85 °C,
overnight; (f) 60, EDC, HOBt, DiPEA, DCM, 4 h; (g) 112, Pd(PPh3)4, K2CO3, DMF, 90 °C; (h) TFA, TES, DCM, 0 °C – RT, 16 h; (i) aryl-sulfonylchloride, Et3N, DCM/
DMF, 0 °C – RT, 16 h; (j) NaBH4, BF3, THF, 0° - RT, 16 h; (k) SOCl2, DMF, 0 °C – RT, 19 h; (l) 60, K2CO3, ACN, 70 °C, 72 h; (m) NaHCO3, Boc2O, THF, RT, 36 h; (n) 112,
Pd(PPh3)4, K2CO3, DMF, 90 °C; (o) TFA, TES, DCM, 0 °C – RT, 20 h; (p) aryl-sulfonylchloride, Et3N, DCM/DMF, 0 °C – 30 °C, 16 h (q) TFA, DCM, 0 °C – RT, 16 h.

Table 3
FLT3 activity and LipE of compounds 32–37.

R = 
Entry X pIC50 ± SEM LipE

32 CO 6.82 ± 0.14 4.8

33 CO 7.63 ± 0.11 5.6

34 CO < 5 n.a.

35 CO < 5 n.a.

36 CO 8.87 ± 0.06 6.2

37 CH2 8.78 ± 0.05 6.7
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docking was followed by the conformer cluster script, using the Kelley
criterion44 to determine the optimal number of clusters. The highest
scoring poses of every cluster were used in a previously published work-
flow to determine binding poses45, which is based on metadynamics. The
highest scoring pose was selected by adding the Metadynamics CompScore
to the docking score. Based on this workflow the highest scoring pose was
visualized and rendered using PyMol.46
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