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ABSTRACT

Microtubule targeting agents (MTAs) constitute a class of drugs for cancer treatment.
Despite many MTAs have been proven to significantly improve the treatment outcomes of
various malignancies, resistance has usually occurred. By selection from a 2-million entry
chemical library based on the efficacy and safety, we identified purine-type compounds that were
active against lung small cell lung cancer (NSCLC). The purine compound Sa (GRC0321) was
an MTA with good effects against NSCLC. Lung cancer cells H1975 treated with Sa could
induce microtubule fragmentation, leading to G2/M cell cycle arrest and intrinsic apoptosis.
Compound Sa directly targeted katanin and regulated the severing activity of katanin, which cut
the cellular microtubules into short pieces and activated c-Jun N-terminal kinases (JNK). The
microtubule fragmenting effect of Sa is a unique mechanism in MTAs. It might overcome the

resistance problems that most of the MTAs have faced.

INTRODUCTION

Lung cancer remains the leading cause of cancer-related mortality worldwide'. Although
treatment advances have been made over the past 20 years, the response rate and prognosis of
lung cancer patients remain poor™ >, and drug resistance has become one of the main causes of
treatment failure®. Therefore, the development of anti-cancer drugs with novel mechanisms for
lung cancer treatment is urgently needed.

Microtubules, long, hollow cylinders composed of polymerized a- and B-tubulin dimers, are
an important component of the cytoskeleton. They play an irreplaceable role in a variety of

cellular functions, including the maintenance of cell shape, polarity, vesicles and mitosis’.

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry

During mitosis, microtubules form the mitotic spindle, which separates the daughter
chromosomes to the opposite ends of the poles. Because of this characteristic, microtubules
become a suitable target for anti-cancer agents to kill rapidly dividing cancer cells””. Usually,
the tubular polymers of tubulin can grow as long as 50 pm, and the processes of microtubule
assembly and disassembly are highly dynamic and are controlled by GTP binding and hydrolysis
events. Regulating this unstable characteristic of microtubules is crucial for cells to respond to
different circumstances® °. Until now, many microtubule-targeting agents (MTAs) have been
found to target this property of the microtubules, and they can be further classified into two
groups: stabilizing and destabilizing agents. The microtubule-stabilizing agents, including
taxanes and epothilones, can stabilize the polymer formation of microtubules and increase the
polymer mass of the microtubules in the cells. In contrast, microtubule-destabilizing agents, such
as the vinca alkaloids, depolymerize microtubules and decrease the polymer mass. To date,
taxanes and a series of vinca alkaloids are two major MTAs that are used in current
chemotherapeutic regimes with excellent effects on different human malignancies™ '°. However,
after a prolonged treatment, the clinical activity of the MTAs will usually be reduced due to drug
resistance' " 2. As a result, there is an ongoing effort to develop novel agents within each class,
to improve their efficacy and overcome drug resistance.

In addition of developing novel MTAs, targeting microtubule-associated proteins (MAPs) is
identified as an alternative mechanism to overcome the drug resistance problem of MTAs". The
MAPs are a class of proteins that associate with microtubules, usually at the ends of the
filaments. They regulate the dynamic behaviors of the microtubules by enhancing the rate of
microtubule growth or increasing the frequency of catastrophes of microtubules'’. Among MAPs,

stathmin and tau are two important target proteins for cancer therapy. Inhibiting the expression
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of stathmin by anti-stathmin ribozyme, either as monotherapy or in combination with
chemotherapeutic agents, has been demonstrated to reduce cell proliferation and increase
apoptosis in breast cancer cells'®. The expression level of tau protein is associated with the
sensitivity of paclitaxel in breast cancer cells, thus decreasing tau expression would make breast
cancer cells hypersensitive to paclitaxellS. In addition, a class of proteins known as microtubule
severing proteins can also bind to microtubules and regulate their dynamics by cutting
microtubules into short fragments'®. For example, katanin, one of the microtubule severing
proteins, is a heterodimer hydrolase that is composed of two subunits called p60 and p80,
according to their molecular weights. The p60 subunit is the catalytic subunit that contains the
AAA (ATPase associated with diverse cellular activities) region, which functions in microtubule
severing activity. The other subunit, p80, serves a regulatory function'” '*. Although katanin has
received little attention in the context of cancer in the past, some of the literature has recently
revealed its potential roles in cancer formation and progression. Ye and colleagues found that the
expression of katanin p60 was up-regulated in prostatic adenocarcinomas'’. Sudo and Maru also
found that LAPSERI1, a tumor suppressor gene in prostate cancer, participated in cytokinesis by
interacting with katanin p80, and the disruption of this interaction might cause genetic instability
and cancer™.

Recently, our laboratory has been devoted to screening novel effective inhibitors to
overcome drug resistance in non-small-cell lung cancer (NSCLC). In this study, GRC0321
(compound Sa) was one of the compounds that was selected from a 2-million compound library
through a two-step high-throughput screening of several lung cancer cell lines with different
epidermal growth factor receptor (EGFR) status (including EGFR wild type and EGFR

mutants)®'. The purine-type compound 5a was selected due to its excellent in vitro and in vivo
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activities against NSCLC. We demonstrated that Sa could disrupt the microtubule into small
fragments in NSCLC cells by interacting with microtubule severing proteins katanin p60 and
p80. The damage further activated c-Jun N-terminal kinases (JNK)-related signaling pathways,
which caused G2/M cell cycle arrest and triggered mitochondria-mediated intrinsic apoptosis.
Our results demonstrated that microtubule severing proteins could serve as a target for anti-

cancer therapy.

RESULTS

Identification of purine-type compounds that possess NSCLC inhibitory activities.
Through high-throughput screening of efficient drugs for the treatment of NSCLC cells, we
found a purine-type compound Sa, which was active to several lung cancer cell lines with 1Cs
values of 0.23—0.33 uM (Table 1). The cytotoxic effect of Sa in NSCLC cells is less related to

EGFR status in these cells.

Table 1. Inhibitory activities of Sa against different lung cell lines.

Cell line” ICsp (uM) Cell line” ICso (uM)
H1975 0.24+£0.03 CL1-0 0.24+0.01
PC9 0.33+£0.01 CL1-5 0.28 £0.01
PC9/gef 0.25+£0.01 A549 0.23+0.02
NBE 21.7£1.6

“ CL1-0, CL1-5 and A549 are human lung adenocarcinoma cell lines with wide-type EGFR. PC9 is a human
lung adenocarcinoma cell line with EGFR exon-19 deletion. H1975 and PC9/gef are two human lung

adenocarcinoma cell lines with different resistant mechanisms to EGFR TKIs. H1975 harbors EGFR T790M
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mutation and PC9/gef acquires EGFR TKIs resistance by long-term and low-dose treatment of EGFR TKIs in vitro.

NBE is a human normal bronchial epithelial cell.

©CoO~NOUTA,WNPE

10 To further investigate the structure—activity relationship, we synthesized a series of derivatives
12 with varied aryl moieties at the C2 and N9 positions. Scheme 1 shows the synthetic route to the
purine compounds Sa—g by consecutive coupling reactions of diaminomaleonitrile (1) with
17 isocyanates 2a—c and aldehydes 4a—e.”> The phenyl isocyanates 2a—c (1.05 equiv) that bear 2-
19 methoxy, 3-CO,Me or 4-CO,Me substituents were added to diaminomaleonitrile to afford the
22 corresponding urea compounds 3a—c, which then underwent condensation reactions with
24 substituted benzaldehydes 4a—e (1.05-2.0 equiv) to yield the desired 8-oxopurine products Sa—g,

26 which have an amido group at C6 and two aryl substituents at the N9 and C2 positions.

31 Scheme 1. Synthesis of purine-type compounds 5a—5g.
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49 2-OMe 4-OCgH13 5d (30)
50 3-CO,Me 4-0C,H;s 5e (39)
51 4-CO,Me 4-0C,Hjg 5f (52)

3-CO,Me 4-Ph 5g (50)

a -
53 Total yield for two steps.
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The growth inhibitory activity of Sa—5g against H1975 was examined, and the ICsy values
were determined by MTT assays (Table 2). The effect of the R' substituent in the N9-aryl group
was variable. Compound Se, which has a CO,Me substituent at the meta-position of the N9-aryl
group, showed superior inhibitory activity (ICso = 0.19 uM) compared with the hit Sa (ICsy =
0.30 uM), whereas the analog 5f has a para-CO,Me substituent that exhibited lower activity
(ICsp = 4.73 uM). In contrast, the effect of the R? substituent in the C2-aryl group was dramatic.
Alternation of R? from ethoxy in 5a to hydroxyl (5b), butoxy (5¢), hexoxy (5d) or phenyl (5g)

caused a large decrease in the inhibition.

Table 2. Inhibitory activities of purine-type compounds against the growth of H1975 lung cancer

cells.
Compound ICso (uM) Compound ICso (uM)
Sa 0.30+0.03 5f 473 +0.16
Sb 5.80+0.13 Sg >20.0
Sc 4.66 = 0.05 6e 7.91+0.18
5d >5.0 8 >10.0
Se 0.19 £ 0.02 9 26.3+0.3

Compound 5a inhibits lung cancer cell growth in vitro and in vivo. The purine-type
compound 5a was selected for further efficacy testing and to explore its action mechanism in
vitro and in vivo. We first examined the cytotoxic activity of 5a in different human NSCLC cells
by MTT assay. As the results show in Figure 1A and Table 1, 5a caused NSCLC cell death in a

concentration-dependent manner, with the ICsy values in the range of 0.26 to 0.33 uM.
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Compound 5a was relatively non-toxic to the normal bronchial epithelial (NBE) cells, with an
ICs¢ value of 21.66 uM. To further investigate the long-term effect, the colony formation assay
was conducted to observe whether 5a would interfere with the ability of single cells to form a
growing colony. The results indicated that a 14-day treatment of Sa inhibited the colony
formation of the H1975 cells with an ICsy of 0.13 pM (Figure 1B). These data suggested that 5a
can inhibit NSCLC cell growth in vitro.

To explore the in vivo antitumor efficacy of 5a, athymic nude mice that bear established
subcutaneous H1975 tumors were treated intraperitoneal with 5a twice a week at 2 mg/kg versus
a vehicle control (n = 8 for each group). Figure 1C showed that 5a at this dosage markedly
reduced the H1975 tumor size to 930.4 + 324.8 mm® (P < 0.01) compared with 1699.3 + 413.3
mm® of the vehicle-treated group on day 28. The body weights of the test mice and the
biochemical markers of the liver and kidney functions, including GOT, GPT, BUN and Cre,

were not significantly affected after a 28-day treatment, which indicated that Sa was well

tolerated at the dosage of 2 mg/kg (Figure sl in Supporting Information (SI)).
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Figure 1. Compound 5a inhibits tumor growth in vitro and in vivo. (A) Inhibitory activities
of Sa against different human non-small-cell lung cancer cell lines. The cells were treated with
5a for 72 h, and cell proliferation was examined by MTT assay. Data are expressed as the mean
of four determinations. (B) H1975 cells were treated with Sa (300 nM) for 14 days. The colonies
were fixed and stained with crystal violet and counted. Data are expressed as the mean +SEM of
three determinations. (C) H1975 cells were injected subcutaneously into the right flank region of
nude mice. Three days after the injection, the mice were treated with vehicle (DMSO) or 5a (2
mg/kg) twice a week intraperitoneally for 28 days. Representative tumor images and H&E-
stained sections of tumors taken from mice treated for 28 days with either vehicle or 5a are
shown. The tumor size was measured with a caliper rule every time before compound delivery.
Data are presented as the mean tumor volumes of mice in both the treatment and vehicle groups

on the days of pre-treatment.
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Compound 5a induces cell cycle arrest and apoptosis in H1975 lung cancer cells. To
confirm that the cytotoxic effect of Sa was caused by an apoptotic cell death, the Sa-treated
H1975 lung cancer cells were co-stained with annexin V and propidium iodide (PI), and the
positive staining population was analyzed by flow cytometry. The results indicated that positive
annexin V- and Pl-stained H1975 cells increased significantly after the treatment with 5a (Figure
2A). This experiment suggested that the Sa-treatment could cause apoptosis in H1975 cells.
When further dissecting the potential apoptotic pathways that are activated by Sa, the expression
levels of several specific apoptotic markers were detected by immunoblotting. As expected, the
cleaved form of two important regulatory proteins in the apoptotic pathway, caspase-3 and
PARP-1, appeared after compound treatment. The appearance of cleaved caspase-9 implied that
a mitochondria-mediated apoptotic pathway was being activated (Figure 2B). Therefore, the
protein level of the Bcl-2 family proteins and the location of cytochrome C were also detected.
The protein level of Bak and Bax, two pro-apoptotic proteins in the Bcl-2 family, did not change
significantly after the treatment with 5a. However, in the blotting results, we could see a band
that had a molecular weight that was higher than that of the total form of Bcl-2 protein, which
was detected after the compound treatment (star mark in Figure 2C). This band might be
correlated to the phosphorylation form of the Bcl-2 protein, which increased after compound
treatment. As is known, cytochrome C release from mitochondria to the cytosol is another
marker that is frequently found after apoptotic induction. Here, we also attempted to clarify
whether the compound treatment could cause cytochrome C release in the H1975 cells. The data

showed that a 6-hour treatment of 5a induced an increase in the cytosolic level of cytochrome C
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(Figure 2D). All of these results indicated that Sa could induce cell apoptosis in H1975 lung
cancer cell lines.

In addition to the apoptotic inducing effect, we also explored whether the treatment of Sa
could have any effect on the H1975 cell cycle progression. We found that compound treatment
also caused cell cycle arrest in H1975 lung cancer cells. The flow cytometric analysis of the cell

cycle by PI staining showed that Sa induced an increase in the cell population at the G2/ M phase

(Figure 2E).
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Figure 2. Compound 5a causes cell cycle arrest and induces cell apoptosis in H1975 lung
cancer cells. H1975 cells were treated with 300-nM 5a for the indicated time periods. Then, the
cells were harvested for (A) annexin V-PI double staining of apoptosis FACScan flow cytometer.

Data are expressed as the mean £SEM of three determinations. (B and C) The protein
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expressions were detected by immunoblotting. The data are representative of three independent
experiments. (D) The cytosolic and mitochondrial fractions were obtained for the detection of the
cytochrome C protein level by immunoblotting. (E) The cells were fixed and stained with PI to
analyze the DNA content with a FACScan flow cytometer. The data are representative of three

independent experiments.

Compound 5a activates the JNK-related signaling pathway and induces cell apoptosis.
To characterize the molecular changes that were induced by 5a, the human phospho-kinase
antibody array was used. H1975 cells were harvested after a 9-hour treatment with 300 nM of Sa,
and the assay was then applied to the cell lysate. Cells treated with DMSO alone were used as
controls. The results showed that treatment with 5a increased the signal intensity of
phosphorylated JNK (JNK pT183/Y185 and pT221/Y223) and phosphorylated c-Jun (c-Jun
pS63) when compared with the results in the control group (Figure 3A). To further verify the
results, cells treated with Sa (300 nM) for 6 and 12hours were harvested, and the
phosphorylation levels of these two proteins were detected by immunoblotting. The results
showed that a dramatic up-regulation of phospho-JNK and phospho-c-Jun was observed after the
compound treatment (Figure 3B).

To further determine the role of JNK-related signaling pathways in the mechanism of Sa-
induced cell apoptosis, a JNK inhibitor, 1,9-pyrazoloanthrone (SP600125), was adopted. As the
results demonstrated, SP600125 could inhibit the activation of the JNK-related signaling
pathways and reverse the apoptotic effects induced by 5a. The cleaved form of caspase-3 and
PARP-1 decreased after combining SP600125 with the compound (Figure 3C). Additionally,

SP600125 also reduced the percentage of cells that had positive annexin V and PI staining after
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treatment with 5a (Figure 3D). Overall, these data suggested that JNK kinase and its related

signaling pathways played important roles in the apoptotic cascade of 5a.
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Figure 3. JNK-related signaling pathway involved in Sa-induced cancer cell apoptosis. (A)
H1975 cells were incubated in the absence or presence of 5a (300 nM) for 9 h. The cells were
then harvested and lysed to detect the phosphorylation level of the proteins included in the
human phosphor-kinase antibody array. The phosphorylation level of particulate proteins was
quantified using the computerized image analysis system Imagel. (B) H1975 cells treated with
5a (300 nM) were harvested and lysed to detect the existence of phospho-JNK and phospho-c-
Jun. The data are representative of three independent experiments. (C) HI1975 cells were
incubated in the indicated agent (Sa, 300 nM; SP600125, 10 uM) for 48 h. Then, the cells were
harvested and lysed to examine the expression levels of cleavage caspase-3, PARP-1 and

phospho-c-Jun. The data are representative of three independent experiments. (D) H1975 cells
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were treated with the indicated agent (S5a, 300 nM; SP600125, 10 uM) for 48 h. Then, the cells
were harvested for the annexin V-PI double staining of the apoptosis FACScan flow cytometer.

The data are expressed as the mean +SEM of three determinations.

Compound Sa induces fragmentation of microtubules and interrupts its organization in
H1975 cells. The results showed that Sa-treatment would cause cell cycle arrest at the G2/M
phase and apoptosis in H1975 lung cancer cells, which led us to hypothesize that Sa-treatment
could also interfere with microtubule rearrangement due to its critical role in G2/M regulation.
To test this idea, the organization of intracellular microtubules was first detected by
immunofluorescence in H1975 cells. The in situ labeling of a-tubulin by antibodies demonstrated
that Sa would induce microtubule fragmentation (Figure 4A). An in vitro microtubule assembly
assay was also performed to separate the assembled and disassembled microtubules into
particulate and soluble fractions by centrifugation. The data showed that a 1-hour exposure of Sa
significantly reduced the amount of a-tubulin in the particulate fraction (the relative expression
percentage of the soluble form vs. polymer form was 68% vs. 32% at 300 nM treatment and 75%
vs. 25% at 600 nM; Figure 4B). The results from the in vitro microtubule assembly assay
confirmed the microtubule-damaging effects of 5a that were observed by the
immunofluorescence staining. To further clarify the change in the microtubule structure after
treatment with 5a, a gel filtration chromatography method was applied to roughly determine the
length of the microtubule in the H1975 cancer cells. The results showed that a-tubulin protein
was detected in the latter fraction in the Sa-treatment group compared to the DMSO control

group. Moreover, there were fewer fractions that contained a-tubulin protein in the treatment
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group compared to the control group (Figure 4C). These results indicated that Sa reduced the
length of the microtubule in H1975 lung cancer cells.

All of the above data indicated that Sa interfered with the microtubule structure of H1975
lung cancer cells. Next, the turbidity assay for tubulin polymerization and depolymerization was
adopted to examine whether 5a displayed a direct regulatory function in microtubule assembly.
As demonstrated in Figure 4D and 4E, in the presence of GTP at 37 °C, the tubulins were
triggered to polymerize in a time-dependent manner. Nocodazole, vincristine and paclitaxel were
used as reference agents to compare with 5a. Surprisingly, according to the results, we found that

5a did not influence the dynamics of microtubule polymerization and depolymerization (Figure

4D and 4E).
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Figure 4. Treatment of 5a interrupts microtubule organization in H1975 lung cancer cells.
(A) H1975 cells were incubated with vehicle or 5a (300 nM) for the indicated times. Then, the
cells were fixed and stained with anti-a-tubulin primary antibody. FITC-labelled secondary
antibodies were used (green fluorescence), and the protein was detected by a confocal laser
microscopic system. The nuclei were detected by DAPI staining (blue fluorescence). (B) H1975
cells were incubated with vehicle, 5a, paclitaxel or nocodazole for 1 h. Then, the cells were
harvested and separated into soluble (S, tubulin monomer) and particulate form (P, tubulin
polymers), and the level of a-tubulin protein in each fraction was detected by immunoblotting.
The protein level of a-tubulin was quantified using the computerized image analysis system
Imagel. (C) H1975 cells were incubated in the absence or presence of Sa (300 nM) for 12 h.
Then, the cells were harvested and lysed for gel filtration chromatography. The drop-by-drop
flowthrough was collected in ~0.5-mL fractions. The protein level of a-tubulin in each fraction
was detected by immunoblotting. (D) Purified tubulins were incubated at 37 °C with GTP in the
vehicle (control) or in the presence of Sa (10 uM or 300 nM), paclitaxel (10 uM), vincristine (10
uM) or nocodazole (10 pM). Tubulin polymerization was examined turbidimetrically. Data are
expressed as the mean of three determinations. (E) Purified tubulins were incubated with GTP
and paclitaxel at 37 °C for 30 min and then were held at room temperature for at least 1 h to
obtain microtubule stock. The microtubule stock was further incubated at 37 °C with GTP in the
vehicle (control) or in the presence of 5a (10 uM, 3 uM or 300 nM), paclitaxel (30 uM) or
vincristine (30 pM). Tubulin depolymerization was examined turbidimetrically. The data are

expressed as the mean of three determinations.
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Using a biotin-annexed probe to identify katanin as a direct target protein. To identify
the target proteins of 5a, its analogs carrying azido or diazirinyl group in the C2-aryl moiety
were first designed as photoaffinity probes. Two analogs were synthesized by the coupling
reactions of 3a with 4-azidobenzaldehyde or 3-(4-(formylphenyl)-3-(trifluoromethyl)-3H-
diazirine. However, the utilization of these two compounds as photoaffinity probes was
hampered due to their instability, poor solubility and low inhibitory activity. Alternatively, we
consider transforming the active compound Se (ICsy = 0.19 uM) into the desired probe using
biotin as the reporter unit. As shown in Scheme 2, ester Se was subjected to saponification to
give acid 6e, which underwent the amide-forming reaction with amine 7 in the presence of
N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU, 1.0-1.2
equiv) and N,N-diisopropylethylamine (DIEA, 1.0—1.2 equiv), to afford the corresponding amide
product 8. The Boc protecting group in 8 was readily removed by treatment with trifluoroacetic
acid (TFA) at room temperature, and the exposed amino group was successfully linked to D-(+)-
biotin (1.0 equiv) via the amide bond-forming reactions, producing 9.

The biotin-annexed 9 was used as a probe to catch the target proteins. After incubating with
H1975 cell lysate, the proteins that were bound to 9 were pulled down by streptavidin-
conjugated beads. Katanin p60 and p80 were visualized by immunoblotting (Figure 5A). As a

control, the biotin linker that lacked the purine moiety could not trap katanin p60 or p80.
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Scheme 2. Synthesis of amides 8 and the biotin-annexed probes 9.
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Molecular computation of pharmacophore models and p60-5a complex models. To
correlate the chemical structures of the purine-type compounds to their NSCLC inhibition
activities in a quantitative manner, we selected the compounds with certain ICsy values (Table 2)
to generate the 3D-QSAR pharmacophore models. The results for the top ten pharmacophore
hypotheses and their statistical parameters are shown in Table 3. In this study, the first
pharmacophore hypothesis (Hypo-1) is the best because this model has the lowest total cost
value (45.488), the largest cost difference (54.763), the lowest root-mean-square deviation
(RMSD) value (0.699), and the highest correlation coefficient (0.984). Hypo-1 includes one
hydrogen-bond acceptor (HBA), one hydrogen-bond donor (HBD), one hydrophobic feature
(HY), and one ring aromatic feature (RA). The 3D spatial arrangement and distance constraints
of these features are represented in Figure 5B. The features of Hypo-1 mapped onto Sa are

shown in Figure 5C. HBA is mapped onto the 8-oxo group, HBD is mapped onto the amino

ACS Paragon Plus Environment

19



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 20 of 65

moiety of the 6-carboxamide group, RA is mapped onto the C2-aryl group, and HY is mapped
onto the tip of the ethoxy substituent in the C2-aryl group.

To demonstrate the predictive power of Hypo-1, regression analysis was used to estimate the
activity of each training-set compound. As shown in Table 4, all of the training-set compounds
showed an error value of less than 2. An error value below 10 indicated that only one order of
magnitude of difference was observed in the discrepancy between the estimated and actual
activity. The most active 5e (ICso = 0.19 uM) showed a fitness score value of 7.46 when mapped
to Hypo-1, whereas the least active 6e (ICso = 7.91 uM) showed a fitness value of 6.04. This
result indicates that Hypo-1 is a reliable model that consists of reasonable chemical features of
the training-set compounds and accurately estimates the experimental activity of the training-set
compounds. The calculated ICsy values through this 3D-QSAR pharmacophore model supports
that Sa and its analogue Se have the most potent inhibitory activity. Therefore, small molecules
that completely satisfy the chemical feature arrangement of Hypo-1 could be good candidates for
NSCLC inhibition. However, the high structural homology among the compounds used in this
study combined with their small activity range made this 3D-QSAR pharmacophore model
slightly imperfect. For example, the smaller difference (54.763) between the total and null cost
values suggests that Hypo-1 might not have more than 90% statistical significance as a model.
This difference value should be greater than or equal to 60, according to the Discovery Studio
(DS) manual.

Although we found that katanin p60 and p80 can be pulled down by 9, an analogue of Sa
(Figure 5A), we do not know whether 5a binds to p60 or p80 or the interface between p60 and
p80. Because 5a shares a similar purine scaffold with ATP, we hypothesized that Sa could bind

to the catalytic AAA domain of p60. To assess this possibility, we modeled the homo-hexameric
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p60 structure using the crystal structure of transitional endoplasmic reticulum ATPase p97 from
mouse (PDB ID: 3CF1)* as the template. The sequence alignment indicated that human p60
shares 30% sequence identity with mouse p97, but the protein structure prediction server’
Phyre2 suggested that the confidence score for this model is 100%. The docking software
AutoDock Vina® successfully docked 5a into the ATP-binding pocket of p60, and the
theoretically calculated binding affinity is quite high (AG = —10.7 kcal/mol). Two plausible
binding modes of 5a in p60 hexamer are shown in Figures 5D and 5E. The predicted binding
modes suggested that the backbone nitrogen of Thr256 could bind to the HBA feature of Hypo-1.
The interaction to the HBD feature could require the backbone oxygen of Ala358 and the
sidechain of Asp308 or Asn360. We also noticed that residues from two subunits of a p60
hexamer contribute to the hydrophobic contacts with 5a. More specifically, the proposed
arginine finger of p60, Arg372, is also involved in the binding to 5a. Early study demonstrated
that ATP induces p60 oligomerization and that the ATP-bound p60 hexamer has a high
microtubule severing activity’®. Based on the docking model presented in this study, we
hypothesize that 5a could stabilize the p60 hexamer structure and enhance the severing activity

of katanin. However, this hypothesis requires further experimental investigation.
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Figure 5. Compound 5a direct interacts with katanin protein as a p60—5a complex. (A)
HI1975 cell lysate was incubated with probe 9 or a linker without the purine component (as
control) for 24 h. Then, the streptavidin-conjugated beads were added into the lysate and
incubated for 2 h. The lysate was washed with IP lysis buffer 6 times. The binding proteins were
visualized by immunoblotting. The data are representative of three independent experiments.
H1975 cells were transfected with scrambled control siRNA or katanin p60 siRNA. (B to E)
Pharmacophore model and predicted binding modes between katanin p60 hexamer and 5a. (B)
Best pharmacophore model Hypo-1 represented with distance constraints. (C) Hypo-1 mapping
with 5a. Pharmacophore features are color-coded as follows: green, hydrogen bond acceptor
(HBA); magenta, hydrogen bond donor (HBD); cyan, hydrophobic (HY); orange, ring aromatic

(RA). (D and E) show two binding modes with equal predicted binding affinities (AG = —10.7
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kcal/mol). The green background highlights the amino acids from subunit A of the p60 hexamer,

and the pink background highlights those that belong to subunit F.
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Table 3. Statistical significance, predictive power and features of the top ten hypotheses derived
12 from 3D-QSAR pharmacophore generation.

14 Features®

15 Hypothesis Correlation® RMSD®  Total cost  ACost’ Max.

Fit

HBA HBD HY RA

Hypo-1 0.984 0.699 45.488 54.763 1 1 1 1 8465
Hypo-2 0.970 0.958 47.619 52.632 1 1 1 1 7572
21 Hypo-3 0.958 1.121 49.706 50.545 1 1 2 0  6.849
23 Hypo-4 0.944 1.290 52.029 48.222 1 1 1 1 6534
25 Hypo-5 0.930 1.437 54.039 46.212 1 1 2 0 6530
27 Hypo-6 0.916 1.567 55.426 44.825 2 0 1 1 7272
Hypo-7 0.906 1.657 57.579 42.672 2 1 1 0  6.402
Hypo-8 0.890 1.784 59.697 40.554 2 1 1 0  6.461
32 Hypo-9 0.822 2.232 68.011 32.240 2 0 1 1 8.615

34 Hypo-10 0.822 2.228 68.346 31.905 0 0 3 2 8.402

36 The null cost, fixed cost and configuration cost are 100.251, 42.969 and 18.175, respectively.
38 * Correlation coefficient is calculated based on linear regression derived from the geometric fit index.

40 ® Root mean square difference of log(estimated activity) from log(measured activity) normalized to
a1 log(uncertainty).

¢ ACost= null cost — total cost of the hypothesis.

4 HBA, hydrogen-bond acceptor; HBD, hydrogen-bond donor; HY, hydrophobic; RA, aromatic ring.
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Table 4. Actual and estimated ICs values of 10 purine-type compounds calculated based on the
pharmacophore Hypo-1.

Name Fit® HB Al\/[Hangirﬁ; RA Act.® (uM) Est.? (uM) Error®
Se 7.46 [13 11 28 15] 0.19 0.24 +1.3
5a 7.37 [13 11 28 15] 0.30 0.29 -1.0
5c¢ 6.29 [13 11 30 15] 4.66 3.6 -1.3
5f 5.93 [30 * 28 15] 4.73 8.2 +1.7
5h 5.92 [13 11 * 15] 5.80 8.4 +1.4
6e 6.04 [13 11 * 15] 7.91 6.4 1.2

*Fit value is calculated by fitting the chemical features between the hypothesis and the compound; the higher the
value is, the better the fit.

® Matching degree of the pharmacophore element with the specific conformation of the compound.
¢ Actual ICs, value.
4 Estimated 1Cs, value.

¢Error factor is calculated as the ratio of the actual ICs to the estimated ICsy. A positive value indicates that the
estimated ICs is higher than the actual ICs); a negative value indicates that the estimated ICs, is lower than the
actual ICsy,.

Compound 5a induces cell apoptosis through interacting with the katanin protein
complex. Taking together the results of the probe study and molecular modeling, one can deduce
that katanin could be the direct target of 5a. The microtubule fragmentation phenomenon
induced by 5a was similar to the phenotype observed in the cells that overexpress the katanin
protein®’. To further establish the role of katanin p60 in the anticancer mechanism of 5a, a
katanin p60 knock-down H1975 lung cancer cell line was created by siRNA transfection
technology. When treating the katanin p60 silencing cells with 5a, it would not reduce the
amount of a-tubulin in the particulate fraction. The relative expression percentage of the soluble
form vs. polymer form was 68% vs. 32% in the siControl group and 34% vs. 66% in the

siKatanin group (Figure 6A). Moreover, the microtubule structure was also maintained in a
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relatively undamaged status after compound treatment in the siKatanin group compared to the
siControl group (Figure 6B). These data all indicated that katanin proteins participated in the
mechanism of 5a-induced microtubule damage in H1975 lung cancer cells.

In addition to the effect of microtubule damage, the apoptotic effects of 5a could also be
reversed by the knock-down katanin p60 protein. First, the phosphorylation levels of INK and c-
Jun were examined by immunoblotting. According to our expectation, the expressions of
phospho-JNK and phospho-c-Jun were increased by treatment with Sa and would reduce
significantly in katanin p60 knock-down cells (Figure 6C). Then, the amount of cleaved forms of
caspase-3 and PARP-1 induced by treatment with Sa was also explored in katanin silencing cells.
Similar to the findings of phospho-JNK and phospho-c-Jun, increasing amounts of cleaved
caspase-3 and PARP-1 after treatment with Sa were decreased in the knock-down cells (Figure
6D). Finally, the overall cytotoxic effect of Sa was measured by MTT assay in both the siControl
and siKatanin cell groups. The ICsy value of this compound increased from 0.25 uM to 0.95 uM
(Figure 6E). Taken together, these data indicated that katanin p60 protein is an important protein

for regulating Sa-mediated microtubule damage and apoptosis in H1975 lung cancer cells.
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Figure 6. Compound 5a induces cell apoptosis through interacting with the katanin protein
complex. (A) The cells were treated with 5a for 1 h. Then, the cells were harvested and separated
into soluble (S, tubulin monomer) and particulate (P, tubulin polymers) forms, and the level of a-
tubulin protein in each fraction was detected by immunoblotting. The protein level of a-tubulin
was quantified using the computerized image analysis system Image J. (B) H1975 cells were
incubated with vehicle or 5a for 12 h. Then, the cells were fixed and stained with primary
antibody to a-tubulin. FITC-labelled secondary antibodies were used (green fluorescence), and
the protein was detected by a confocal laser microscopic system. The nuclei were detected by
DAPI staining (blue fluorescence). (C and D) H1975 cells were incubated with vehicle or 5a for
24 h. Then, the cells were harvested for the identification of indicated proteins by

immunoblotting. (E) The cell proliferation activity was examined by MTT assay.
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DISCUSSION

Microtubules play a crucial role in several cellular processes, especially in the formation of
the mitotic spindle during cell mitosis. The disruption of the microtubule dynamics will lead to
cell cycle arrest in the G2/M phase; therefore, interference with the microtubule structure has
become an important mechanism in anti-cancer therapy. Recently, many MTAs have been
developed, and some of them have been approved to enter into clinical trials®. In the present
study, we demonstrated that the purine-type compound Sa was a novel MTA that caused
microtubule fragmentation by directly targeting the microtubule severing protein, katanin, to
induce apoptosis of the cancer cells. Compound Sa had good in vitro and in vivo activities
against NSCLC, including the gefitinib-resistant types. Compound Sa also shows a relatively
wide therapeutic window between proliferating and quiescent cells (over 10-fold), which
indicates that the cell-growth inhibiting effects resulted from inhibiting proliferation-dependent
processes rather than indiscriminant cytotoxicity.

By interfering with the microtubule structure, most of the MTAs will cause cancer cell
mitotic catastrophe and induce a G2/M cell cycle arrest. The cell cycle arrest allows cells to
repair the damage caused by MTAs. However, if the damage cannot be fixed, then the prolonged
cell cycle arrest will, in the end, become a stress and trigger a mitochondria-mediated intrinsic

10,29,30, Here, we found that Sa, similar to other MTAs, can induce a sustained G2/M

apoptosis
cell cycle arrest and activate intrinsic apoptosis. The release of cytochrome C from mitochondria
to the cytosol is a marker for mitochondria-mediated apoptosis, which is controlled by the
balance between two subfamilies of Bcl-2 family proteins, the anti-apoptotic and pro-apoptotic

subfamilies®'. Among them, the Bcl-2 protein, as an anti-apoptotic protein, plays an important

role in preventing cell apoptosis by binding and neutralizing the activity of pro-apoptotic
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subfamily members, such as BAX and BAK. This protecting function of Bcl-2 protein depends
not only on their amount in the cytosol but also on their post-transcriptional modification status.
Several studies have reported that Cdk1, c-Raf, PKA, JNK1, and p38MAPK kinase can cause the
phosphorylation of the Bcl-2 protein; this phosphorylation will then cause a conformational

change in the Bcl-2 protein to inactivate the anti-apoptotic function®> **

. In our study, after 6-
hour of Sa-treatment, a band with higher molecular weight than unmodified Bcl-2 protein was
detected. This band might represent the level of phosphorylated Bcl-2, which implies an
inhibitory effect of its function. Because Sa-treatment would induce a G2/M cell cycle arrest and
activation of JNK kinase, we suspected that the phosphorylation of Bcl-2 protein might be
caused by the G2/M phase-specific Cdk! kinase or the JNK kinase.

JNK kinase can phosphorylate different substrates, which include c-Jun, ATF2, ELKI,
SMADA4, p53 and HSF1, and it can be involved in different cellular processes, such as apoptosis,
neurodegeneration, cell differentiation and proliferation®*. In the apoptotic pathways, JNK kinase
plays opposing roles depending on the upstream stimuli and downstream effectors in the
different cells®®. For example, Ma and his colleagues found that the JNK/c-Jun pathway
stimulates cell proliferation and protects cells from apoptosis in a pulmonary artery endothelial
cell model®. However, in other cell types, such as human lung cancer cells or breast cancer cells,
the activation of the JNK/c-Jun pathway will induce caspase-mediated apoptosis® " >*. Our studies
showed that the JNK/c-Jun pathway could induce cell apoptosis in H1975 human lung cancer
cells. The apoptotic effect of 5a could be alleviated significantly by combining the JNK inhibitor,
SP600125. In fact, several studies also reported that different MTAs could activate the JNK/c-

Jun pathway to induce an intrinsic apoptosis®”*’.
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Although the effects of 5a to induce G2/M cell cycle arrest and cell death are similar to
those caused by other MTAs, such as taxanes and vinca alkaloids, the target protein and detailed
mechanisms of action are different between them. Most of the MTAs directly bind to the tubulin
and disrupt the dynamics of microtubule polymerization or depolymerization. The structure of
the microtubule will be sustained as a filament when treating the cell with microtubule-
stabilizing agents and will disrupt into vague dots when treating with microtubule-destabilizing

agents“’ 42

. However, after 5a-treatment, the microtubules of the cells were cut into fragments
instead of dots under microscopic observation. When we further analyzed the dynamics of the
microtubules, we found that the rates of microtubule polymerization and depolymerization did
not change. To our knowledge, this fragmentation phenotype of microtubule is seldom induced
by other MTAs and could imply that a unique microtubule targeting mechanism is used by the
purine-type compound Sa.

Proteins associated with microtubules are responsible for the regulation of microtubule
structure’®. Microtubule severing proteins are one class of proteins that interact with
microtubules and regulate microtubule structure by a severing process. Through the severing
process, the microtubule will be cut into short fragments and transported to different regions.
This arrangement provides an efficient way of promoting microtubule disassembly and

16, 43

movement . Katanin, one of the microtubule severing proteins, has been proven to be an

17, 18

important microtubule structure modulator in many cellular processes . The overexpression

of katanin will cause microtubule fragmentation** **

. Because the microtubule structure will
undergo intense reorganization in the G2/M phase to help cell division, katanin is also involved

in cell dividing processes*. McNally and his colleagues proved that katanin p60 will concentrate

at the ends of the microtubule and control their lengths in mitotic cells*’. Maddika and his
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colleagues also demonstrated that the overexpression of katanin p60 in HeLa cells causes a
G2/M cell cycle arrest and an accumulation of polyploid cells*. Our study showed a similar
effect of katanin in regulating the microtubule dynamics. Compound Sa could target both the p60
and p80 subunits of katanin and affect its severing enzyme activity, causing microtubule
fragmentation and then cell cycle arrest in the G2/M phase.

The regulation of katanin activity is a complex process that involves chemical modifications,
differential degradation and the interactions between katanin and other regulating proteins'®. One
of the major regulating mechanisms works through the cycle of phosphorylation and
dephosphorylation of the NDELI protein. Cdk proteins, such as Cdkl, can phosphorylate
NDELI and facilitate NDELI association with the p60 subunit of katanin®” *°. The NDELI1-
associated katanin p60 will tend to concentrate at the centrosome and help break the microtubule
into short fragments during cell division®. In the present work, because 5a could cause a G2/M
cell cycle arrest, Cdkl, a G2/M-specific kinase, would remain in an activating stage. Therefore,
we suspected that the up-regulation of katanin activity after compound treatment could be due to

an increase in the phosphorylated NDEL1 by Cdk1 kinase.

CONCLUSION

Currently, taxanes and vinca alkaloids are two of the MTAs that are widely used in clinical
treatment. However, the drug resistance poses a major problem after long-term treatment’'. Most
of the mechanisms of resistance to these MTAs are associated with alterations in the microtubule
protein itself, including changes in the tubulin isotype expression, posttranslational modifications

52,53

of tubulin, and the acquisition of tubulin mutations™ ”°. The purine-type compound (e.g. 5a), by

targeting the microtubule-severing protein katanin, affected the architecture of the microtubules
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and caused cancer cell apoptosis. These mechanisms might bypass the major resistant
mechanisms that were encountered during most of the MTA treatments. Therefore, 5a and its
analogues could become a novel therapeutic choice for the patients who have MTA-resistant

NSCLC.

EXPERIMENTAL SECTION

General. All of the reagents and solvents were reagent grade and were used without further
purification unless otherwise specified. All of the solvents were anhydrous grade unless
indicated otherwise. CH,Cl, was distilled from CaH,. All of the non-aqueous reactions were
performed in dried glassware and with continuous stirring under an argon or nitrogen atmosphere.
The reactions were monitored by thin-layer chromatography on 0.25-mm E. Merck silica gel 60
Fjs4 glass plates using KMnQOj, p-anisaldehyde, ninhydrin and iodine vapor as visualizing agents.
E. Merck silica gel 60 (0.040—0.063 mm particle sizes) and LiChroprep RP-18 (0.040—0.063 mm
particle sizes) were used for the column chromatography.

Roswell Park Memorial Institute (RPMI) 1640 medium, Dulbecco's Modified Eagle
Medium (DMEM) medium and fetal bovine serum (FBS) were obtained from GIBCO/BRL Life
Technologies (Grand Island, NY). Antibodies total c-jun, katanin p60, katanin p80, anti-mouse
and anti-rabbit IgGs were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Antibodies to poly(ADPribose) polymerase-1 (PARP-1), phosphor-c-jun S63 and caspase-3 were
purchased from Cell Signaling Technologies (Boston, MA). Antibodies to B-actin and a-tubulin
were obtained from Sigma—Aldrich (St. Louis, MO). Antibodies to phospho-JNK T183/Y 185
and total JNK were obtained from Life Technologies. 1-(4,5-Dimethylthiazol-2-yl)-3,5-

diphenylformazan (MTT), propidium iodide (PI), phenylmethylsulfonyl fluoride (PMSF),
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leupeptin, dithiothreitol (DTT), ethylenediaminetetraacetic acid (EDTA), ethylene glycol
tetraacetic acid (EGTA), dimethylsulfoxide (DMSO), Triton X-100, RNase A, sodium
orthovanadate, aprotinin, bovine serum albumin (BSA), crystal violet, ammonium persulfate
(APS), N,N,N’,N'-tetramethylenediamine (TEMED), sodium dodecylsulfate (SDS), glycine,
TRIS hydrochloride and paraformaldehyde were obtained from Sigma-Aldrich. The BCA protein
assay kit was obtained from Pierce (Rockford, IL, USA). The fluorescein isothiocyanate (FITC)
annexin V apoptosis detection kit was obtained from BD Biosciences (San Jose, CA, USA). The
tubulin polymerization assay kit was obtained from Cytoskeleton (Denver, CO, USA). The
human phospho-kinase antibody array was obtained from R & D Systems (Minneapolis, MN,
USA).

Infrared (IR) spectra were recorded on a Thermo Nicolet iS-5 FT-IR spectrometer. Nuclear
magnetic resonance (NMR) spectra were obtained on Bruker Avanced-400 (400 MHz), Bruker
AVIII (400 MHz) NMR, Bruker AVIII (500 MHz) NMR or Bruker AVIII (800 MHz) NMR.
Chemical shifts (0) are given in parts per million (ppm) relative to oy 7.24/5¢ 77.00 for CDCl;,
Oy 3.31/8¢ 48.15 for CD3;0D, and 6y 2.49/6¢ 39.50 for DMSO-dg. The coupling constants (J) are
given in hertz (Hz), and the splitting patterns are reported as s (singlet), d (doublet), t (triplet), q
(quartet), quint (quintet), m (multiplet) and br (broad). The ESI-HRMS experiments were
conducted on a Bruker Daltonics BioTOF III high-resolution mass spectrometer.

New compounds with >95% purity were characterized by their physical and spectroscopic
properties (mp, IR, ESI-MS, elemental analysis, 'H and *C NMR).

Identification of Sa by high-throughput screening. A 2-million compound library was
used to screen for the anti-proliferation activities against H1975 lung cancer cells at 10uM

concentration. The CV% and Z' values of primary screening was determined as 4.9% and 0.58,
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respectively. In the screening, about 6800 different small molecules could inhibit more than 80%
of H1975 lung cancer cell growth and were selected for the next screening. Eight cell lines,
including clinical isolates (CL25, CL83, CL100, CL97, CL141, CL152)*" as well as 2 ATCC cell
lines (PC-9 and PC9/gef, kind gifts from Dr. C. H. Yang, Graduate Institute of Oncology, Cancer
Research Center, National Taiwan University) was used in the second screening. The compounds
selected from the second screening shall exhibit an ICsy value smaller than 6 pM in all texted cell
lines. Only 232 small molecules fit the criteria and were selected for the further study.
Compound 5a was one of the hits displaying excellent cytotoxic effects on lung cancer cells and
an acceptable therapeutic window between cancer cells and normal cells.

Cell lines and culture conditions. The human lung adenocarcinoma cell line PC9 and
derivative PC9/gef clones were gifts from Dr. C. H. Yang (Graduate Institute of Oncology,
Cancer Research Center, National Taiwan University). NBE cultured in BEBM (bronchial
epithelial basal media) was kindly provided by Dr. Reen Wu (Department of Anatomy,
Physiology and Cell Biology, University of California Davis). The human lung adenocarcinoma
cell line A549 and H1975 and the normal human foreskin fibroblast cell line HS68 were
purchased from American Type Culture Collection (Rockville, MD, USA). The human lung
cancer cell lines CL1-0 and CL1-5 were previously selected from an in vitro modified Boyden
Chamber invasion Assay in our 1ab0ratory54. In general, PC9, PC9/gef, H1975, CL1-0 and CLI-
5 were cultured in RPMI-1640 medium with 10% FBS (v/v) and penicillin (100 units/mL)/
streptomycin (100 pg/mL). A549 and HS68 were cultured in DMEM medium with 10% FBS
(v/v) and penicillin (100 units/mL)/ streptomycin (100 pg/mL). Cultures were maintained in a

humidified incubator at 37 °C in 5% C0O,/95% air.
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MTT assay. Cells were incubated in the absence or presence of the indicated compounds,
and the cytotoxic effect was assessed using the MTT assay. The MTT was dissolved in
phosphate-buffered saline (PBS) at a concentration of 5 mg/mL and filtered. From the stock
solution, 10 pL per 100 puL of medium was added to each well, and the plates were incubated at
37° for 1 h. A yellow tetrazole is reduced to dark blue formazan in living cells, whereas no such
reaction would be observed in dead cells. After the loading of MTT, the medium was replaced
with 100 pL DMSO for color development, and then, the 96-well plate was read by an enzyme-
linked immunosorbent assay (ELISA) reader (540 nm) to obtain the absorbance density values.

Cell cycle analysis. After treatment, the cells were harvested by trypsinization, fixed with
70% (v/v) alcohol at 4 °C for 1 h, and washed with PBS. After centrifugation, the cells were
centrifuged and re-suspended with 0.5 mL PI solution that contained RNase (20 pg/mL) and PI
(10 pg/mL). The DNA content was analyzed with the FACScan and CellQuest software (Becton
Dickinson, Mountain View, CA, USA).

Annexin V and PI staining of apoptosis cells. Cells were cultured in 6-well plates for 24 h
and then treated with or without test compound for the indicated amount of time. Then, the cells
were washed twice with PBS and stained with FITC annexin V and PI according to the
manufacturer’s directions. The stained cells were evaluated by the FACScan and CellQuest
software.

Immunofluorescence staining. The cells were fixed with 3.7% cold paraformaldehyde and
washed with PBS, followed by permeabilization with 0.1% Triton X-100. The cells were then
stained with anti-a-tubulin antibody at 37 °C for 1 h; they were washed twice with PBS and
incubated with FITC (1:100) conjugated secondary antibody at 37 °C for another 1 h. The cells

were mounted onto microscope slides with Prolong® Gold antifade reagent with DAPI
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(Molecular Probes) and then examined and photographed using the LSM 700 laser scanning
confocal microscope from Carl Zeiss.

Tubulin polymerization assay. After treatment, the cells were harvested by trypsinization
and collected by centrifugation. The cells were lysed with 0.1 mL of hypotonic buffer (1 mM
MgCl,, 2 mM EGTA, 0.5% NP-40, 2 mM phenylmethylsulphonyl fluoride (PMSF), 200 U/mL
aprotinin, 100 pg/mL soy bean trypsin inhibitor, 5.0 mM g-amino caproic acid, 1 mM
benzamidine and 20 mM Tris-HCI, pH 6.8). The cytosolic and cytoskeletal fractions of cell
lysate were separated by centrifugation at 16000% g for 15 min. The supernatant contained
cytosolic tubulin, and the pellet represented the particulate fraction of polymerized tubulin,
which was then re-suspended in 0.1 mL hypotonic buffer. The tubulin content in both fractions
was detected by Western blotting.

Gel filtration chromatography. Soluble protein extracts (H1975 cell treated with vehicle or
test compound for 12 h) were prepared in IP lysis buffer (20 mM Tris-HCI pH 7.5, 150 mM
NaCl, 0.5% Nonidet P-40, 100 uM Na3VO4, 50 mM NaF, 30 mM sodium pyrophosphate plus
protease inhibitors). Gel filtration chromatography was performed on a Toyopear]l HW-65F resin
column (Tosoh Bioscience). The column was equilibrated with 2 column volumes of IP lysis
buffer. Each fraction in 0.5 mL (50 mL in total) was separated by 10% SDS-PAGE, and the
fractionated proteins were detected with individual antibodies.

Tubulin turbidity assay. Tubulin polymerization and depolymerization were detected by
using the tubulin polymerization assay kit (Cytoskeleton Inc.). In both assays, tubulin proteins (>
99% purity) were suspended in general tubulin buffer (G-PEM), buffer containing 80 mM
piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES), 2 mM MgCl,, 0.5 mM EDTA, 1.0 mM

GTP (pH 6.9) and 5% glycerol with or without test compound. The mixture was then transferred
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to a 96-well plate, and the absorbance was measured at 340 nm at 37 °C (SpectraMAX Plus,
Molecular Devices Inc., Sunnyvale, CA, USA).

Phospho-kinase array. Cells were seeded in 100-mm dishes and incubated overnight.
Following a 9-h exposure to test compound, the cells were rinsed once with PBS and solubilized
with lysis buffer. The lysates were gently rocked at 4 °C for 30 min, and then, they were
microcentrifuged for 30 min at 14,000x g. The supernatants were transferred to clean
microcentrifuge tubes, and the total protein was quantified by BCA assay. Equivalent amounts of
control and treatment lysates were diluted and incubated with the human phospho-kinase
proteome profiler array (R&D Systems) according to the manufacturer’s protocol. The
membranes were then scanned, and the density was measured.

Colony-formation assay. Cells (1 x 10%) were seeded in a 6-well dish and incubated at 37
°C for 24 h. The cells were then incubated in the presence or absence of test compound for 2
weeks. The colonies obtained were washed with PBS and fixed with 3.7% paraformaldehyde,
followed by staining with crystal violet.

Immunoblotting. The cells were harvested, washed three times with PBS, and lysed in lysis
buffer (0.25 M Tris-HCI, pH 6.8, 0.1% SDS). The protein concentration was measured by BCA
assay. Equivalent amounts of cell extracts were loaded into SDS-PAGE and transferred to
polyvinylidene membranes (Millipore, Billerica, MA). The membranes were blocked with 5%
non-fat milk in PBS buffer that contained 0.1% Tween-20 (Sigma-Aldrich) for 1 h and incubated
with respective primary antibody overnight at 4 °C followed by incubation with appropriate
HRP-conjugated secondary antibody for 1 h at room temperature. The signal was visualized by

an ECL detection system.
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Xenograft tumor growth in vivo. BALB/c-nu mice were maintained, and all of the animal
procedures were in accordance with the Institutional Animal Care and Use Committee
procedures and guidelines. Male BALB/c-nu mice (5 weeks of age) were obtained from National
Laboratory Animal Center, Taiwan, and acclimatized to laboratory conditions for 1 week before
tumor implantation. Human lung cancer H1975 (3 x 10° cell/mouse) was subcutaneously
injected into the flank of the BALB/c-nu mice. Three days after the inoculation of cancer cells,
the animals were divided into two groups. Both vehicle and test compound were suspended in
DMSO and given intraperitoneally to the animals twice a week for 28 days. The body weight and
tumor size were measured each time before drug delivery. The tumor volume was determined by
measuring the largest diameters (1) and smallest diameters (s), and the volumes were calculated
(V=0.5xsl.

2-(4-Ethoxyphenyl)-9-(2-methoxyphenyl)-8-oxopurine-6-carboxamide (5a). Compound
3a was prepared according to the previously reported method.”> A mixture of
diaminomaleonitrile (1, 217 mg, 2 mmol) and 2-methoxyphenyl isocyanate (2a, 0.28 mL, 2.1
mmol) in anhydrous THF (15 mL) was stirred at room temperature for 24 h under an atmosphere
of argon. The mixture was concentrated under reduced pressure. The residual solids were filtered
and washed by cold ethanol and diethyl ether to yield the urea 3a (310 mg, 60% yield).

To a suspension of 3a (218 mg, 0.85 mmol) and 4-ethoxybenzaldehyde (0.24 mL, 1.74
mmol) in methanol (10 mL), triethylamine (125 pL, 0.89 mmol) was added. The mixture was
stirred at room temperature, and the solids dissolved in approximately 1 h. The solution was
stirred for another 24 h, during which the solid precipitates gradually formed. The mixture was
filtered and washed with cold ethanol and diethyl ether to yield the purine-type Sa (182.1 mg,

53% vyield). C,;H9NsOy4; white solid; mp = 261.3-263.2 °C; IR v (KBr) 3507, 3454, 3290,
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3235, 2972, 1744, 1702, 1577 cm™'; "H NMR (400 MHz, DMSO-dq) § 11.62 (1 H, s, N7-H), 8.47
(1 H, s, amide), 8.26 (2 H, d, J = 8.8 Hz, H-2" & H-6"), 7.91 (1 H, s, amide), 7.53 (1 H, dd, J =
8.2,7.6 Hz, H-4"), 7.46 (1 H, d, J=7.6 Hz, H-6"), 7.27 (1 H, d, J=8.2 Hz, H-3'), 7.13 (1 H, dd, J
= 8.2, 7.6 Hz, H-5"), 6.93 (2 H, d, J = 8.8 Hz, H-3" & H-5"), 4.05 (2 H, q, J = 6.8 Hz, OCH,),
3.73 3 H, s, OCH;), 1.32 (3 H, t, J = 6.8 Hz, CH3); °*C NMR (100 MHz, DMSO-ds) & 165.6,
160.2, 160.2, 155.4, 154.8, 153.4, 152.8, 132.7, 130.8, 130.1, 129.2 (2 x), 129.1, 120.7, 120.6,
114.0 (2 %), 112.7, 63.1, 55.8, 14.5; ESI-HRMS (negative mode) calculated for C,;H;sN5O4:
404.1359, found: m/z 404.1374 [M — H] . Anal. Cacld for (C,;H9N5O4 * Y2 H,0): C, 60.86; H,
4.86; N, 16.90. Found: C, 60.76; H, 5.00; N, 16.74.
2-(4-Hydroxyphenyl)-9-(2-methoxyphenyl)-8-oxopurine-6-carboxamide (Sb). By a
procedure similar to that for 5a, the reaction of diaminomaleonitrile urea 3a (80.6 mg, 0.31
mmol) and 4-hydroxybenzaldehyde (78.4 mg, 0.64 mmol) in the presence of triethylamine (45.8
uL, 0.33 mmol) at room temperature for 24 h gave the purine compound 5b (38.1 mg, 33%
yield). C19H;sNsOy; pale orange solid; mp = 370.2-371.8 °C; IR vmax (KBr) 3472, 3441, 3255,
1732, 1686, 1599, 1510 cm™'; '"H NMR (400 MHz, DMSO-ds) 8 11.58 (1 H, br s), 9.77 (1 H, s),
8.40 (1 H,s),817(2H,d,J=7.8Hz),7.92 (1 H,s), 7.54 (1 H, dd, J=8.0, 7.6 Hz), 7.47 (1 H, d,
J=7.6Hz), 728 (1 H,d,J=28.0Hz),7.14 (1 H, dd, J = 8.0, 7.6 Hz), 6.78 (2 H, d, J = 7.8 Hz),
3.73 (3 H, s); >C NMR (100 MHz, DMSO-d) 8 165.7, 159.4, 155.4, 155.3, 153.3, 152.8, 132.8,
130.8, 130.2, 127.9 (2 %), 120.8, 120.7 (2 %), 119.1 (2 %), 112.7 (2 %), 55.9; ESI-HRMS
calculated for Ci9H;¢NsO4: 378.1202, found: m/z 378.1201 [M + H]+. Anal. Cacld for
(C19H5Ns0O4 2 CH30H): C, 59.54; H, 4.36; N, 17.80. Found: C, 59.50; H, 3.98; N, 18.24.
2-(4-Butoxyphenyl)-9-(2-methoxyphenyl)-8-oxopurine-6-carboxamide (5¢). By a

procedure similar to that for 5a, the reaction of diaminomaleonitrile urea 3a (115 mg, 0.45
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mmol) and 4-butoxybenzaldehyde (163.4 mg, 0.92 mmol) in the presence of triethylamine (65.4
uL, 0.47 mmol) at room temperature for 13 h gave the purine compound 5¢ (65 mg, 34% yield).
C23H23N504; white solid; mp = 268.7-270.2 °C; IR vmax (KBr) 3453, 3277, 3215, 2954, 1744,
1702, 1577 cm™'; "H NMR (400 MHz, DMSO-ds) & 11.62 (1 H, s), 8.45 (1 H, s), 8.27 (2 H, d, J
=82Hz),794 (1 H,s),7.53 (1 H,dd, J=8.0,7.6 Hz), 7.47 (1 H,d, J=7.6 Hz), 7.27 (1 H, d, J
=8.0Hz),7.14 (1 H,t,J=7.6 Hz),6.94 (2H,d,J=8.2Hz),3.98 (2 H, t,J=6.0 Hz), 3.73 3 H,
s), 1.67 (2 H, m), 1.42 (2 H, m), 0.91 (3 H, t, J = 7.2 Hz); C NMR (100 MHz, DMSO-d¢) &
165.7, 160.4, 155.4, 154.9, 153.4, 152.8, 132.8, 130.8, 130.2, 129.24 (2 x), 129.16, 120.71,
120.68, 114.1 (2 x), 112.8, 67.2, 55.9, 30.7, 18.7, 13.7; ESI-HRMS calculated for C»3H24N504:
434.1828, found: m/z 434.1833 [M + H]+. Anal. Cacld for Cy3H»3NsO4: C, 63.73; H, 5.35; N,
16.16. Found: C, 63.81; H, 5.19; N, 15.85.
2-(4-Hexoxyphenyl)-9-(2-methoxyphenyl)-8-oxopurine-6-carboxamide (5d). By a
procedure similar to that for 5a, the reaction of diaminomaleonitrile urea 3a (89.3 mg, 0.35
mmol) and 4-hexoxybenzaldehyde (146.8 mg, 0.71 mmol) in the presence of triethylamine (51
uL, 0.37 mmol) at room temperature for 54 h produced the purine compound 5d (80 mg, 50%
yield). C,5sHy7N504; yellow solid; mp = 219.7-220.3 °C; IR vpmax (KBr) 3443, 3301, 3129, 2949,
2855, 1760, 1725, 1674 cm™'; '"H NMR (400 MHz, DMSO-ds) 5 11.62 (1 H, br s), 8.45 (1 H, s),
827 (2H,d,J=88Hz), 794 (1 H,s), 7.54 (1 H, ddd, /= 8.0, 7.6, 1.6 Hz, H-4"), 7.47 (1 H, dd,
J=17.6,1.6 Hz, H-6"), 7.27 (1 H, dd, J = 8.0, 1.0 Hz, H-3"), 7.14 (1 H, ddd, J = 8.0, 7.6, 1.0 Hz,
H-5),6.93 2 H,d,J=8.8 Hz),3.97 (2 H, t,J=6.8 Hz), 3.73 3 H, s), 1.69 (2 H, quin, J = 6.8
Hz), 1.44-1.35 (2 H, m), 1.33-1.25 (4 H, m), 0.86 (3 H, t, J = 7.2 Hz); *C NMR (100 MHz,
DMSO-dg) & 165.7, 160.4, 155.4, 154.9, 153.4, 152.8, 132.8, 130.8, 130.2, 129.24 (2 %), 129.18,

120.72, 120.68, 114.1 (2 x), 112.8, 67.5, 55.9, 31.0, 28.6, 25.2, 22.0, 13.9; ESI-HRMS
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calculated for CpsH,gNsO4: 462.2141, found: m/z 462.2145 [M + H]+. Anal. Cacld for
(Ca5H27N504 « 2 H,0): C, 63.82; H, 6.00; N, 14.88. Found: C, 64.01; H, 5.83; N, 14.81.
2-(4-Ethoxyphenyl)-9-(3-methoxycarbonyl)phenyl-8-oxopurine-6-carboxamide (Se).
The urea compound 3b was prepared in 78% yield by stirring the mixture of diaminomaleonitrile
and 3-(methoxycarbonyl)phenyl isocyanate (2b) at room temperature for 15 h. By a procedure
similar to that for 5a, the reaction of urea 3b (100 mg, 0.35 mmol) and 4-ethoxybenzaldehyde
(52 pL, 0.37 mmol) in the presence of triethylamine (52 pL, 0.37 mmol) for 18 h produced the
purine compound 5e (76 mg, 50% yield). C2,H9N5Os; orange solid; mp = 330.5-332.0 °C; IR
vmax (KBr) 3456, 3285, 3217, 2983, 2942, 1753, 1701, 1597, 1578 cm™'; 'H NMR (400 MHz,
DMSO-ds) 6 11.74 (1 H, br s, N;-H), 8.48 (1 H, s, amide), 8.43 (1 H, t, J = 2.0 Hz, H-2'), 8.39—
8.36 (2 H, m, H-4" & H-6'), 8.10-8.01 (2 H, m, H-2" & H-6"), 7.94 (1 H, s, amide), 7.76 (1 H,
dd, /= 8.8, 7.4 Hz, H-5"), 6.99-6.96 (2 H, m, H-3" & H-5"),4.08 (2 H, q,J=7.2 Hz), 391 3 H,
s, CO,CH3), 1.34 (3 H, t, J = 7.2 Hz); *C NMR (100 MHz, DMSO-ds) & 165.6, 165.6, 160.3,
154.6, 152.6, 133.3, 133.1, 130.5, 130.5, 130.3, 129.4, 129.2 (4 x), 128.1, 126.5, 114.2 (2 %),
63.2, 52.4, 14.6; ESI-HRMS calculated for C,,H9NsOs: 434.1464, found: m/z 434.1479 [M +
H]". Anal. Cacld for (CHoNsOs * ¥4 H,0): C, 59.72; H, 4.56; N, 15.83. Found: C, 59.85; H,
4.55; N, 16.15.
2-(4-Ethoxyphenyl)-9-(4-methoxycarbonyl)phenyl-8-oxopurine-6-carboxamide (59).
The urea compound 3¢ was prepared in 90% yield by stirring the mixture of diaminomaleonitrile
and 4-(methoxycarbonyl)phenyl isocyanate (2¢) at room temperature for 20 h. By a procedure
similar to that for Sa, the reaction of urea 3¢ (475 mg, 1.67 mmol) and 4-ethoxybenzaldehyde
(244 uL, 1.75 mmol) in the presence of triethylamine (244 pL, 1.75 mmol) at 19 h produced the

purine compound 5f (413.6 mg, 58% yield). C»,H19N5Os; orange solid; mp = 264.0-265.3 °C; IR
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vmax (KBr) 3439, 3371, 3235, 2983, 1754, 1727, 1685, 1597, 1576 cm™'; "H NMR (400 MHz,
DMSO-ds) & 11.74 (1 H, br s), 8.46 (1 H, s), 8.38 (2 H, brd, /J=8.8 Hz), 8.17 (2 H, br d, J= 8.8
Hz), 7.97 (2 H, brd, J= 8.8 Hz), 7.95 (1 H, s), 6.96 (2 H, br d, /= 8.8 Hz), 4.06 2 H, q, J= 7.2
Hz), 3.90 (3 H, s), 1.33 (3 H, t, J = 7.2 Hz); °C NMR (100 MHz, DMSO-d) & 165.7, 165.6,
160.3, 154.8, 152.4, 152.3, 137.1, 133.3, 129.8 (2 %), 129.3 (2 %), 129.1, 128.3, 125.7 (2 %),
119.3, 114.2 (2 %), 63.2, 52.3, 14.6; ESI-HRMS (negative mode) calculated for C,,H;3N5Os:
432.1308, found: m/z 432.1218 [M — H] . Anal. Cacld for (C,;H9NsO5 « H,O): C, 58.53; H,
4.69; N, 15.51. Found: C, 58.23; H, 4.72; N, 15.87.
2-Biphenyl-9-(3-methoxycarbonylphenyl)-8-oxopurine-6-carboxamide (5g). By a
procedure similar to that for Sa, the reaction of diaminomaleonitrile urea 3b (30 mg, 0.12 mmol)
and 4-phenylbenzaldehyde (44 mg, 0.24 mmol) in the presence of triethylamine (17 pL, 0.13
mmol) for 20 h produced the purine compound 5g (31 mg, 56% yield). C,6H;9NsO4; white solid,
mp = 302.3-302.8 °C; IR vmax (KBr) 3510, 3455, 3297, 3228, 3064, 3027, 2835, 1728, 1701,
1686, 1594 cm™'; "H NMR (400 MHz, DMSO-ds) & 11.74 (1 H, s), 8.54 (1 H, s), 8.43 (2 H, d, J
=8.8 Hz), 7.97 (1 H, s), 7.72-7.69 (4 H, m), 7.55 (1 H, dd, /= 8.8, 7.6 Hz), 7.52-7.44 (3 H, m),
7.40-7.35 (1 H, m), 7.30 (1 H, d, J = 8.0 Hz), 7.16 (1 H, td, J = 7.6, 0.8 Hz), 3.75 (3 H, s); °C
NMR (100 MHz, DMSO-dg) & 165.6, 155.4, 154.4, 153.4, 141.5, 139.5, 135.9, 132.8, 130.8,
130.2, 129.0 (4 %), 128.1 (3 %), 127.8, 126.7 (4 x), 126.6, 120.7, 112.8, 55.8; ESI-HRMS
calculated for CcH;9NsO4: 618.2499, found: m/z 618.2486 [M + H]+. Anal. Cacld for
(C26H19Ns504¢ V2 Hy0O): C, 58.53; H, 4.69; N, 15.51. Found: C, 58.23; H, 4.72; N, 15.87.
2-(4-Ethoxyphenyl)-9-(3-carboxy)phenyl-8-oxopurine-6-carboxamide (6e). To a
suspension of ester Se (100 mg, 0.23 mmol) in pyridine (10 mL), we added 1 M NaOH,q, (1

mL). The mixture was stirred at room temperature for 17 h, in which the solids dissolved. The
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mixture was stirred for another 5 h until solid precipitates formed. The mixture was concentrated
under reduced pressure. The residue was dissolved in methanol and acidified to pH 1.0 by adding
1 M HCl,g). The suspension was subjected to centrifuge at 8000 rpm for 15 min at 4 °C, and the
acid compound 6e was collected as orange solids (74.8 mg, 78%). C,1H;7NsOs; orange solid; mp
= 343.7-345.6 °C; IR vmay (KBr) 3446, 2987, 2913, 2509, 1750, 1704, 1600 cm™'; "H NMR (400
MHz, DMSO-de) 6 11.72 (1 H, s), 8.47 (1 H, s), 8.41-8.34 (3 H, m), 8.02 (2 H, dd, /= 8.0, 2.0
Hz), 7.93 (1 H, s), 7.73 (1 H, dd, J = 8.0, 7.6 Hz), 6.98-6.95 (2 H, m), 4.07 (2 H, q, J = 6.8 Hz),
1.33 (3 H, t, J = 6.8 Hz); °C NMR (100 MHz, DMSO-ds) & 166.7, 165.6, 160.3, 154.7, 152.7,
152.6, 133.1, 133.1, 131.6, 130.2, 129.3 (4 x), 128.4, 126.9, 119.3, 114.2 (2 %), 63.2, 14.6; ESI-
HRMS (negative mode) calculated for C,;H;¢NsOs: 418.1151, found: m/z 418.1159 [M — H] .
Anal. Cacld for (C,H;5sNsNa,Os « CH3;0H): C, 53.34; H, 3.87; N, 14.14. Found: C, 53.39; H,
4.01; N, 14.21.
2-(4-Ethoxyphenyl)-9-[3-(5-tert-butoxycarbonylamino)pentylcarbamoyl]phenyl-8-

oxopurine-6-carboxamide (8). To a solution of acid 6e (72 mg, 0.17 mmol) in anhydrous DMF
(5 mL), we added N,N,N’,N -tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate
(HBTU, (78 mg, 0.21 mmol), N,N-diisopropylethylamine (36 pL, 0.21 mmol) and 5-(tert-
butoxycarbonylamino)pentyl amine (7, 70 mg, 0.34 mmol). The mixture was stirred at room
temperature under argon for 18 h, and then, it was concentrated under reduced pressure. The
residue was diluted with CH,Cl, and washed with 1 M HCl,q), saturated NaHCO3(,q), and brine.
The organic phase was dried over MgSOs, filtered, and purified by silica gel chromatography
(CH,CIp/MeOH = 19:1), to afford the desired amide product 8 (63 mg, 62%). C;;H37N7Og;
yellow solid; mp = 182.2-183.1 °C; TLC (CH,Cl,/MeOH= 19:1) Ry = 0.13; IR vimax (KBr) 3356,

2976, 2932, 2865, 1684, 1651, 1597 em™; 'H NMR (400 MHz, DMSO-dg) & 11.70 (1 H, s, No-
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H), 8.52 (1 H, t, J= 5.2 Hz, NHBoc), 8.45 (1 H, s, amide), 8.32 (2 H, d, /= 8.8 Hz), 8.16 (1 H, s,
amide), 7.88-7.84 (2 H, m), 7.83 (1 H, d, /= 8.8 Hz), 7.64 (1 H, dd, J = 8.0, 7.6 Hz, H-5"), 6.94
(2H, brd, J=8.8 Hz), 6.71 (1 H, t,J= 5.2 Hz, amide), 4.03 (2 H, q,J=6.8 Hz), 3.22 2 H, t,J
= 6.0 Hz), 2.84 (2 H, t, J = 6.8 Hz), 1.54-1.44 (2 H, m), 1.40-1.21 (16 H, m); *C NMR (100
MHz, DMSO-dg) & 165.6, 165.2, 160.3, 155.6, 154.8, 152.7, 152.7, 135.6, 133.1, 132.8, 129.2 (2
x), 128.9, 126.3, 125.3, 119.2, 114.1 (2 %), 77.3, 63.2, 29.2, 29.0, 28.8, 28.2 (3 %), 23.7, 14.7;
ESI-HRMS (negative mode) calculated for Cs;;H3¢N;Og: 602.2727, found: m/z 602.2714 [M —
H] . Anal. Cacld for (C3H37N;O¢ ¢ 2 H,0): C, 58.20; H, 6.46; N, 15.33. Found: C, 58.51; H,
6.05; N, 15.22.

Biotin-annexed probe (9). A solution of 8 (63 mg, 0.11 mmol) and TFA (2 mL) in CH,Cl,
(2 mL) was stirred at room temperature for 1 h, and then, it was concentrated under reduced
pressure to afford the corresponding amine. To a solution of the amine compound in anhydrous
DMF (5 mL), HBTU (43 mg, 0.11 mmol), DIEA (27 pL, 0.11 mmol) and a solution of D-(+)-
biotin (28 mg, 0.11 mmol) in anhydrous DMF (3 mL) were added. The mixture was stirred at
room temperature for 24 h under an atmosphere of argon, and then, it was concentrated under
reduced pressure. Methanol (10 mL) was added, and the mixture was centrifuged at 8000 rpm for
15 min at 4 °C. The biotin-annexed compound 9 was collected as yellow solids (48 mg, 73%
yield). C36H43N9O¢S; yellow solid; mp = 223.4-224.1 °C (decomposed); [a]ZSD =+272 (DMSO,
¢ = 1); IR vmax (KBr) 3297, 2930, 2860, 1736, 1697, 1598 cm™'; 'H NMR (400 MHz, DMSO-ds)
011.74 (1 H, s), 856 (1 H,t,J=5.6 Hz), 8.50 (1 H, s), 835 (2 H, d, /= 8.8 Hz), 8.21 (1 H, s),
794 (1 H,s,H-2"),792 (1 H,d,J=28.0Hz), 7.87 (1 H, d, J= 8.8 Hz), 7.76-7.65 (2 H, m), 6.96
(2 H, d, J = 8.8 Hz), 6.40 (1 H, s, biotin-NH), 6.33 (1 H, s, biotin-NH), 4.32-4.25 (1 H, m),

4.13-4.03 (3 H, m), 3.30-3.23 (2 H, m), 3.10-2.98 (3 H, m), 2.82-2.76 (1 H, m), 2.56 (1 H, d, J
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= 12.4 Hz), 2.02 2 H, t, J = 7.6 Hz), 1.64-1.37 (8 H, m), 1.37-1.20 (7 H, m); *C NMR (100
MHz, DMSO-ds) 6 171.8, 165.6, 165.3, 162.7, 160.3, 154.7, 152.7, 135.5, 133.1, 132.9, 129.2 (2
x), 129.0, 128.8, 126.3, 125.3, 114.1 (2 x), 63.2, 61.0, 59.2, 55.4, 39.8, 38.3, 35.2, 28.9, 28.8,
28.2, 28.0, 25.3, 23.9, 14.6; ESI-HRMS (negative mode) calculated for C3sH44N9OgS: 730.3135,
found: m/z 730.3154 [M + H]+. Anal. Cacld for (C36H43N9OgS * 2V H,O): C, 55.80; H, 6.24; N,

16.27; S, 4.14. Found: C, 56.03; H, 6.07; N, 15.78; S, 4.56.
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AAA, ATPase associated with diverse cellular activities; BUN, blood urea nitrogen; Cre,
creatinine; DAPI, 4',6-diamidino-2-phenylindole; DIEA, N,N-diisopropylethylamine; EGFR,
epidermal growth factor receptor; GOT, glutamic oxaloacetic transaminase; GPT, glutamic
pyruvic transaminase; HBA, hydrogen-bond acceptor; HBD, hydrogen-bond donor; HBTU,
N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate; HY, hydrophobic
feature; JNK, c-Jun N-terminal kinase; MAPs, microtubule-associated proteins; MTA,
microtubule targeting agents; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; NBE, human normal bronchial epithelial cell; NSCLC, non-small-cell lung cancer;
PARP-1, poly[ADP-ribose] polymerase 1; PI, propidium iodide; RA, ring aromatic feature;
RMSD, lowest root-mean-square deviation; TFA, trifluoroacetic acid; TKIs, tyrosine kinase

inhibitors.
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Legends of Figures, Schemes and Tables

Figure 1. Compound 5a inhibits tumor growth in vitro and in vivo. (A) Inhibitory activities

©CoO~NOUTA,WNPE

of 5a against different human non-small-cell lung cancer cell lines. The cells were treated
with Sa for 72 h, and cell proliferation was examined by MTT assay. Data are expressed as
the mean of four determinations. (B) H1975 cells were treated with 5a (300 nM) for 14 days.
The colonies were fixed and stained with crystal violet and counted. Data are expressed as the
mean £SEM of three determinations. (C) H1975 cells were injected subcutaneously into the
right flank region of nude mice. Three days after the injection, the mice were treated with
vehicle (DMSO) or 5a (2 mg/kg) twice a week intraperitoneally for 28 days. Representative
tumor images and H&E-stained sections of tumors taken from mice treated for 28 days with
either vehicle or Sa are shown. The tumor size was measured with a caliper rule every time
before compound delivery. Data are presented as the mean tumor volumes of mice in both the

treatment and vehicle groups on the days of pre-treatment.

Figure 2. Compound 5a causes cell cycle arrest and induces cell apoptosis in H1975 lung

cancer cells. H1975 cells were treated with 300-nM 5a for the indicated time periods. Then,
the cells were harvested for (A) annexin V-PI double staining of apoptosis FACScan flow
cytometer. Data are expressed as the mean +SEM of three determinations. (B and C) The
protein expressions were detected by immunoblotting. The data are representative of three
independent experiments. (D) The cytosolic and mitochondrial fractions were obtained for the
detection of the cytochrome C protein level by immunoblotting. (E) The cells were fixed and
stained with PI to analyze the DNA content with a FACScan flow cytometer. The data are

representative of three independent experiments.
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Figure 3. JNK-related signaling pathway involved in Sa-induced cancer cell apoptosis. (A)
H1975 cells were incubated in the absence or presence of 5a (300 nM) for 9 h. The cells were

then harvested and lysed to detect the phosphorylation level of the proteins included in the

©CoO~NOUTA,WNPE

human phosphor-kinase antibody array. The phosphorylation level of particulate proteins was
13 quantified using the computerized image analysis system ImageJ. (B) H1975 cells treated
15 with Sa (300 nM) were harvested and lysed to detect the existence of phospho-JNK and
18 phospho-c-Jun. The data are representative of three independent experiments. (C) H1975 cells
20 were incubated in the indicated agent (5a, 300 nM; SP600125, 10 uM) for 48 h. Then, the
cells were harvested and lysed to examine the expression levels of cleavage caspase-3, PARP-
25 1 and phospho-c-Jun. The data are representative of three independent experiments. (D)
27 H1975 cells were treated with the indicated agent (5a, 300 nM; SP600125, 10 pM) for 48 h.
Then, the cells were harvested for the annexin V-PI double staining of the apoptosis FACScan
32 flow cytometer. The data are expressed as the mean +SEM of three determinations.

34 Figure 4. Treatment of 5a interrupts microtubule organization in H1975 lung cancer cells.
(A) H1975 cells were incubated with vehicle or Sa (300 nM) for the indicated times. Then,
39 the cells were fixed and stained with anti-a-tubulin primary antibody. FITC-labelled
secondary antibodies were used (green fluorescence), and the protein was detected by a
a4 confocal laser microscopic system. The nuclei were detected by DAPI staining (blue
46 fluorescence). (B) H1975 cells were incubated with vehicle, 5a, paclitaxel or nocodazole for 1
h. Then, the cells were harvested and separated into soluble (S, tubulin monomer) and
51 particulate form (P, tubulin polymers), and the level of a-tubulin protein in each fraction was
53 detected by immunoblotting. The protein level of o-tubulin was quantified using the

computerized image analysis system Imagel. (C) H1975 cells were incubated in the absence
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or presence of S5a (300 nM) for 12 h. Then, the cells were harvested and lysed for gel filtration
chromatography. The drop-by-drop flowthrough was collected in ~0.5-mL fractions. The
protein level of o-tubulin in each fraction was detected by immunoblotting. (D) Purified
tubulins were incubated at 37 °C with GTP in the vehicle (control) or in the presence of 5a
(10 uM or 300 nM), paclitaxel (10 uM), vincristine (10 uM) or nocodazole (10 uM). Tubulin
polymerization was examined turbidimetrically. Data are expressed as the mean of three
determinations. (E) Purified tubulins were incubated with GTP and paclitaxel at 37 °C for 30
min and then were held at room temperature for at least 1 h to obtain microtubule stock. The
microtubule stock was further incubated at 37 °C with GTP in the vehicle (control) or in the
presence of S5a (10 uM, 3 uM or 300 nM), paclitaxel (30 uM) or vincristine (30 uM). Tubulin
depolymerization was examined turbidimetrically. The data are expressed as the mean of

three determinations.

Figure 5. Compound 5a direct interacts with katanin protein as a p60-5a complex. (A)

H1975 cell lysate was incubated with probe 9 or a linker without the purine component (as
control) for 24 h. Then, the streptavidin-conjugated beads were added into the lysate and
incubated for 2 h. The lysate was washed with IP lysis buffer 6 times. The binding proteins
were visualized by immunoblotting. The data are representative of three independent
experiments. H1975 cells were transfected with scrambled control siRNA or katanin p60
siRNA. (B to E) Pharmacophore model and predicted binding modes between katanin p60
hexamer and 5a. (B) Best pharmacophore model Hypo-1 represented with distance constraints.
(C) Hypo-1 mapping with Sa. Pharmacophore features are color-coded as follows: green,
hydrogen bond acceptor (HBA); magenta, hydrogen bond donor (HBD); cyan, hydrophobic

(HY); orange, ring aromatic (RA). (D and E) show two binding modes with equal predicted
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binding affinities (AG = —10.7 kcal/mol). The green background highlights the amino acids
from subunit A of the p60 hexamer, and the pink background highlights those that belong to

subunit F.

©CoO~NOUTA,WNPE

1 Figure 6. Compound Sa induces cell apoptosis through interacting with the katanin protein
13 complex. (A) The cells were treated with 5a for 1 h. Then, the cells were harvested and
15 separated into soluble (S, tubulin monomer) and particulate (P, tubulin polymers) forms, and
18 the level of a-tubulin protein in each fraction was detected by immunoblotting. The protein
20 level of a-tubulin was quantified using the computerized image analysis system Image J. (B)
H1975 cells were incubated with vehicle or 5a for 12 h. Then, the cells were fixed and stained
25 with primary antibody to a-tubulin. FITC-labelled secondary antibodies were used (green
27 fluorescence), and the protein was detected by a confocal laser microscopic system. The
nuclei were detected by DAPI staining (blue fluorescence). (C and D) H1975 cells were
32 incubated with vehicle or 5a for 24 h. Then, the cells were harvested for the identification of
34 indicated proteins by immunoblotting. (E) The cell proliferation activity was examined by

MTT assay.

41 Scheme 1. Synthesis of purine-type compounds Sa—5g.

Scheme 2. Synthesis of amides 8 and the biotin-annexed probes 9.

46 Table 1. Inhibitory activities of Sa against different lung cell lines.

48 Table 2. Inhibitory activities of purine-type compounds against the growth of H1975 lung cancer
cells.

53 Table 3. Statistical significance, predictive power and features of the top ten hypotheses derived

55 from 3D-QSAR pharmacophore generation.
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Table 4. Actual and estimated ICs values of the 10 purine-type compounds calculated based on

the pharmacophore Hypo-1.
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