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Fragment-based lead discovery is a new approach for lead generation that has emerged in the past dec-
ade. Because the initial fragments identified in the fragment screening typically show weak binding affin-
ity, an intensive medicinal chemistry effort would be required to grow initial fragments into a potential
lead compound. Here we demonstrate a kinase focused evolved fragment (KFEF) library, constructed by
click chemistry-based fragment assembly, that is a valuable source of kinase inhibitors. This combinato-
rial assembly of two fragments, kinase-privileged alkyne fragments and diversified azide fragments, by
two cycloaddition reactions shows a unique potential for the one-step synthesis of structurally diverse
evolved fragments. The screening of this triazole-based KFEF library allowed the rapid identification of
potent lead candidates for FLT3 and GSK3b kinase.

� 2011 Elsevier Ltd. All rights reserved.
Protein kinases play key roles in the signaling pathways that
regulate crucial cellular processes such as proliferation, differenti-
ation and survival.1 Deregulation of protein kinases has been impli-
cated in a variety of diseases, and therefore the inhibition of
protein kinases has emerged as an important target for drug
discovery.2

Recently, fragment-based lead discovery has been used to find
very small drug fragments as medicinal chemistry starting
points,3,4 and successfully delivered novel lead compounds for
some kinase targets.5 However, initial fragments identified in the
fragment screening typically show weak binding affinity. Those
fragments should be converted into hit or lead compounds
(evolved fragments) with sufficient potency keeping smaller
molecular weight and lower lipophilicity compared to traditional
lead compounds,6 and these evolved molecules would make the
subsequent optimization step easier. In order to evolve the initial
fragments into lead compounds efficiently, integration of other
techniques such as X-ray crystallography, or nuclear magnetic res-
onance spectroscopy would be necessary to elucidate the binding
modes of multiple fragments. Even having the structural data, an
intensive medicinal chemistry effort would be still required to
grow initial fragments or assemble multiple fragments into a po-
tential lead compounds.

In this Letter, we describe the design and synthesis of a novel
kinase focused evolved fragment (KFEF) library using the ‘click
ll rights reserved.
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).
chemistry’ methodology to readily identify an evolved fragment
compound as a lead candidate. Through a screening campaign of
the constructed KFEF library against a panel of kinases, hit com-
pounds having excellent inhibitory potency against FLT3 and
GSK3b were identified. In addition, the kinase selectivity of hit
compounds was discussed, and the possible binding mode in the
active site of the enzyme was analyzed by computer modeling.

Protein kinases share high structural homologies within their
catalytic domains, and most kinase inhibitors bind to the highly
conserved ATP binding cleft via hydrogen bonds with the ‘hinge’
residues, which are considered as the most important binding
interactions for the recognition of kinases. To incorporate the ki-
nase hinge binding structural features into the KFEF library as ki-
nase-privileged fragments, we extracted chemical structures that
bind to the kinase hinge region from kinase inhibitors reported
in the literature7 (Fig. 1). To construct the KFEF library, we chose
the alkyne-azide cycloaddition reaction known as ‘click reac-
tion’.8,9 The triazole ring formed in this reaction produces planar
structures,10 which would fit to the narrow ATP binding site of ki-
nases. Namely, the KFEF library is constructed from two fragment
parts using click reactions: the kinase-privileged alkyne fragments
and diversified azide fragments which could increase chemical
diversity and allow for modification of drug-like properties, such
as inhibitory potency, target selectivity, and physicochemical
properties.

With a set of alkyne and azide fragments, we applied two cyclo-
addition reaction conditions: a typical Cu-catalyzed click reaction
to obtain 1,4-disubstituted 1,2,3-triazoles, and a Ru-catalyzed
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Figure 1. Design concept of KFEF library.
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cycloaddition condition11 to construct a 1,5-disubstituted 1,2,3-tri-
azole library.

Before constructing the KFEF library, we performed a prelimin-
ary study to obtain an initial data set to confirm synthetic feasibil-
ity and the potential of a triazole structure to act as a kinase
inhibitor, by screening against a panel of kinases. Based on the re-
port by Graneto et al. that 1,5-disubstituted 5-membered ring ana-
logs are potent MAP kinase inhibitors,12 4-ethynylpyridine A,
possessing a nitrogen atom as a potential hydrogen bond acceptor,
was employed as a privileged fragment.

4-Chlorophenyl azide 1 and 3-chlorophenyl azide 2 were cho-
sen as diversified fragments which can be synthesized from corre-
sponding anilines employing typical diazotization condition
(Scheme 1). With these fragments, two 1,4-disubstituted triazoles
(4A1 and 4A2) were synthesized using a standard Cu catalyzed
click reaction condition (cat. CuSO4, sodium ascorbate, t-BuOH/
Scheme 1. Regio-selective synthesis of 1,4- and 1,5-disubstituted 1,2,3-triazoles.
Regents and conditions: (a) 1 mol % CuSO4, sodium L-ascorbate (0.1 equiv), t-BuOH/
H2O (1:1), rt, 1 day; (b) 2.5 mol % [Cp⁄RuCl]4, DMF, microwave, 110 �C, 20 min.
H2O; RT, 1 day).13 Two 1,5-isomers (5A1 and 5A2) were also
prepared using the Ru catalyzed cycloaddition conditions reported
by Fokin group (cat. (Cp⁄RuCl)4, DMF; microwave heating, 110 �C,
20 min).14 Both 1,4-isomers and 1,5-isomers were successfully ob-
tained in a regioselective manner15 and the structures were con-
firmed by 1H NMR (400 MHz, DMSO-d6)16: the chemical shifts of
H-5 in 1,4-disubstituted triazoles were appeared at lower field
(�9.6 ppm) than those of H-4 in 1,5-disubstituted triazoles
(�8.3 ppm).

To test their inhibitory activity for kinases, the four triazoles
(4A1, 4A2, 5A1, and 5A2) were screened against a panel of 46 ki-
nases at 10 lM concentrations, and the percent inhibition against
each kinase is expressed colorimetrically (Fig. 2). It is noteworthy
that 1,4-disubstituted triazoles demonstrated potent inhibition
primary against a subset of serine-threonine kinases (STKs)
(DYRK1B, GSK3b, etc.) but were inactive against a majority of tyro-
sine kinases (TKs), while 1,5-disubstituted triazoles preferably
bound to FLT3 (TK) with an excellent selectivity. Different patterns
were observed between 1,4- and 1,5-regio-isomers, suggesting the
KFEF library could span a wide range of the kinome tree with a
small subset of fragments by using two click conditions.

As the initial concept of the KFEF library was validated, we next
designed a small KFEF library composed of 5 alkyne and 8 azide
fragments (a total of 80 compounds, Fig. 3). The library was pre-
pared using the same synthetic procedure described above. Most
of the reactions proceeded very well except azide 5 and 7 that
might have poor reactivity, and the reaction did not produce
4D5, 5C5, 5B7, and 5E7. Thus, a total of 76 compounds successfully
obtained (success rate = 95%) were subjected to screening to iden-
tify promising lead compounds against kinase targets.

FLT3 is a kinase responsible for survival and proliferation of leu-
kemic blast cells. In acute myeloid leukemia (AML), constitutively
activated mutations of FLT3 such as internal tandem duplications



Figure 3. Click construction of 1,2,3-triazole KFEF library.
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Figure 2. Protein kinase profiling of triazoles 4A1, 4A2, 5A1, and 5A2. The compounds were tested against a panel of 46 kinases. The color bar represents the percent
inhibition at 10 lM concentrations.
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are found in up to 30% of the patients, and these FLT3 mutations
are strongly associated with poor prognosis in AML.17 On the other
hand, GSK3b is one of the major kinases responsible for abnormal
hyperphosphorylation of tau protein. Some studies suggested that
this event would promote neurofibrillary tangle formation, which
is involved in the pathogenesis of Alzheimer’s disease (AD).18

Accordingly, inhibitors of FLT3 or GSK3b have received much
attention as potential drugs for AML or AD, respectively. Therefore
FLT3 and GSK3b were selected as target kinases for further study
based on the preliminary panel screening results.

A screening of the KFEF library was conducted against both FLT3
and GSK3b with the results shown in Figure 4. Apparently, there
are clear differences in the hit patterns of the two kinases. For
FLT3, 1,4-isomers incorporating the privileged fragments (A–E)
generally showed weak or moderate inhibitory potencies similar
to the initial compounds, 4A1 and 4A2 (Fig. 4, upper left). In con-
trast, 1,5-isomers exhibited a clear preference for the privileged
fragment A, suggesting the 4-pyridyl group could be an excellent
hinge binder for FLT3 (Fig. 4, upper right). On the other hand, some
1,4-isomers (4A1, 4A2 and 4C5) showed strong inhibition against
GSK3b while most of the remaining compounds showed no inhibi-
tion (Fig. 4, lower left). Interestingly, a small change in the nature
of the para aromatic substituent in the R2 group, ‘Cl’ (4A1) to ‘F’
(4A4) or ‘Me’ (4A3), dramatically diminished inhibitory potency,
indicating a narrow window for activity as observed in some other
kinase inhibitors.19 Contrary to the preliminary screening results,
some hit compounds (5A5, 5A7 and 5D7) for GSK3b were identified
within the 1,5-isomer library (Fig. 4, lower right).

The compounds showing >40% inhibition against each kinase in
the screening were subjected to IC50 determination with the re-
sults shown in Tables 1 and 2. It can be seen from the results (Ta-
ble 1) that the 1,5-isomers exhibited better potency against FLT3
compared with 1,4-isomers overall, as expected from the screening
result at 10 lM concentration. However, 1,4-isomer 4C4 having a



Figure 4. Inhibitory activity of KFEF library (left: 1,4-isomers; right: 1,5-isomers) against FLT3 (up) and GSK3b (down) at 10 lM concentration. To each cell was allocated a
compound composed of an alkyne (A�E) and an azide (1�8). The percent inhibition is depicted colorimetrically according to the scale shown, while the synthetically
unavailable in gray.

Table 1
IC50 values of hit compounds against FLT3

ID R1 R2 IC50 (lM) BEIa

1,4-Disubstituted triazoles
4A1 4-Pyridyl 4-Chlorophenyl 5.8 20.4
4A2 4-Pyridyl 3-Chlorophenyl 10.5 19.4
4A4 4-Pyridyl 4-Methylphenyl 6.6 21.9
4C1 2-Pyridyl 4-Chlorophenyl 6.3 20.3
4C3 2-Pyridyl 4-Fluorophenyl 6.7 21.5
4C4 2-Pyridyl 4-Methylphenyl 1.1 25.2
4C5 2-Pyridyl 2-Methylphenyl 9.3 21.3
4D3 6-Quinazolyl 4-Fluorophenyl 12.4 16.8
4D6 6-Quinazolyl Benzyl 6.3 18.1
4D7 6-Quinazolyl 2-Adamantyl 9.7 15.1
4D8 6-Quinazolyl 2-Morpholinoethyl 10.9 16.0

1,5-Disubstituted triazoles
5A1 4-Pyridyl 4-Chlorophenyl 1.7 22.5
5A2 4-Pyridyl 3-Chlorophenyl 4.4 20.9
5A3 4-Pyridyl 4-Fluorophenyl 1.4 24.4
5A4 4-Pyridyl 4-Methylphenyl 2.3 23.9
5A5 4-Pyridyl 2-Methylphenyl 6.2 22.0
5A7 4-Pyridyl 2-Adamantyl 4.8 19.0
5C7 2-Pyridyl 2-Adamantyl 10.2 17.8
5D7 6-Quinazolyl 2-Adamantyl 3.1 16.6

Staurosporin 0.00018 20.9

a BEI (binding efficiency index) = �logIC50/MW (KDa).

Table 2
IC50 values of hit compounds against GSK3b

ID R1 R2 IC50 (lM) BEIa

1,4-Disubstituted triazoles
4A1 4-Pyridyl 4-Chlorophenyl 1.1 23.2
4A2 4-Pyridyl 3-Chlorophenyl 1.8 22.4
4C4 2-Pyridyl 4-Methylphenyl >30 —
4C5 2-Pyridyl 2-Methylphenyl 0.49 26.7
4D6 6-Quinazolyl Benzyl 9.5 17.5

1,5-Disubstituted triazoles
5A5 4-Pyridyl 2-methylphenyl 6.3 22.0
5A7 4-Pyridyl 2-adamantyl 2.6 19.9
5D7 6-Quinazolyl 2-adamantyl 2.8 16.8

Staurosporin 0.011 17.1

a BEI (binding efficiency index) = �logIC50/MW (KDa).
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4-methylphenyl group at the R2 position showed the best potency
for FLT3 inhibition (IC50 = 1.1 lM) contrary to the expectation. In
addition, the compound 4C4 showed no activity against GSK3b
(IC50: >30 lM, Table 2). Surprisingly, a shifting of the methyl
groups from the 4-position to the 2-position resulted in a dramatic
change in the inhibitory profile, namely the compound 4C5 exhib-
ited potent inhibitory activity against GSK3b with an IC50 value of
0.49 lM but showed weak inhibition for FLT3 (IC50 = 9.3 lM) (Ta-
bles 1 and 2). Interestingly, the introduction of a bulky adamantyl
group into the R2 position of 1,5-isomers (5A7 and 5D7) resulted in
an increase of the inhibitory activity for GSK3b maintaining FLT3
inhibition, implying an introduction of a bulky fragment might re-
sult in a non-selective kinase inhibitor library.

In order to evaluate the potential of these compounds as lead
candidates, the binding efficiency indices (BEI) were calculated
from their IC50 values and molecular weights (Tables 1 and 2), be-
cause the concept of BEI has been used as a parameter to prioritize
successful fragments for lead optimization.20–22 The most potent
inhibitors (4C4: IC50 = 1.1 lM for FLT3 and 4C5: IC50 = 0.49 lM
for GSK3b) have excellent binding efficiencies (BEI = 25.2 and
26.7, respectively), which are superior to that of a potent non-spe-
cific kinase inhibitor, staurosporin (BEI = 20.9 for FLT3 and 17.1 for
GSK3b), indicating that a screening of KFEF library would be a
promising approach to identify a lead candidate rapidly.

To predict the binding modes of the hit compounds with GSK3b,
4A1 and 4C5 were computationally docked into GSK3b using Lib-
Dock (Fig. 5).23 The docking study proposed that 4A1 would bind
to GSK3b in a similar position to where ATP binds. The pyridine
nitrogen from the privileged fragment, as expected, forms a
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Figure 5. Docking study of hit compounds for GSK3b. (Upper) X-ray crystal structure of GSK3b with ATP–ANP (PDB code 1pyx) and a 2D representation of the ATP binding
site. (Lower) 4A1 and 4C5 were computationally docked into GSK3b using LibDock. The crystal structure used in the docking study was retrieved from PDB (1pyx for 4A1 and
1q3d for 4C5).
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hydrogen bond with the hinge backbone amide. On the other hand,
the binding mode predicted for 4C5 is very different from that of
4A1. The triazole nitrogen can form a hydrogen bond with the
hinge and therefore 4C5 could bind to the hydrophobic pocket 1
and 2.

In summary, 1,4- or 1,5-disubsituted 1,2,3-triazoles having ki-
nase privileged fragments were designed and synthesized as a ki-
nase focused evolved fragment (KFEF) library, and evaluated as
potential kinase inhibitors. We have succeeded in hit generation
for FLT3 (4C4, IC50 = 1.1 lM) and GSK3b (4C4, IC50 = 0.49 lM) by
screening the KFEF library, and SAR obtained in this screening
was beneficial for a further lead optimization step. This study re-
veals the potential of the KFEF library to be used in fragment-based
drug design, and also provides a novel concept for design of kinase
focused compound libraries.
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