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Plinabulin (1, NPI-2358), a potent microtubule-targeting agent derived from the natural diketopiperazine
‘phenylahistin’ with a colchicine-like tubulin depolymerization activity, is an anticancer agent undergo-
ing Phase II clinical trials in four countries including the United States. In order to understand the precise
binding mode of plinabulin with tubulin, a new bioactive biotin-tagged photoaffinity probe 4 (KPU-244-
B3) was designed and synthesized. Probe 4 showed significant binding affinity to tubulin in a binding
assay, and selectively bound to tubulin in an HT-1080 cell lysate without photo-irradiation. In a tubulin
photoaffinity labeling study, probe 4 labeled both a- and b-tubulin subunits and these interactions were
competitively inhibited by plinabulin during photo-irradiation. These results suggest that plinabulin
binds in the boundary region between a- and b-tubulin near the colchicine binding site, and not inside
the colchicine binding cavity.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Microtubules are noncovalent polymers of the protein tubulin
that are found in all dividing eukaryotic cells and in most differen-
tiated cell types.1 This cytoskeletal system of eukaryotic cells is an
attractive target for the development of anticancer chemothera-
peutic agents.2,3 Chemicals that target microtubules disrupt and
suppress the function by inhibiting or promoting microtubule
assembly.3 These actions result in cell cycle arrest in the mitotic
phase. Taxoids, which promote microtubule assembly, and vinca
alkaloids, which inhibit microtubule polymerization, are clinically
used anticancer microtubule-targeting agents.3–6 Colchicine is an-
other important microtubule-targeting agent, which recognizes
the colchicine binding site, leading to the inhibition of microtubule
polymerization. Although colchicine has limited medical applica-
tion due to its high toxicity, colchicine has played a fundamental
role in elucidating the properties and functions of tubulins and
microtubules.3 Many natural products that recognize the colchi-
cine binding site have been reported such as podophyllotoxin, ste-
ganacin, combretastatin, and the flavonoids.7,8 These compounds
share common structural features including a biaryl system teth-
ered by a hydrocarbon linker of variable length.
ll rights reserved.

i).
Over the years, our research has focused on another natural col-
chicine-like tubulin depolymerization agent ‘phenylahistin’ (PLH,
halimide).9–12 PLH has a distinctive structure that includes a rela-
tively hydrophilic diketopiperazine (DKP) skeleton. Through the
synthesis of a number of derivatives of phenylahistin, we devel-
oped plinabulin (NPI-2358/KPU-2, 1, IC50 of 15 nM against HT-29
cells, Fig. 1), a highly potent microtubule depolymerization agent
with a didehydroDKP structure. Plinabulin is being evaluated as
an anticancer drug in Phase II clinical trials in four countries
including the United States. Plinabulin was also recently shown
to function as a strong ‘vascular disrupting agent’ (VDA) to induce
tumor-selective vascular collapse.13–15

Although PLH is known to competitively inhibit the binding of
colchicine to tubulin,10 the precise binding mode and microtubule
depolymerization mechanism of our didehydroDKP-type inhibi-
tors, for example, plinabulin, have not been well investigated. Fur-
ther, plinabulin and colchicine are not well superimposed in
computer-assisted molecular modeling.16 In a previous study, we
synthesized two biologically active photoaffinity probes with a
biotin-tag based on the chemical structure of a potent derivative
KPU-244 (2, IC50 of 4 nM against HT-29 cells, Fig. 1). These probes
recognized tubulin probably at or near the colchicine binding site,
as demonstrated by the competitive inhibition of photoaffinity
labeling in the presence of colchicine.16 However, the resolution
of the photoaffinity labeling using these probes was insufficient
to precisely characterize the binding interaction. Specifically,
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Figure 1. Structures of plinabulin 1 (NPI-2358/KPU-2), KPU-244 2, biotin-tagged photoaffinity probes (KPU-244-B2 3, KPU-244-B3 4), and control compound 5.
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assigning which subunits (a- or b-tubulin) were photolabeled was
difficult. To address the issue of low sensitivity of the chemical
probes, we investigated whether a long linker between biotin
and a ligand would enhance detection in the biotin-avidin detec-
tion system.17 A new photoaffinity probe 4 (Fig. 1), which has a
longer linker than probe 3, was synthesized and was found to ex-
hibit significant binding to porcine tubulin. To investigate the bind-
ing mode of probe 4, tubulin affinity labeling was performed with
or without photo-irradiation. In both cases, selective affinity label-
ing of probe 4 was observed at the a- and b-tubulin subunits.

2. Results and discussion

2.1. Chemistry

Photoaffinity probe 4 was synthesized in a similar manner as
that previously described for probe 3.16 Briefly, Boc-protected biot-
inyl peptide 7 (biotinyl-Acp-Acp-Lys(Boc)-Lys(Boc)-Acp-Acp-Acp-
Acp-OH, Acp: aminocaproyl), which was accessed from standard
Fmoc-based solid phase chemistry (Supplementary data,
Scheme S1), was coupled to compound 616 by using EDC–HOBt
coupling conditions (Scheme 1). After deprotection of the Boc
groups on the linker unit with 4 M HCl in dioxane, the crude prod-
uct was purified by HPLC to afford the desired compound 4 in 29%
yield over two steps. To provide a negative control, compound 5
was synthesized by deprotecting peptide 7 with 50% TFA in CH2Cl2

followed by purification by preparative HPLC (Supplementary data,
Scheme S2).

2.2. Tubulin binding assay

To determine whether synthetic photoaffinity probe 4 has affin-
ity for tubulin, we performed a binding assay with purified porcine
Scheme 1. Synthesis of photoaffinity probe 4. Reagents and conditions: (a) Boc-
protected biotinyl peptide 7, EDC�HCl, HOBt�H2O, Et3N, DMF, rt; (b) 4 M HCl-
dioxane, rt, then HPLC purification, 29% over two steps.
tubulin (0.5 lM) in MES buffer (pH 6.8) at 37 �C. The dissociation
constants (Kd) of photoaffinity probe 4 and plinabulin 1 were cal-
culated to be 25.17 and 1.06 lM, respectively (Fig. 2 for probe 4
and Fig. S1 for plinabulin 1). Although the binding affinity of 4 lar-
gely decreased from that of 1, the binding ability of 4 was found to
be still significant. Further, the Kd value of 4 was 2.5 times lower
than that of photoaffinity probe 3 (Kd = 9.74 ± 2.11 lM against por-
cine tubulin, Fig. S2), which has a shorter linker and also exhibits
mild anti-tubulin polymerization activity and cytotoxicity. This
lower Kd value of 4 could be due to the elongation of the biotin lin-
ker. We concluded that photoaffinity probe 4 exhibits specific
binding to tubulin.

2.3. Affinity binding of probe 4 to tubulin in human cell lysate

We performed a pull-down assay using probe 4 conjugated
streptavidin beads from human fibrosarcoma (HT-1080) cell lysate
in order to understand the binding affinity of the probe to human
tubulin. The whole cell lysate of HT-1080 was incubated with
photoaffinity probe 4 conjugated beads at 4 �C overnight, and the
proteins retained on the beads were analyzed by Western blots.
As shown in Figure 3, a- and b-tubulin were detected as the bound
proteins on probe 4 (lane 2), while they were not detected using
compound 5 conjugated beads and unconjugated-beads as nega-
tive controls (lanes 3 and 4). Moreover, affinity binding of probe
4 to b-actin, which is another major protein of cytoskeleton as
tubulin in eukaryotic cells,18 was not observed (lower panel in
Fig. 3). These results suggested that probe 4 selectively bound to
human tubulin in the whole cell lysate.

2.4. Tubulin photoaffinity labeling

Upon confirmation of the tubulin binding activity of photo-
affinity probe 4, porcine tubulin was photo-irradiated at 365 nm
in the presence of 4 on ice after incubation at 37 �C in MES buffer
(containing 1 mM GTP, pH 6.8) for the appropriate duration. The
sample was then applied to SDS–PAGE using 7.5% polyacrylamide
gels under conditions optimized for separating the a- and b-sub-
units of tubulin.19 The protein was stained with Coomassie Brilliant
Blue (CBB) or transferred onto a nitro-cellulose membrane, and
then an ECL streptavidin-HRP conjugate was used for enzymatic
detection. For the SDS–PAGE analysis using CBB staining, neither
a remarkable protein band shift nor the appearance of other bands



Figure 2. Binding assay based on fluorescence quenching. (A) Effects of probe 4 on
tubulin fluorescence. (B) Increase of tubulin photoaffinity probe 4 binding complex.
Tubulin (0.5 lM) was incubated in the absence or presence of photoaffinity probe 4
at 37 �C for 1 h. After incubation, the samples were excited at 295 nm, and the
emission at 300–450 nm was measured (Kd; the dissociation constant, n; the
number of binding sites). Kd and n of photoaffinity probe 4 were 25.17 ± 8.15 lM
and 1, respectively.

Figure 3. Affinity binding of probes to tubulin in HT-1080. Lane 1: whole cell lysate,
lanes 2–4: eluants of protein retained on probe 4 conjugated beads, compound 5
conjugated beads, and unconjugated-beads, respectively. The lower band indicated
by an asterisk in the middle panel was suggested a non-specific band.

Y. Yamazaki et al. / Bioorg. Med. Chem. 18 (2010) 3169–3174 3171
was observed, indicating that tubulin remained mostly undamaged
by photo-irradiation (Fig. 4A, lanes 1 and 2). In addition, non-spe-
cific binding was not observed in Western blotting for the non-
photo-irradiated sample (Fig. 4A, lane 3). On the other hand, an
irradiation-time-dependent labeling was observed in the photo-
irradiated samples in the presence of probe 4 (Fig. 4A, lanes 4–6).
Probe 4 labeled tubulin as two clearly separated bands, while
probe 3, which has a shorter linker, labeled tubulin as an ambigu-
ous broad band (Fig. 4B, lane 7). These results suggest that probe 4
detects tubulin at a higher resolution than probe 3. The observed
difference in resolution is probably due to the biotin-avidin detec-
tion system, in which recognition of biotin is preferable to that of
avidin when a long linker is used, whereas the binding affinity
(Kd value) of probe 4 was lower than that of probe 3. To determine
which subunits of tubulin were in the observed two bands, immu-
noblot analysis using a- and b-tubulin specific antibodies was per-
formed after detecting photolabeled protein with a streptavidin-
HRP system. The upper and lower bands were found to be derived
from a- and b-tubulin, respectively (Fig. 4C, lanes 9 and 10), indi-
cating that photoaffinity probe 4 photolabeled both a- and b-tubu-
lin subunits. In contrast, the binding selectivity of probe 3 could
not be determined in a previous study because probe 3 labeled
tubulin as a broad band.16 Furthermore, a competitive photo-
affinity labeling study with photoaffinity probe 4 was performed
in the absence or presence of plinabulin 1 to elucidate the selectiv-
ity of photoaffinity binding. A dose-dependent inhibition of photo-
affinity labeling was observed in the presence of plinabulin 1
(Fig. 4D, lanes 12–14), indicating that probe 4 recognizes the same
binding site on tubulin as plinabulin. Photoaffinity labeling of
tubulin with probe 4 was also inhibited by the addition of excess
colchicine (100 equiv, Fig. 4E, lane 16). In addition, the inhibition
was specific to colchicine, but not biotin as a negative control in
a dose-dependent (5–100 equiv) competitive assay (Supplemen-
tary data, Fig. S3). This result is consistent with previous report
that PLH, an original compound of plinabulin, competed with
[3H]colchicine for tubulin.10 Therefore, we concluded that probe
4 binds the boundary region between a- and b-tubulin at or near
the colchicine binding site.

To examine the precise binding of plinabulin derivatives at the
colchicine binding site, a docking study was performed using the
molecular modeling package MOE 2008.10 (Chemical Computing
Group, Inc., Montreal, Canada). To simplify calculations, a highly
potent plinabulin derivative 2 was used in the docking study in-
stead of probe 4, which contains a long biotin linker. Tubulin pro-
teins (chains A and B) were exploited from crystallographic data in
complex with colchicine (PDB ID, 1SA0). Compound 2 was docked
around the colchicine binding site on the tubulin dimer and the
conformations with high docking scores were chosen. Next, energy
minimization and molecular dynamic (MD) simulations were suc-
cessively performed. The binding interaction in which compound 2
was exclusively inserted into the colchicine binding pocket (Sup-
plementary data, Fig. S4) was examined. Although the photoreac-
tive benzophenone moiety stuck out from the pocket, this
reactive part could only recognize the b-subunit at a distance of
about 4 Å, which meant that binding to the side chains of Asn249b
and Lys254b could occur. However, the reactive benzophenone
group could not bind to the a-subunit due to presence in GTP.
The benzophenone oxygen was far from the a-subunit with a dis-
tance of more than 7 Å. These results suggest that it is difficult to
photolabel both subunits in this model. However, when compound
2 was docked on the outside of the colchicine binding pocket, as
shown in Figure 5a, it would more likely interact with tubulin in
a manner consistent with the experimental results. In this model,
compound 2 is located at the interfacial region of the a- and b-sub-
units, and this region partially overlaps with the colchicine binding
pocket. The tert-butyl group, which is crucial for the potent biolog-
ical activity of plinabulin derivatives, covers the colchicine binding
pocket. Compound 2 could interact with Ser178a, Tyr210a,
Pro222a, Val355b and Gln427b on a- and b-tubulin via four water



Figure 4. Photoaffinity labeling of tubulin. (A) Photoaffinity labeling by probe 4 at different irradiation times. Porcine tubulin (2 lM) was incubated with probe 4 (2 lM) at
37 �C and then photo-irradiated for the appropriate time (0–30 s). Photolabeled samples were resolved by SDS–PAGE using 7.5% polyacrylamide gels. The gel was analyzed by
CBB staining (lanes 1 and 2) or Western blotting followed by enzymatic detection system using ECL streptavidin-HRP conjugate (lanes 3–6). (B) Comparison of tubulin
photoaffinity labeling between photoaffinity probe 3 (lane 7) and 4 (lane 8). Tubulin incubated at 37 �C with probe 3 (2 lM) or 4 (2 lM) was photo-irradiated for 30 s.
Western blotting analysis was performed as described in Figure 3A. (C) Immunoblot analysis of photolabeled tubulin using a- and b-tubulin specific antibodies (lanes 9 and
10). (D) Photoaffinity labeling of tubulin with probe 4 (2 lM) in the absence (lane 11) or presence of plinabulin 1 (2–100 lM, lanes 12–14). Samples were photo-irradiated for
30 s. (E) Photoaffinity labeling of tubulin with probe 4 (2 lM) in the absence (lane 15) or presence of colchicine (200 lM, lane 16). Samples were photo-irradiated for 30 s.
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molecules (Fig. 5b). For photoaffinity labeling with the benzophe-
none moiety, there were three accessible C–H bonds, which were
on the a-carbon of Thr223a and on the c- and e-carbons of
Met325b, and the distance between each carbonyl oxygen and
hydrogen atom was within 3.3 Å (Fig. 5c). Results from previous
studies indicated that the reactive volume of the benzophenone
moiety could be approximated as a sphere with a radius of 3.1 Å
centered on the oxygen20 and that benzophenone could selectively
interact with Met residues with a photoaffinity labeling radius of
6–7 Å.21 The modeling study of probe 4, which contains a biotin
long linker extending from the benzophenone moiety, suggested
that the linker can stick out from the interfacial region to outside
the molecules through a space formed between a- and b-tubulin.
In this modeling, the corresponding binding conformation of com-
pound 2 on probe 4 was almost maintained (Supplementary data,
Fig. S5). From these reports, the binding model shown in Figure 5
represents a reasonable model for photolabeling both a- and b-
subunits. Therefore, plinabulin derivatives interact with the
boundary region between a- and b-tubulin around the colchicine
binding site, and not inside the colchicine binding site. Considering
the findings in this docking study, identifying the amino acid resi-
dues that are modified by the photoaffinity probe would be of
interest in future studies involving mass spectrometry analysis of
the photoaffinity labeling of tubulin. This analysis is currently
underway and the results will be reported in due course.

3. Conclusion

We designed and synthesized a new bioactive biotin-tagged
photoaffinity probe KPU-244-B3 (4) containing a long linker.
Photoaffinity probe 4 exhibited significant binding to tubulin in a
binding assay using porcine tubulin, and also bound to human
tubulin in an HT-1080 lysate. Furthermore, in a photoaffinity label-
ing study, probe 4 recognized both a- and b-tubulin subunits, and
this labeling was inhibited by the addition of plinabulin 1 or colchi-
cine. These results revealed that probe 4 bound in the boundary re-
gion between a- and b-tubulin around the colchicine binding site.
Molecular modeling studies suggested that plinabulin derivatives
could interact in the interfacial region of a- and b-tubulin, which
partially overlaps with the colchicine binding site. This hypothesis
is supported by the results that both a- and b-subunits were clearly
photolabeled by probe 4 in the present study. These findings would
help determine the amino acid residues that are modified by the
photoaffinity probes, leading to a profound understanding of the
tubulin depolymerization activity of plinabulin.

4. Experimental

4.1. General

Reagents and solvents were purchased from Wako Pure Chemi-
cal Ind., Ltd (Osaka, Japan), Nakalai Tesque (Kyoto, Japan), and Al-
drich Chemical Co. Inc. (Milwaukee, WI) and used without further
purification. Porcine tubulin was purchased from Cytoskeleton,
Inc. (Denver, Colorado, USA). All other chemicals were of the high-
est commercially available purity. Analytical thin-layer chromatog-
raphy (TLC) was performed on Merck Silica Gel 60F254 precoated
plates. Preparative HPLC was performed using a C18 reverse-phase
column (19 � 100 mm; SunFire™ Prep C18 OBD™ 5 lm) with a
binary solvent system: a linear gradient of CH3CN in 0.1% aqueous
TFA at a flow rate of 10 mL/min, detected at UV 230 nm and
365 nm. Solvents used for HPLC were HPLC-grade solvents. All



Figure 5. Molecular dynamics simulated poses of compound 2 (yellow stick) in a
tubulin heterodimer (magenta and green): (a) full structure; (b) binding area
superimposed with colchicine (red stick); (c) the approaching benzophenone
carbonyl group poses between the a-chain (blue stick) and b-chain (cyan stick)
during the simulation.
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other chemicals were of analytical grade or better. Proton (1H) NMR
spectra were recorded on a BRUKER AV600 at 600 MHz for proton.
Chemical shifts were recorded as d values in parts per million (ppm)
downfield from tetramethylsilane (TMS). High-resolution mass
spectra (TOF) were recorded on a micromass Q-Tof Ulitima API.

4.2. Boc-protected biotinyl peptide (biotinyl-Acp-Acp-Lys(Boc)-
Lys(Boc)-Acp-Acp-Acp-Acp-OH) (7)

Biotinyl peptide 7 was synthesized by coupling Fmoc-amino-
hexanoic acid, Fmoc-Lys(Boc)-OH, and D-biotin using conventional
Fmoc-based solid phase chemistry on a 2-chlorotrityl chloride re-
sin (1.29 mmol/g).22 After complete elongation of the peptide
chain, Boc-protected peptide 7 was cleaved from the resin by treat-
ment with DCM/AcOH/TFE (7:1:2, TFE, tetrafluoroethanol) for 1 h
at room temperature.23 The reaction mixture was then filtered to
remove the resin and the obtained filtrate was concentrated in va-
cuo, followed by precipitation and centrifugation with Et2O at 4 �C.
The resultant crude biotinyl peptide 7 (431 mg, 66%) was used in
the next reaction with no further purification; HRMS (TOF): m/z
1379.8949 (M+H+) (calcd for C68H123N12O15S: 1379.8952).

4.3. KPU-244-B3 (4)

To a solution of peptide 7 (81 mg, 0.058 mmol) in DMF (5 mL)
were added sequentially HOBt�H2O (8 mg, 0.058 mmol), EDC�HCl
(12 mg, 0.058 mmol), compound 6 (14 mg, 0.03 mmol; prepared
by deprotecting the N-Boc-protected derivative of compound 6
(structure not shown)16 using 4 M HCl in dioxane), and Et3N
(4 lL, 0.03 mmol). The mixture was stirred at room temperature
for 20 h. After the solvent was removed in vacuo, the residue was
extracted with AcOEt, washed with 10% citric acid, 10% NaHCO3

and saturated NaCl. The organic layer was dried over anhydrous
Na2SO4 and concentrated in vacuo. The resultant residue was dis-
solved in 4 M HCl in dioxane (2 mL) and stirred at room tempera-
ture for 1 h. After the solvent was removed in vacuo, the residue
was purified by preparative HPLC (with a linear gradient of 20–
65% CH3CN in 0.1% aqueous TFA over 40 min) and the collected
fractions were lyophilized to give a pale yellow powder (16 mg,
29% over two steps); 1H NMR (600 MHz, DMSO-d6) d 1.19–1.38
(m, 30H), 1.40 (s, 9H), 1.43–1.56 (m, 21H), 1.58–1.65 (m, 3H),
2.00–2.05 (m, 10H), 2.08–2.13 (m, 2H), 2.16 (t, 2H, J = 7.4 Hz),
2.58 (d, 1H, J = 12.5 Hz), 2.75–2.77 (m, 4H), 2.82 (dd, 1H, J = 5.1,
12.5 Hz), 2.99–3.06 (m, 12H), 3.08–3.11 (m, 1H), 4.11–4.23 (m,
3H), 4.31 (dd, 1H, J = 5.2, 7.4 Hz), 4.37 (d, 2H, J = 5.8 Hz), 6.38 (s,
1H), 6.43 (s, 1H), 6.72 (s, 1H), 6.86 (s, 1H), 7.43 (d, 2H, J = 8.3 Hz),
7.58 (s, 1H), 7.62–7.64 (m, 6H), 7.71–7.79 (m, 7H), 7.81 (s, 1H),
7.87–7.90 (m, 2H), 7.95 (d, 1H, J = 7.6 Hz), 8.42 (t, 1H, J = 5.9 Hz),
8.61 (s, 1H), 10.59 (s, 1H), 11.13 (s, 1H); HRMS (TOF): m/z
1631.9712 (M+H+) (calcd for C85H131N16O14S: 1631.9751).

4.4. Compound 5

For Boc-deprotection, crude peptide 7 (20 mg) was dissolved in
50% TFA/CH2Cl2 (v/v, 2 mL), and stirred at room temperature for
30 min. After the solvent was removed by evaporation, dry ether
was added and the resulting powder was purified by preparative
HPLC (with a linear gradient of 15–40% CH3CN in 0.1% aqueous
TFA over 40 min). The collected fractions were lyophilized to give
a white powder (16 mg, 64%). 1H NMR (600 MHz, DMSO-d6) d
1.19–1.39 (m, 30H), 1.43–1.51 (m, 21H), 1.58–1.64 (m, 3H), 2.01–
2.05 (m, 10H), 2.09–2.12 (m, 2H), 2.18 (t, 2H, J = 7.4 Hz), 2.58 (d,
1H, J = 12.4 Hz), 2.73–2.77 (m, 4H), 2.82 (dd, 1H, J = 5.1, 12.5 Hz),
2.97–3.06 (m, 12H), 3.08–3.11 (m, 1H), 4.12–4.22 (m, 3H), 4.31
(dd, 1H, J = 5.1, 7.5 Hz), 6.38 (s, 1H), 6.43 (s, 1H), 7.66–7.69 (m,
5H), 7.72–7.75 (m, 4H), 7.87–7.89 (m, 2H), 7.95 (d, 1H,
J = 7.7 Hz); HRMS (TOF): m/z 1179.7860 (M+H+) (calcd for
C58H107N12O11S: 1179.7903).

4.5. Tubulin binding assay

Fluorescence spectra were measured at 37 �C as described pre-
viously.16 Porcine tubulin (0.5 lM) in MES buffer (0.1 M MES,
0.5 mM MgCl2, 1 mM EGTA, 1 mM GTP, pH 6.8) was incubated with
different concentrations of the test compounds (0–12 lM, 1%
DMSO) at 37 �C for 1 h. After incubation, the fluorescence of each
solution was measured (excitation at 295 nm, emission at 300–
450 nm) by FP-750 Spectrofluorometer (JASCO, JAPAN).
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4.6. Cell culture

HT-1080 cells were maintained in DMEM medium (high glu-
cose, Wako) containing 10% fetal bovine serum supplemented with
4 mM L-glutamine, 1% PMS at 37 �C in a humidified 5% CO2

atmosphere.

4.7. Affinity binding of compound 4 (KPU-244-B3) using whole
cell lysate

Cell lysate from HT-1080 cells was prepared by rinsing cells in
PBS followed by scraping the cells into PBS. The cells were centri-
fuged and the supernatant was removed. The precipitate was
ground in lysis buffer (PBS containing inhibitor cocktail (Roche)
and 0.1% NP-40) by using the Plus One Sample Grinding Kit (GE
healthcare) and the mixture was then centrifuged at 4 �C. Cell ly-
sate was obtained by transferring its supernatant to another tube
and pre-cleaning the supernatant with streptavidin beads (Magna
Bind Streptavidin Beads, PIERCE) to remove non-specific proteins.
After incubation of the pre-cleaned lysate with compound 4 conju-
gated streptavidin beads overnight at 4 �C, the beads were washed
with lysis buffer four times. The beads were treated with boiling
1� Laemmli’s SDS sample buffer (50 mM Tris–HCl (pH 6.8), 2%
SDS, 10% glycerol, 0.06% b-mercaptoethanol and 0.02% bromophe-
nol blue) for 5 min to elute proteins retained on the beads. The
eluted proteins were then separated by SDS–PAGE using 10% gels.
The gels were transferred to a PVDF membrane and blocked with
5% (w/v) skim milk in PBS-T. For detection of a-tubulin, b-tubulin,
and b-actin, TU-01 (11-250-C100, EXBIO), tubulin beta (RB-9249-
P0, Thermo), and ACTB monoclonal antibody (clone 3G4-F9, Abno-
va) were used as primary antibodies, respectively.

4.8. Tubulin photoaffinity labeling

Tubulin photoaffinity labeling using KPU-244-B3 was per-
formed using previously described procedures.16 Briefly, a solution
of each compound was added to a tubulin solution (2 lM) in MES
buffer (pH 6.8) containing 1 mM GTP and 2% DMSO, and the solu-
tion was incubated at 37 �C for 30 min, followed by UV irradiation
at 365 nm at a distance of 10 cm on ice for an appropriate time
using a UV irradiator (model L9588-01; Hamamatsu Photonics,
Hamamatsu, Japan).

4.9. SDS–PAGE, Western blotting

SDS–PAGE and Western Blotting of photolabeled tubulin were
performed as previously described.16 Photolabeled tubulin was
separated by SDS–PAGE in 7.5% polyacrylamide gels and trans-
ferred to nitro-cellulose membrane. To detect photolabeled pro-
tein, the membrane was incubated with streptavidin-horseradish
peroxidase conjugate (GE healthcare) for 1 h at room temperature.
To detect a-tubulin or b-tubulin, the immunoactive bands were
visualized as described above.

4.10. Molecular dynamics simulation of a tubulin binding
model

Calculations were performed using Molecular Operating Envi-
ronment modeling package (MOE 2008.10, Chemical Computing
Group, Inc., Montreal, Canada) with MMFF94x force field. Tubulin
proteins (chains A and B) were exploited from crystallographic
data in complex with colchicine (PDB ID, 1SA0). Compound 2
(KPU-244) binding areas were searched around the tubulin dimer
without colchicine using a Site Finder routine implemented in
MOE. Compound 2 was docked between the tubulin chains and
colchicine binding site. A conformation with high docking scores
(interaction energy and superposition on alpha sites) and consis-
tent with experimental results (colchicine competition and possi-
ble extension from the benzophenone moiety) was chosen. The
binding area was immersed in a 20 Å sphere of TIP3P water mole-
cules centered from the ligand. Compound 2, contacted residues,
and surrounded water molecules were energy-minimized while
the other atoms were fixed. Molecular dynamic simulations were
performed without heating at 310 K for 300 ps equilibration with
1.5 fs time step. The data were collected at an additional 50 ps of
the simulation. Figures were generated using MacPyMOL (DeLano
Scientific LLC, CA, USA).
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