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ABSTRACT: Tubulin modulating agents such as the taxanes are
among the most effective antimitotic cancer drugs, although
resistance and toxicity present significant problems in their
clinical use. However, most tubulin modulators are derived from
complex natural products, which can make modification of their
structure to address these problems difficult. Here, we report the
discovery of new antimitotic compounds with simple structures
that can be rapidly synthesized, through the phenotypic screening
of a diverse compound library for the induction of mitotic arrest.
We first identified a compound, which induced mitotic arrest in
human cells at submicromolar concentrations. Its simple structure
enabled rapid exploration of activity, defining a biphenylaceta-
mide moiety required for activity, A family of analogues was
synthesized, yielding optimized compounds that caused mitotic
arrest and cell death in the low nanomolar range, comparable to clinically used antimitotic agents. These compounds can be
synthesized in 1−3 steps and good yields. We show that one such compound targets tubulin, partially inhibiting colchicine but
not vinblastine binding, suggesting that it acts allosterically to the known colchicine-binding site. Thus, our results exemplify the
use of phenotypic screening to identify novel antimitotic compounds from diverse chemical libraries and characterize a family of
biphenylacetamides (biphenabulins) that show promise for further development.
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Phenotypic screening involves testing small molecules in
cellular or in vivo models directly, without any target bias.1

It has recently seen a resurgence, with the obervation that most
first-in-class drugs with novel mechanisms of action originate
from such approaches.2 Historically, the most successful drugs
have been identified in this way. Phenotypic screening is
particularly suitable when diverse compound collections are
available. These are predicted to display a broader range of
biological activity, which can be identified more efficiently when
a range of targets can elicit the same phenotype when
modulated. Diverse chemical libraries are often produced by
diversity-oriented synthesis (DOS).3−6 This approach aims to
build complex diverse small molecule libraries in an efficient
manner. The combination of DOS with phenotypic screening
has been successful in identifying antibacterial, antimalarial, and
anticancer compounds, validating this approach.7−9

Our group has recently produced several distinct libraries
using DOS and other more focused approaches,10−12 and their
potential to modulate biological systems has not been
evaluated. Recently, we have described an optimized
phenotypic high content screen (HCS) to identify compounds
that cause mitotic arrest. Causing mitotic arrest is a validated
anticancer mechanism, and several mitotic inhibitors are

approved clinically.13,14 All approved compounds target
tubulin,15−17 and many unfortunately suffer from adminis-
tration and/or resistance problems.18 Additionally, as current
clinical compounds are mostly complex natural products or
derivatives thereof, modification to improve properties can be
limited to a few functional handles. Despite this, impressive
progress has been made in the total synthesis and derivatization
of tubulin-targeted antimitotics.19−21 New antimitotic com-
pounds could offer an alternative to existing therapies, and
several groups have dedicated significant efforts in this area,
utilizing natural product inspired compound collections,22−24 as
well as more traditional screening approaches.25−28 Our own
efforts in this area resulted in the identification of dosabulin, a
novel tubulin inhibitor from a DOS library of 35 compounds.29

In this work, we describe the evaluation of several compound
libraries produced by DOS and other methods, for the
induction of mitotic arrest. We identify one compound that
causes significant mitotic arrest followed by cancer cell death.
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We obtain structure−activity relationships (SARs) to discover
more potent analogues, and the mechanism of action is
identified as perturbation of tubulin dynamics by binding to a
site that causes partial displacement of colchicine from tubulin.
These compounds, termed biphenabulins, are structurally
simple and can be assembled in just 2−3 synthetic steps,
providing a potential future alternative to currently used
microtubule targeting agents (MTAs) and promising molecules
for further optimization and biological evaluation.
Using an optimized assay for identifying molecules that cause

mitotic arrest,11,30 a library of over 400 compounds was
screened. The library was composed of recently reported DOS
efforts focusing on macrocycles,10−12 as well as more focused
compound sets from methodology or medicinal chemistry
efforts in our group (Supplementary Figure S1). The assay is
undertaken in U2OS osteosarcoma cells and involves staining
for phosphorylated histone H3 (pH3), a mitotic marker,
following 20 h treatment with the test compounds. Cells are
visualized with Hoechst and imaged with the Cellomics
Arrayscan, a high content microscope. An automated algorithm
then calculates the percentage of cells arrested in mitosis. The
primary screen consisted of screening all compounds at a single
concentration of 50 μM in triplicate.29

From the primary screen one compound (1), which caused
mitotic arrest in 40−50% of all cells at 50 μM, was identified
(Figure 1). This hit was reconfirmed and showed a clear dose-

dependent effect, with an EC50 for mitotic arrest of 0.51 μM.
This was particularly significant as the structure of the molecule
was very simple and thus amenable to optimization. With this
result in hand, we sought to investigate the mode of action of 1
and determine the SARs. To synthesize analogues, several
similar strategies relying on amide and Suzuki couplings were
employed (Scheme 1). Commercial carboxylic acids were
subjected to amide coupling conditions with furfurylamine to
explore right-hand side substitutions. All couplings proceeded
in moderate to good yields (2a−f, 45−69%) using T3P and
DIPEA in ethyl acetate. Using similar amide coupling
conditions, 10 analogues were synthesized in moderate to
excellent yield (3a−j, 32−98%) from biphenyl acetate and
commercial amines. In most cases, column chromatography
was not required to purify the final compounds. To further
investigate SARs on the right-hand side of the molecule, a range

of Suzuki couplings with commercially available boronic acids
were performed with the para-bromoacetamide intermediates
4a and 4b. Finally, amide couplings on building block 6
delivered p-amido substituted analogues 7a−b in moderate
yield.
The importance of the biphenylacetate moiety was initially

investigated. This was replaced with a series of aromatic and
benzylic groups (Table 1, compounds 2a−f). Interestingly, only
the naphthyl acetate group retained some antimitotic activity,
albeit at higher concentrations than 1, while all other analogues
were inactive. Having established that the biphenylacetate
group was important for activity, we began exploring the amine
substituents (Table 1, 3a−j). All compounds with the exception
of the benzylamine-substituted 3a were less active than 1.
Compound 3a exhibited a 2-fold increase in activity, which
could be attributed to the increase in lipophilicity. Methylation
on the benzylic carbon (3b and 3c) was not tolerated, with the
(S)-enantiomer 3c being completely inactive, while the (R)-
enantiomer was an order of magnitude less potent than 1.
Methylation on the amide nitrogen was also not tolerated (3d),
leading to a reduction in activity of almost 2 orders of
magnitude. Substitution at the para-position led to a small
reduction in activity (3e), while substitution with a bromide at
the meta-position led to complete loss of activity (3f). Pyridines
3g and 3h also showed a significant reduction in activity, while
substitution for a phenyl (3i) or aliphatic iso-propyl group (3j)
completely abolished activity.
It must be noted that because the SAR was obtained from a

phenotypic screen, factors such as cell permeability and
metabolic stability may affect activity. To address this issue,
physiochemical properties were calculated for all molecules

Figure 1. Data of the phenotypic screen for mitotic arrest. Each
compound was screened at 50 μM in U2OS cells, which were stained
with Hoechst and a phospho-histone H3 specific antibody. The
structure and associated data for hit compound 1 are overlaid. Data
shown as the mean of a single experiment conducted in triplicate;
nocodazole was used at 200 nM.

Scheme 1. Synthesis of Antimitotic Biphenylacetamides and
Analogues
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synthesized in this series using Schrodinger’s QikProp
application (Supplementary Table 1).31 Their cell permeability,
clogP, and solubility were not predicted to vary greatly between
the series, suggesting that phenotypic SAR may be a viable
surrogate in the absence of on-target activity. In summary, even
small substitutions in the left-hand portion of the molecules
had a very big impact on activity. This suggests that it is not
possible to obtain large increases in activity from changes in this
region.
To investigate SAR on the right-hand side of the molecule,

the para-bromoacetamide intermediates 4a and 4b, were
synthesized in one step using standard amide coupling
conditions. Following this, a range of Suzuki couplings with
commercially available boronic acids were performed to explore
different substitution patterns at this position. The substrates
selected were predominantly aromatics with substituents of
differing sizes and electronic properties attached to different
positions. Twelve final compounds (5a−l) were screened for
their ability to induce mitotic arrest in U2OS cells (Table 2).
A compound with an ortho-substituent (5a) was considerably

less active than the original hit, while the activity of those
containing a meta-substituent varied depending on the other
substituents present. Compounds 5b and 5c both displayed
similar activity to 1, whereas the trimethoxy-substituted 5d was
completely inactive. Reducing the size and polarity of the
substituents flanking the para-methoxy group with two methyl
groups restored an active compound (5e), though this was still
2-fold less potent than 1. The trifluoromethoxy analogue (5f)
displayed potent cytotoxicity; however, mitotic arrest was not
measurable. This suggests that 5f is acting by a different
mechanism. The trifluoromethoxy functional group is poten-
tially reactive and thus was not pursued further. When a para-
substituent bearing a carbonyl was introduced, a 7-fold increase

in activity was observed. Both the ketone 5g and ester 5h
displayed very high levels of activity in the mitotic index assay.
The carbonyl functionality was essential for maximal levels of
activity, as the para-nitrile 5i and benzodioxole 5j both
displayed lower acitivities.
Having established the substituents that dictated activity in

the left and right portions of the molecule, these were
combined to observe whether an additive effect existed. For the
left-hand side, the benzyl substituent was selected, while for the
right-hand side the para-acetyl (5k) and para-methylester (5l)
groups were chosen. Both compounds showed an approximate
2-fold increase in activity compared to the furan containing
analogues 5g and 5h, consistent with the increase observed
from 1 to 3a. Compound 5k was particularly active at inducing
mitotic arrest and growth inhibition, with values in the low
nanomolar range (Table 2 and Supplementary Figure S2).
However, this compound was poorly soluble even in organic
solvents at concentrations higher than 1 μM, which was
predicted to cause problems at later stages of biological
evaluation. At this stage it was also observed that the activity of
5l decreased over time. This could be attributed to a slow
hydrolysis of the ester upon storage of the compound in
DMSO. To overcome these problems, analogues with
improved stability and solubility were sought. It was
hypothesized that an analogue with an amide substituent at
the para-position could improve stability. Returning to the

Table 1. Synthesis and Biological Evaluation of
Biphenylacetamides with Differing Substituents on the Left-
and Right-Hand Sides

Code -R1 -R2
mitotic index (MI)

EC50 (μM)a

1 2-furfuryl 4-phenylbenzyl 0.51
2a 2-furfuryl 2- naphthylmethyl 12.9
2b 2-furfuryl 2-phenylbenzene >40
2c 2-furfuryl 4-benzoylphenyl >40
2d 2-furfuryl 2-benzofuran >40
2e 2-furfuryl 3-quinoline >40
2f 2-furfuryl biphenyl >40
3a benzyl 4-phenylbenzyl 0.25
3b (R)-N-(1-phenyl ethyl) 4-phenylbenzyl 4.83
3c (S)-N-(1-phenyl ethyl) 4-phenylbenzyl >40
3d N-(Me)-N-(Bn) 4-phenylbenzyl 29.9
3e p-methoxybenzyl 4-phenylbenzyl 1.90
3f m-bromobenzyl 4-phenylbenzyl >40
3g 4-pyridyl 4-phenylbenzyl 16.6
3h 2-pyridyl 4-phenylbenzyl 9.70
3i phenyl 4-phenylbenzyl >40
3j iso-butyl 4-phenylbenzyl >40

aMI EC50 data is the mean of at least two independent experiments
conducted in triplicate.

Table 2. Effect of Substitution on the Right-Hand Side Aryl
Ring on the Induction of Mitotic Arrest and Growth
Inhibition in U2OS Cellsa

code R Ar

mitotic index
(MI)

EC50 (μM)

growth
inhibition
GI50 (μM)

1 2-furfuryl phenyl 0.51 0.15
5a 2-furfuryl 2-acetylphenyl 12.9 N/D
5b 2-furfuryl 3-acetamido phenyl 0.490 0.120
5c 2-furfuryl 3-fluoro-4-methyl

phenyl
0.340 0.100

5d 2-furfuryl 3,4,5-trimethoxyl
phenyl

>40 N/D

5e 2-furfuryl 3,5-dimethyl-4-
methoxy phenyl

1.17 0.603

5f 2-furfuryl 4-trifluoromethoxy
phenyl

N/D 0.120

5g 2-furfuryl 4-acetyl phenyl 0.076 0.024
5h 2-furfuryl 4-benzoate methyl

ester
0.073 0.024

5i 2-furfuryl 4-cyanophenyl 0.526 0.111
5j 2-furfuryl benzodioxole 0.144 0.031
5k benzyl 4-acetyl phenyl 0.028 0.011
5l benzyl 4-benzoate methyl

ester
0.081 0.027

6 2-furfuryl 4-benzoic acid >20 N/D
7a 2-furfuryl 4-(methyl

carbamoyl)
phenyl

0.051 0.021

7b 2-furfuryl 4-(isobutyl
carbamoyl)
phenyl

0.101 0.046

aMI EC50 and GI50 values are the mean of at least two independent
experiments conducted in triplicate. N/D = not determined.
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furan or an alternative heterocycle on the left-hand side was
predicted to improve solubility. The precursor for such
compounds (6) was synthesized by Suzuki coupling and
subjected to amide coupling conditions using a very small and a
sterically hindered amine to assess what size substituent could
be tolerated at this position (Table 2).
Both compounds synthesized retained very good levels of

antimitotic and growth inhibitory activity, with 7a being the
most active (Table 2 and Supporting Information Figure S2).
This suggests that a larger amide substituent is less tolerated
than a simple methyl amide, though the difference in activity
was not large. The precursor containing the carboxylic acid (6)
was completely inactive, which may be the result of a predicted
lack of cell permeability (Supplementary Table S1).
Having obtained compounds with low nanomolar activity for

mitotic arrest and growth inhibition, the identification of their
targets was the next goal. Confocal microscopy was used for in-
depth analysis of the phenotype resulting from compound
treatment. The DNA dye 4′,6-diamidino-2-phenylindole
(DAPI) and an α-tubulin specific antibody were selected to
image mitotic arrest. Compounds 5k and 7a were selected for
analysis, as these were the most potent and stable compounds

identified. Images of the interphase cells showed a disrupted
tubulin network, which suggested that tubulin itself could be
the target of these molecules (Figure 2a).
Having identified a potential target of the series, several

compounds were selected for testing in a tubulin polymer-
ization assay.22 Four compounds with differing potencies in the
cell-based mitotic index assay were selected to give a
representative spread in activity (Figure 2b). All compounds
that were active in the cell-based mitotic index assay were also
inhibitors of tubulin polymerization, whereas the inactive
compound 3f showed no activity in this assay. Interestingly,
the order of activity in the mitotic index assay was also reflected
in the tubulin polymerization assay, with 7a being the most
potent at reducing polymerization followed by 1 and then 5i
(Supplementary Table S2). Compound 7a was therefore
termed biphenabulin, for biphenyl tubulin inhibitor. Nocoda-
zole was significantly more potent at reducing the tubulin
polymerization rate than the biphenylacetamides despite having
similar potencies in the MI assay (EC50 = 50 nM for
nocodazole and 30−70 nM for the biphenylacetamides). This
could suggest a differing mechanism of inhibition of polymer-
ization for the biphenylacetamide compounds. To investigate

Figure 2. Target identification of the biphenylacetamide antimitotic compounds. (a) Confocal microscopy images of U2OS cells stained with DAPI
(blue) and an α-tubulin specific antibody (green). Cells treated with 5k and biphenabulin (7a) showed a significantly disrupted tubulin network,
suggesting that this may be their molecular target; scale bar, 18 μm. (b) Representative tubulin polymerization assay with compounds from the
biphenylacetamide series. Tubulin (3 mg/mL) was incubated with test compounds and GTP at 37 °C for 1 h. All active compounds from the mitotic
index assay were also inhibitors of tubulin polymerization, whereas 3f, the inactive analogue, was not. All compounds were tested at 10 μM. (c) A
fluorescence polarization (FP) assay using FL-BODIPY-vinblastine (2 μM) as a tracer and tubulin (2 μM) showed that biphenabulin did not
interfere with vinblastine binding to tubulin; data shown as mean ± s.e.m. for an experiment conducted in triplicate (ex/em wavelengths 485/520
nm). (d) Fluorescence intensity (FI) assay data of biphenabulin inhibiting tubulin at the colchicine site. Colchicine (3 μM), tubulin (3 μM), and
biphenabulin were incubated for 1 h at 37 °C. While a dose-dependent decrease in FI was observed for this compound, it did not reach the same
level of inhibition as the positive control nocodazole. This could suggest that biphenabulin is a tubulin inhibitor that acts near or allosteric to the
colchicine site; data shown as mean ± s.e.m. for an experiment conducted in triplicate (ex/em wavelengths 365/435 nm).
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their potential binding site(s), biphenabulin was selected for
further analysis as it displayed good antimitotic activity,
solubility, and stability. Several binding sites on tubulin have
been reported for inhibitors of tubulin polymerization of which
the vinca alkaloid and the colchicine ones are the best
studied.32,33 For other small molecules such as noscapine, the
binding site has not yet been identified.23 The Vinca alkaloid
and colchicine sites were selected for analysis, as we had
recently optimized assays to study their engagement.29

Biphenabulin was initially tested in a fluorescence polarization
assay monitoring the interaction of vinblastine with tubulin
(Figure 2c). The data clearly showed that this compound was
not able to inhibit the binding of fluorescent vinblastine to
tubulin, while the positive control (unlabeled vinblastine) was.
Following this, biphenabulin was also assayed for its ability to

inhibit tubulin at the colchicine site, using a fluorescence
intensity (FI) assay previously described.29 A dose-dependent
decrease in colchicine FI was seen with biphenabulin, although
the decrease did not occur to the same extent as the positive
control nocodazole (Figure 2d). This corresponded to a
maximal inhibition of approximately 45% for biphenabulin,
while nocodazole reached 85−90% inhibition. We would expect
a molecule that bound in the same site as colchicine to
completely displace it and thus reduce fluorescence, which
could suggest that biphenabulin is a tubulin inhibitor that acts
allosterically to the colchicine site, resulting in a reduction of
the ability of tubulin to bind colchicine.
In summary, a high content screen of a small diverse library

for induction of mitotic arrest was implemented. One
compound was identified that arrested cells in mitosis at
submicromolar concentration. Expedient synthesis of analogues
resulted in the rapid exploration of SAR. After exploration of
the SAR and having obtained compounds with low nanomolar
activity for mitotic arrest and growth inhibition, the
identification of their targets was the next goal.
Using confocal microscopy, a disrupted tubulin network was

observed, and the mechanism of action was confirmed as
tubulin depolymerization. One of the most active compounds,
termed biphenabulin, was shown not to interfere with
vinblastine binding to tubulin, but to partially inhibit colchicine
binding. This suggests that it may be binding allosterically to
the colchicine site, as direct inhibitors of the colchicine site such
as nocodazole cause complete displacement of colchicine from
tubulin. The mode of action is very similar to dosabulin, which
we recently discovered. However, biphenabulin is 2 orders of
magnitude more potent and is synthesized in fewer (3
compared to 7) steps. Additionally, only 27 analogues were
required before molecules with a cellular potency in the low
nanomolar range (similar to clinically used drugs such as
vinblastine) were identified. Many anticancer drugs that target
tubulin display formulation and resistance problems; therefore,
new, simple modulators of tubulin dynamics amenable to rapid
modification would provide promising alternatives. We hope
that the molecules presented herein will serve as a starting
point or inspiration for future efforts in this area.
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