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Abstract—We have identified and synthesized a series of thiophene containing inhibitors of kinesin spindle protein. SAR studies led
to the synthesis of 33, which was co-crystallized with KSP and determined to bind to an allosteric pocket previously described for
other known KSP inhibitors.
� 2007 Elsevier Ltd. All rights reserved.
Anti-mitotic chemotherapeutics, such as the taxanes and
vinca alkaloids, represent one of the main classes of
effective cancer therapies, and are broadly used against
a wide range of cancer types.1 However, mechanism-
related toxicities2 and acquired resistance have stimu-
lated considerable interest in developing anti-mitotics
that target mechanisms other than direct microtubule
inhibition. Kinesin spindle protein (KSP, also known
as Eg5) is a member of a superfamily of force-generating
motor proteins associated with microtubules.3a Like
other kinesins, KSP contains a catalytic ATPase activity
required for directed movement along microtubules. In
dividing cells, the effects of KSP inhibition are limited
to mitosis, while the only reported expression of KSP
in non-dividing cells is in subsets of post-mitotic neu-
rons, and its function there is unclear.3b Inhibition of
KSP during mitosis leads to lack of formation or disrup-
tion of the bipolar mitotic spindle, sustained mitotic ar-
rest, and subsequent induction of apoptosis both in vitro
and in vivo.4 Numerous small molecule inhibitors of the
KSP ATPase have been recently described,5 for example
quinazolinone 1,5l dihydropyrazole 2a,5a and dihydro-
pyrrole 2b,5b and clinical trials have been initiated to
validate KSP as a target for cancer therapeutics.6
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Ultra high-throughput screening of the Kalypsys com-
pound collection identified a series of thiophene contain-
ing KSP inhibitors of the general structure 3, with
ATPase IC50s in the low micromolar range and effects
on cultured cells consistent with selective targeting of
KSP. Thus, a medicinal chemistry effort was initiated
to optimize these screening hits and determine their
mode of binding to KSP.
The compounds described herein were synthesized as
outlined in Scheme 1.7 Cyclic ketones 4 were reacted
with ethyl cyanoacetate (5) and sulfur with a catalytic
amount of morpholine in ethanol to give amino thioph-
enes 6 in moderate to good yields.8 Ester hydrolysis fol-
lowed by activation of the resulting acid with
triphosgene and reaction with an amine afforded amino-
thiophene amides 9. Reductive amination of the pendant
amine provided KSP inhibitors such as 10. Additionally,
6 could be reacted with acid chlorides (7) to give amides
8 in moderate to excellent yields. Hydrolysis of the free
acid and coupling to an amine gave KSP inhibitors of
the general structure 11.

To investigate the SAR and improve the potency three
main areas were examined: (1) investigation of the pen-
dant amide connected to the amino thiophene (N-
linked), (2) substitution of the thiophene core, and (3)
replacements of the diethylamide. Three in vitro assays
were used to drive the SAR: (a) a biochemical assay that
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measures microtubule-stimulated KSP ATPase activity,
(b) a cell-based assay that measures mitotic arrest main-
tained by KSP inhibition (MPM-2 cytoblot), and (c) a
cell-based assay that measures cytotoxicity due to pro-
longed mitotic arrest, itself a result of continuous KSP
inhibition.9–11 In general, trends were consistent among
the three assays.

We initially examined substituent effects on the thio-
phene core as well as the effect of the pendant amide
(Table 1). From the initial screen, a 2-thiophene amide
at R3 was found to be the most active analog (for exam-
ple compound 14), and thus was used as a starting point.
As shown, only very weak activity was observed with an
unsubstituted thiophene core (12). Some improvement
was observed with dimethyl substitution (13), but more
dramatic effects were observed with fused aliphatic rings
appended onto the thiophene (14–16). In particular,
cyclohexyl analog 15, with activity in the ATPase assay
of 1.7 lM and the MPM-2 cytoblot assay of 0.48 lM,
became a scaffold for further optimization. Attempts
to optimize the R3 amide from the starting 2-thiophene
were less successful, with the 3-thiophene (17), thiazole
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Scheme 1. Reagents and conditions: (a) S, morpholine, EtOH, 50 �C, 40–9

ii—triphosgene, THF, rt, quant.; iii—R5R6NH, DMF, 60 �C, 50–90%; (d) L

20–60%; (f) R7CHO, NaBH(OAc)3, CH2Cl2, rt, 20–50%.
(18), methyl thiazole (19), furan (20), and phenyl (21),
all showing a log or more loss of activity. Removing
the amide carbonyl of 15 to give amine derivative 22 also
led to a log loss of activity. To further drive medicinal
chemistry efforts, we determined the co-crystal structure
of KSP with cyclohexyl analog 15, Mg2+, and ADP to a
resolution of 1.85 Å12 (Fig. 1).

As shown in Figure 1A, compound 15 binds in a similar
fashion to known KSP inhibitor 2b at an allosteric si-
te.5b The cyclohexylthiophene core of 15 occupies the
same hydrophobic pocket as the difluorophenyl group
of 2b. One ethyl of the diethylamide group projects into
solvent and the other in the pocket formed by Tyr211,
Leu214, and Glu215. The pendant 2-thiophene amide
of 15 fills the same pocket as the phenyl group of 2b,
leaving no extra space to accommodate any substituents
on the thiophene ring. Using this information, we turned
our focus to optimization of the diethylamide group.
Initial exploration around the diethyl amide (Table 2)
indicated that the hydrophobic interactions provided
by amide substitution were required for activity. This
conclusion is supported by the following observations:
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Table 1. Optimization of core and pendant amide

SR1

R2
N
H

O N

R3

Compound R1 R2 R3 ATPase IC50
a (lM) MPM-2 Cytoblot EC50

a (lM) Cytotoxicity 60 h EC50
a (lM)

12 –H –H S
O

>100 NA
b

NA
b

13 –CH3 –CH3 S
O

23(5) 29(11) >30

14 –(CH2)3– S
O

9.9(2.1) 2.2(0.2) 7.1(1.0)

15 –(CH2)4– S
O

1.7(0.4) 0.48(0.13) 2.0(0.2)

16 –(CH2)5– S
O

4.1(0.9) 5.8(6.8) 13(5)

17 –(CH2)4–
S

O
13(2) 4.3(0.8) 29.4(0.1)

18 –(CH2)4–

N

S
O

76(19) >30 NAb

19 –(CH2)4–

N

S
O

17(4) >30 >30

20 –(CH2)4– O
O

23(5) 20(7) >30

21 –(CH2)4–

O
33(9) 34(18) >30

22 –(CH2)4–
S

20(8) >30 >30

a Value represents the mean of three experiments with standard deviations shown in parentheses.
b NA, not active <30 lM.

Figure 1. X-ray structures of compounds in the KSP allosteric binding site. (A) 2b (yellow, PDB code 2FL6) and 15 (green, PDB code 2PG2); (B) 33

(blue, PDB code 2UYI) and 37 (orange, PDB code 2UYM). Protein surface is shown for KSP/ADP/15 (A) and KSP/ADP/33 (B). Compounds are

shown in thick sticks, and protein residues are shown in thin sticks.
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Table 2. Effect of amide substitution

S
N
H

O R4

O
S

Compound R4 ATPase IC50
a (lM) MPM-2 Cytoblot EC50

a (lM) Cytotoxicity 60 h EC50
a (lM)

23 OEt >100 NAb NAb

24 OH >100 NAb NAb

25 NH2 >100 NAb NAb

15 NEt2 1.7(0.4) 0.48(0.13) 2.0(0.2)

26 NMe2 6.0(1.6) 3.6(1.2) 12(2)

27 N 3.9(0.8) 1.1(0.1) 3.1(1.6)

28 N 2.8(0.7) 0.54(0.30) 5.1(2.2)

29 N O 4.3(0.9) 1.8(0.4) 7.2(2.7)

30 NH N 27(6) 37(29) >30

31 N N 8.6(1.8) 7.6(1.4) >30

a Value represents the mean of three experiments with standard deviations shown in parentheses.
b NA, not active <30 lM.
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first, an unsubstituted amide abolished activity (25). Sec-
ond, unbranched amide substitution, which has fewer
conformations allowing contact (30), was less potent
than a fully branched substitution (31). The fact that
the ester (23) and acid (24) are inactive is consistent with
this notion. Third, cyclization of the branched amide
(27–29) gave comparable activity. Finally, the dimeth-
ylamide 26, reduced in size, showed diminished potency.

Lastly we turned our attention to further optimization
of the thiophene core (Table 3). From the crystal struc-
ture of 15, we surmised that there was additional space
in the hydrophobic pocket occupied by the cyclohexyl
ring, in particular space occupied by the halogens in 1
and 2a/2b. To test this hypothesis we added alkyl groups
to various positions on the cyclohexyl ring to potentially
enhance favorable hydrophobic interactions. These and
other substituted cycloalkylthiophene compounds were
synthesized and tested as racemic mixtures unless other-
wise noted. Satisfyingly, we found that a methyl group
in the 2 position (33) gave a three- to fourfold boost
in potency over 15 in both the ATPase assay (0.48 lM
vs 1.7 lM) and the MPM-2 cytoblot assay (0.10 lM vs
0.48 lM). Co-crystallization of 33 showed that the
methyl group occupied an additional part of the main
hydrophobic pocket (Fig. 1B). In addition, 33 was re-
solved into its enantiomers and one isomer was found
to be 10 fold more active than the other.15 Addition of
another methyl group at position 2 (37) of the cyclo-
hexylthiophene was tolerated but led to a loss of activity
compared to 15. An X-ray structure shows that the axial
methyl group in 37 makes close contact (3.2 Å) to the
polar main chain oxygen of Leu214 as shown in Figure
1B. Furthermore, the Ca atoms of 213–218 move an
average of 0.34 Å away from 37, resulting in slight open-
ing of the pocket as compared to 33. Attempts to in-
crease the size beyond methyl, as in 39, were
detrimental. Substitutions at other positions of the
cyclohexylthiophene were less favorable than position
2 (compare 33 to 32, or 34; 37 to 38; or 39 to 40). An
energy penalty likely occurs by rearranging adjacent res-
idues in order to avoid close contacts incurred by these
substitutions. A similar boost in potency was observed
when a methyl group was incorporated on the cyclopen-



Table 3. Core optimization

N
H

O N

O
S

CORE

Compound CORE ATPase IC50
a (lM) MPM-2 Cytoblot EC50

a (lM) Cytotoxicity 60 h EC50
a (lM)

32(1) S
H3C

1
2

3 7.5(1.6) 4.7(1.4) 6.3(1.7)

33(2) 0.48(0.11) 0.10(0.03) 1.0(0.7)

34(3) 5.9(1.1) 2.6(1.0) 6.1(0.9)

35(1)
S

H3C 1

2 8.1(1.0) 5.4(1.9) 36(19)

36(2) 3.5(0.6) 1.5(0.4) 7.7(4.9)

37

S
3.1(0.9) 1.7(0.8) 6.0(2.6)

38

S
12(1) 14(7) 24(4)

39(2)
S

1
2

3 7.4(1.0) 1.9(0.4) 12(2)

40(3) 69(1) >30 7.3(1.2)

41
O S

24(4) 17(5) >30

42
S S

3.3(0.9) 9.6(9.5) >30

43
HN S

>100 NAb NAb

44

S
>100 NAb NAb

a Value represents the mean of three experiments with standard deviations shown in parentheses.
b NA, not active <30 lM.
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tyl analog, for example activity was improved to 3.5 lM
(for 36) from 9.9 lM (for 14) in the ATPase assay. At-
tempts to incorporate heteroatoms into the ring led to
a range of results, from a minor effect for sulfur (42),
to a detrimental effect with oxygen (41) and complete
loss of activity with nitrogen (43). This suggests that po-
lar substituents are not tolerated in the hydrophobic
pocket.5a Somewhat surprisingly, benzothiophene ana-
log 44 showed no activity, although subsequent model-
ing into the active site indicated that the aromatic ring
was not as well tolerated. Naphthalene and benzofuran
analogs also showed no activity (data not shown).

To confirm that the cytotoxic activity was a consequence
of KSP inhibition, we further characterized the cellular
activity of compounds 15 and 33 (Fig. 2). Non-synchro-
nously dividing A-549 lung cancer cells were treated for
18 h with vehicle alone (A), compound 33 (B), or com-
pound 15 (not shown). Incubation with compound 33
or 15 resulted in the accumulation of cells with the typ-
ical monopolar spindle morphology due to KSP inhibi-
tion. No additional effect on cell morphology prior to
induction of apoptosis was observed.

Flow cytometry of non-synchronous A-549 cells treated
for 18 h with 15 lM compound 15 demonstrated a
majority with a 4 N (G2/M) DNA content, consistent
with mitotic arrest. For comparison, compounds 1,
and 2a (as a racemic mixture), generated a similar profile
at 1 lM (Table 4A). Cells previously treated for 18 h
were washed and cultured for an additional 24 h in the
absence of compounds (Table 4B). In this case, the effect
of previous compound 15 treatment was mostly revers-
ible, as was the case for compound 2a. By contrast,
the effect of previous compound 1 treatment was not
reversible, with most cells continuing to have a 4 N
DNA content, and some increase in the sub-2 N fraction
associated with apoptotic and dead cells.

A-549 cells have been reported to aberrantly exit mitosis
after prolonged mitotic arrest due to KSP inhibition by
treatment with 200 lM monastrol. However, this exit



Figure 2. Imaging of cells following treatment with DMSO vehicle (A) or 10 lM compound 33 (B).16 Separate images of microtubules (green) and

DNA (blue) are overlaid. (A) shows a single normal mitosis in the upper left, while (B) shows numerous cells with the monopolar spindle phenotype.

Scale bar = 20lm.

Table 4. Flow cytometry of compound-treated A-549 cells

DNA content <2 N 2 N >2 N, <4 N 4 N

Cell cycle phase Apoptotic G1 S G2/M

Aa

DMSO 7 64 13 12

1, 1 lM 3 17 12 61

2a, 1 lM 2 14 11 64

15, 15 lM 3 18 14 56

Bb

DMSO 0.5 58 17 16

1, 1 lM 10 8 7 64

2a, 1 lM 5 46 14 24

15, 15 lM 4 47 12 25

a Cells were treated for 18 h with DMSO vehicle or the listed compounds and processed for flow cytometry.17 Table values are expressed as

percentages. The remaining percentage of the sample is in multi-cell aggregates and not listed.
b Cells were treated for 18 h with DMSO vehicle or the listed compounds then washed and cultured in the absence of compounds for an additional

24 h before processing for flow cytometry.17 Table values are expressed as percentages. The remaining percentage of the sample is in multi-cell

aggregates and not listed.
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does not occur until at least 36 h of continuous arrest,
and is followed by a G1-like arrest with a 4 N DNA con-
tent.18 Our results suggest shorter periods of mitotic ar-
rest are insufficient for A-549 cells to commit to mitotic
slippage, at least for compounds 15 and 2a. Finally, the
cell viability assay was used to demonstrate that signifi-
cant apoptosis does not begin until at least 24 h after
incubation of compounds 15 or 33, consistent with other
KSP inhibitors.19

In conclusion, a new class of thiophene containing com-
pounds that are inhibitors of KSP have been developed
from a uHTS screening lead. These compounds have
been shown to have sub-micromolar activity in second-
ary cellular assays and a cell phenotype consistent with
KSP inhibition. Structural information gained from
co-crystal structures with KSP should help in the further
development of these and other structural classes of
KSP inhibitors.
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