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ABSTRACT

The colchicine binding site of tubulin is an attractive molectdaget domain for cancer therapies.
However, there was no FDA approved drug for targetowjchicine domain. Our previous
crystallography discovered that a potential binding sit@€Téf loop-wH7 nearby colchicine domain was
beneficial for introducing affinity fragment. In thisonk, benzo heterocycles (i.e., indole, indazole and
quinoline) with the high affinity ability o&T5 loop-awH7 were chosen as affinity fragment to modify
the molecule structure of podophyllotoxin for improving thbulin binding affinity. $#-NH-(benzo
heterocycles)-4-desoxy-podophyllotoxin were synchrsholwcated at/ interface of tubulin through
providing affinity fragment taT5 loopaH7 (i.e.,a178Seral82Val,a241Phe) and colchicine domain
(i.e., B241Cys, p124ASP). $#-NH-(6"-aminoindole)-4-desoxy-podophyllotoxin not only exhibited
nanomolar antitumor potencw vitro but also destroyed solid tumor growth without lethal toxiwity

vivo. The correctness of rational drug design was strigliyahstrated by bioactivity test.

Keywords: tubulin, colchicine domain, podophyllotoxin, binding affinityyanomolar-potency

antitumor activity.
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1. Introduction

Tubulin is a key component of the cytoskeletal network andattractive molecular target for
chemotherapeutic agents to treat caffdeiThe tubulin heterodimer contains at least three disting
binding sites: the paclitaxel, vinblastine, and colchicinedibigp domain [2, 3]. Currently, for the
paclitaxel and vinblastine domain, drugs were in currentinselinical oncology. Until now, no
colchicine binding domain inhibitor was approved by FDAamticancer therapy. Colchicine itself
binds to tubulin, but the weak affinity hampered its actiahd limited use in the clinic [4]. Many
structure-based drugs design studies have been peddmdiscover new tubulin inhibitors with high
affinity. However, many small molecule inhibitors targelicbecine binding domain were published as
a similar binding model: 1. the trimethoxyphenyl ring wathedded in the hydrophobic pocket (van
der Waals contact witl$352Lys, B350Asn, f318Val); 2. the methoxy group at para-position was
involved in a hydrogen bond interaction with the thiol grou®©¥s241 [5, 6]. Although the above
amino acid residues appeared to be crucial, the affiag/weak for tubulin inhibitor. Therefore, it was
essential that new binding sites were introduced by domaityss for discovering excellent antitumor
drugs with superior affinity.

Podophyllotoxin (PTOX) was well-known for its potent cytatoactivities against various cancer
cell lines by competitive binding to the colchicine bindingnéin [7]. In our previous work, a binding
model of the colchicine domain was found in the complexe§ tubulin and
43-(1,2,4-triazol-3-ylthio)-4-deoxypodophyllotoxin with super antitumor activity. The crystal
structures of complexes showed a binding site nearbyicole domainoT5 loop of tubulin was a
potential binding site to be conducive to improve the affioftiubulin with podophyllotoxin [8].

In this work, on the basis o&T5 loopaH7 and colchicine binding domain, a class of
benzo-heterocycles substituted podophyllotoxiarivatives was designed and synthesized for

discovering novel therapeutic agents with nanomolar-potentyitg by modifying the molecule
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structure.  Structure-activity relationships and target proteaffinity indicated that
4B-NH-(6-aminoindole)-4-desoxy-podophyllotoxin could be exptbras a multi-binding antitumor
drug. We described an important class of anti-tumor tageheir determinants on tubulin binding
affinity, and paved the way for further investigation itiie efficacy of these drugs anti-tumor agents.
RESULTS

Drug design and synthesis of 4B-NH-(benzo heterocycle)-podophyllotoxin derivatives. According
to our previous the X-ray crystallology off41,2,4-triazol-3-ylthio)-4-deoxypodophyllotoxin in
tubulin complex (5JCB) [8], podophyllotoxin skeleton of
4B-(1,2,4-triazol-3-ylthio)-4-deoxypodophyllotoxin  mainly dnpphobic contacts with colchicine
binding domain by four hydrogen bond (Fig. 1A). Mosportantly, thex-T5 loop in theo-tubulin was
directly bound by triazole of (4(1,2,4-triazol-3-ylthio)-4-deoxypodophyllotoxin. There wetwo
mainly hydrogen bonds formed between th®erl78 ofaT5 loop and the triazole group of
4B-(1,2,4-triazol-3-ylthio)-4-deoxypodophyllotoxin. Notabbfter surface treatment oftubulin, Fig.
1B clearly showed thatT5 andaH7 formed a pocket of 3.9 Ax5.2 Ax2.7 A, which wasparential
binding site for inducing a series of affinity fragment at 6#é of podophyllotoxin. The amino acid
residues indicated thatSerl178,0182Val ataT5 and a241Phe ataH7 could provide affinity of
hydrogen bonds and conjugatiamteraction, respectively (Fig. 1C and 1D).

According to the potential binding site near colchicine binding alombenzo heterocycles
containing oxygen, sulfur, or nitrogen atom were condut¢tvamprove the affinity ofal78Ser,
al82Val, andou241Phe in complex with podophyllotoxin by binding hydrogends and conjugation
interaction (Fig. 2). The comparative molecular field w@sial models showed that
electron-withdrawing substituents at the C-4 position of pbgiigtoxin (PTOX) would enhance the
affinity of tubulin [9]. The indole skeleton was a scaffalcht probably represents one of the most

important structural subunits for the discovery of newgdecandidates [10]. Several indole-based
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tubulin inhibitors have shown promising activity in preclinical staditl, 12]. A number of tubulin
polymerization inhibitors, such as arylthioindoles [13], arales [14], and so on contained at least
one indole skeleton. Similarly, indazole and quinolone werarthst frequently utilized heterocycles
skeleton among U.S. FDA approved drugs [15]. Indazwld quinoline scaffold were important
structural skeleton for the development of new antitumogsiriat function by cell cycle arrest,
apoptosis, inhibition of angiogenesis, disruption of cell mignaand modulation [16, 17]. More
importantly, indole, indazole and quinolone scaffolds weesdtbre structures of benzo heterocycles
containing oxygen, sulfur, or nitrogen atom, which weoteptial binding fragment witlw178Ser,
al82Val, andou241Phe, which indicates that these heterocycles constiygiup of potent antitumor
drugs.

Accordingly, 12 benzo-heterocycles substituted PTd¥Xivatives was designed for discovering
novel therapeutic tubulin agents with nanomolar-potency actié shown in Table 1, for convenience
of comparison and screening, Compourdds? were found to bind the active site betweerand
B-tubulin by molecular docking. The distances of hydrogemds withu178Sern182Val, andu241Phe
was around 2.0-2.9 A, 1.7-3.5 A, and 1.6-2.4 Apeesively (Fig. S1). The carbonyl oxygen of some
compounds was located in the oxyanion hole formed byb#dekbone nitrogen of241Cys. The
oxygen atom at EZ4position of some compounds formed hydrogen bond 32#1Cys,124ASP.
This result indicated all of the designed Compoulzd2 possessed affinities with tubulin.

The docking data of the estimated free binding enetgy),( estimated inhibition constant (Ki),
hydrogen bonds and conjugated bonds were collectedthEnemodynamic potentiallG was used to
characterize the maximuemnergy of reversible binding in a thermodynamic systerarm¢ompounds
targeted protein process. Compared with PTOX and colchioota of a higher absolute value A&
and a loweKi value were used to as a screening standard of tavggtaund. As shown in Table 1, the

binding affinity of Compound4-12 (AG of 10.03-12.34 -kcal/mol, thki values of 0.01-0.12 pM)
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88  werestronger than both PTOX\G of 8.97 -kcal/mol, th&i value of 0.27 uM) and ColchicindG of

89  9.57 -kcal/mol, th&i value of 0.11 uM).

90 Taking the above rational analysis into consideration fog dtesign, heterocycles, including
91 indole, indazole, and quinolone linked via the C-NH bonthatC-4 position of PTOX. As shown in
92  Fig. 3, 12 new B-NH-(benzo heterocycle)-podophyllotoxin derivatives (i@mpoundsl-12) were

93  synthesized by using our previously reported synthetic adetbgy of amino nucleophilic reaction
94  [18]. The intermediatespdiodopodophyllotoxin was synthesized by employing Kl and@&; in

95  CHsCN. 4B-iodopodophyllotoxin were highly reactive and susceptiblenucleophilic attack in the
96 presence of any moisture. The crude indole-, indazaled, quinolone-substituted podophyllotoxin
97  derivatives could be generated from the intermediates by gmgl8aCQ and Triethylamine (TEA)
98 in tetrahydrofuran (THF). The resulting mixture was filtermad evaporated to afford the crude
99  4B-NH-anilino-substituted podophyllotoxin congeners, whicls father purified by high performance
100  liquid chromatography with methanol/wa(@0:60 v/v) to give the target compounds (> 95% puré). A
101 synthesized compounds were characterizetHbMMR, **C NMR and mass spectrometry (the data are
102 shown in the experimental section).

103 Activity evaluation in vitro. Compoundsl-12 were assessed by using the MTT assay. Four human
104  tumor cell lines (human liver carcinoma cells (HepG2), anmervical carcinoma cells (HeLa), human
105  lung cancer cells (A549), and human breast cancer (8403-7)) were selected for antitumor activity
106  assays. In addition, four normal human cell lines (humear cells (HL7702), immortalized human
107 cervical epithelial cells (H8), human breast epithelial cellSIB&), and human fetal lung fibroblast
108  cells (MRC-5)) were selected for cytotoxicity assays. @lirecal microtubule polymerization inhibitor
109  nocodazole (Ncz), podophyllotoxin clinical drug etoposid®-A6), PTOX, and DMEP were used as
110  positive controls. As shown in Table 2, most of thg-NH-nitrogen-containing benzo-fused

111 heterocyclic podophyllotoxin derivatives exhibited highetivities against tumor cells than Ncz,
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VP-16, PTOX, and DMEP. Surprisingly, the siC values of
4B-NH-(6"-aminoindole)-4-desoxy-podophyllotoxin (Compound 3) and
4B-NH-(5"-aminoindazole)-4-desoxy-podophyllotoxin (Compound 6) reached
nanomolar-concentration levels. Thesd@alues of Compoun@ against HepG-2, HelLa, A549, and
MCEF-7 cell lines were 100, 80, 80, and 70 nM, respegtiwghich were significantly lower (by three
orders of magnitude) than the micromolagd@alues of PTOX and VP-16 (Table 2). The antitumor
activity of Compound3 was significantly higher than that of Ncz (withs§CGralues of 400, 300, 200,
and 200 nM). In addition, most of the3-MH-heterocyclic podophyllotoxin derivatives exhibited
sufficiently low cytotoxicity against normal liver cells (Tlab2). For example, the kg values of
Compound3 against normal liver cells HL7702, H8, MRC-5, and HM&€re 94.6, 84.5, 69.1, and
61.6 uM, respectively, which indicated a lower cytotoxic¢hgn that of Ncz, etoposide, and PTOX.
Notably, PTOX derivatives exhibited superior potential antituaivities than those of the DMEP
derivatives among podophyllotoxin derivatives substituted withogein-containing benzo-fused
heterocycles. Remarkably, the position of the C-NHsstent on the phenyl ring of the heterocycle
significantly influenced the antitumor activity and cytotoxicdgainst normal liver cell lines. For
example, the antitumor activity of 6-aminoindole-substitutd@®R exhibited the strongest activity
among 4-aminoindole-, 5-aminoindole-, and 7-aminoindoletgutex derivatives.
5-Aminoindole-substituted PTOX exhibited more potent activitvan the 4-aminoindole- and
7-aminoindole-substituted derivatives. We found that if tHeHCsubstitution was in an electron poor
region, the antitumor activity was improved. Similar resuligere observed for other
nitrogen-containing benzo-fused heterocyclic substitution patt@rable 2). Finally, podophyllotoxin
derivatives substituted with five-membered nitrogen-contaiberzo-fused heterocycles (i.e., indole
and indazole) generally showed better antitumor activitiéative to their six-membered ring

counterparts. In summary, by rationally designing dragsl evaluating their activitiem vitro,
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Compound3 and6, which show nanomolar antitumor potenasgre identified for further investigation
of their pharmacological and biological mechanisms.

Céel cycle arrest. As shown in Fig. 4, accumulation of 50% of the cellshe /M phase was
observed in MCF-7 treated with CompouBdor 24 h at 100 nM, while the mitotic population was
only 20% in the untreated cells. The percentage of gelthe G/M phase increased to 90% after
incubation in 250 and 500 nM of CompouBd Interestingly, when MCF-7 cells were treated with
Compound6 at a concentration of 250 nM, after 24 h, the populatibf®,/M cells decreased from
80% to 45%. A similar trend was found for concentratiamsve 250 nM, suggesting that the release of
cells induced mitotic block. Compared to Compo@rahd6, etoposide, which arrested the cell cycle at
the G/M phase only at a concentration of 10 uM, was signiflgdass potent in cell cycle arrest. In
addition, similar results were observed in A549 and Helmeeracell lines treated with CompouBd
and6 (Fig. 4B and 4C). The data showed that Compdiadd6 could cause a gradual accumulation
of cells in the G'M phase of the cell cycle and induce apoptosis in a coraten- and time-dependent
manner.

Apoptosis induction. Compared to HepG2 cells, the tumor cell lines MCF-7, &leind A549
exhibited strong drug sensitivity to Compouidand 6 in the aboven vitro activity experiment.
Therefore, HeLa, MCF-7, and A549 cells were usedhascell models for the following study.
Compound3 and6 were tested in an induced-apoptosis assay using anianfipropidium iodide (P1)
staining apoptosis detection kit. The extent of apoptoGR-7 cells was higher after treatment with
Compound3 and6 for 48 h than it was with VP-16 (Fig. 5A) at the saroaaentration. Compoung

at 250 nM induced apoptosis in approximately 93% of MCEells after 48 h. At the same
concentration, Compourtilinduced apoptosis in approximately 60% of cells. Alimosapaptosis was
observed in MCF-7 treated with 1 pM of VP-16. Interegtin Compound3 and 6 induced weak

apoptosis in MCF-7 cells prior to 24 h, but significantlyuoed apoptosis between 24 and 48 h. There
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was a gradual and dose-dependent increase in the pgeéhtat, 10.5, 20.1, 93.5, 92.4, and 94.9%)
of apoptotic MCF-7 cells when they were treated with Compd@ufat 48 h. Furthermore, a similar
trend was observed in A549 and HelLa cancer cells $Bgand 5C) resulting in the cells swelling and
then rupturing. These results confirmed that Compo8nand 6 might significantly inhibit cell
proliferation by inducing apoptosis in a time- and dose-dég@manner.

In summary, the indole- and indazole-substituted podtgibyin derivatives exhibited significantly
more potency in @M phase arrest and apoptosis induction than the podophytiotdixical drug
VP-16. Indole-substituted podophyllotoxin derivative Compouhaghowed higher potency than
indazole-substituted podophyllotoxin derivative Compo®nith the induction of cell death through
apoptosis. The above results demonstrate that indole-sulabtppotdophyllotoxin derivatives may
induce apoptosis via an alternative mechanism, which wearnkestigated further as described below.
Binding affinity with tubulin. To further investigate the binding affinity of CompouBand6 for
tubulin, surface plasmon resonance (SPR) was emplodedshown in Fig. 6, the equilibrium
dissociation constant¥Kf values) of Compoun@ and6 was 8.1 and 9.1 uM, respectively. TKg
values of PTOX and colchicine was 21.5 and 11.3 pMe@ssely. The tubulin affinity of Compound
3 and 6 was approximately 2.7 and 2.2 times higher than th&T®X and colchicine. These data
indicate that the five-membered aromatic nitrogen heterocychasinoindole and 5-aminoindazole,
which have higher electron densities around the nitrogem,acould facilitate the stabilization of
PTOX binding to tubulin. These data explained the highetuamor activity of Compoung@ relative to
that of Compound in thein vitro MTT assay.

Tubulin Assembly. The degree of tubulin polymerization was evaluated thrgedjet mass formation.
Inhibition curves were used to determinesgsivhich is the concentration that causes 50% growth
inhibition. Fig. 7 clearly demonstrates that the microtulpidéymerization inhibitory activities of

PTOX, colchicine, nocodazole, Compound 3 and Compoundssgradually strengthens, respectively.
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184  Compared with PTOX, colchicine, nocodazole, Compoundd3Gexhibition the stronger inhibition
185  (Glso < 0.1 pM). The maximum inhibition ratio of Compoundr2i® was 88% and 79% respectively,
186  at a concentration of 2 uM.

187  Inhibition of tubulin polymerization and phosphorylation of histone H3. Compound3 and 6
188  clearly induced significant cell cycle accumulation in thgM5phase. Tubulin is essential for the
189  assembly of mitotic spindles [19, 20]. H2AX is a variantaof H2A core histone that produces
190  phosphorylation of histone variant H2AXyH2AX) with phosphorylation in the vicinity of
191 double-strand DNA breaks upon treatment of the cells withg or ionizing radiation [21]. The
192 presence offH2AX was an accepted marker of the DSBs. Effect om@aund3 and 6 on DNA
193  damage were studied by detecting fluorescence intensity24X. Therefore, whether the {8/ cell
194  cycle arrest in cells treated with Compoudicdaind 6 was due to an anti-tubulin effect by the same
195  mechanism as the colchicine was determined by immunreBgence (Fig. 8).

196 Cells exhibited various phases of mitosis with no dicanift alteration, and cell shrinkage was
197 initiated after 24 h of incubation. In addition, when thisogere incubated with 500 nM of Compound
198 3, the cells were found to be contracted and roundedestigg complete inhibition of polymerization
199  of the tubulin cytoskeleton; the control cells (untreated) étddbvarious phases of mitosis with
200 network-like structures of tubulin. Profound abnormalitiespmdle-formation (micro-nucleated and
201 pro-metaphase with a ball or rosette of condensed DNéYewbserved in cells treated with high
202  concentrations of 500 nM, resulting in disordered abnors@ihdles and misalignment of
203 chromosomes. However, when the cells were treated wdmBDPTOX, colchicine, and nocodazole,
204  respectively, the degree of damage to the tubulin n&twes less than what was seen with Compound
205 3 and6. Analysis of tubulin morphology in the presence of ddférdoses of Compoungl and 6
206  demonstrated that the normal morphology of the interphasdinabn the presence of Compourtls

207  was not a result of partial inhibition of tubulin polymeattibn. These cell-based observations suggested
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that Compound3 and 6 were more effective against more dynamic spindles tlgamst the less
dynamic interphase tubulins. In this assay, Comp@&iadd6 exhibited high affinity of tubulin. Taken
together, the results of thesevitro assays indicate that Compoutdnd6 may be potent and selective
tubulin inhibitors.

Antitumor effects of Compound 3 in vivo. The effect of candidate drugs in animal models of eaisc

a good predictor of drug efficacy in humans, and tunesrograft models are particularly useful. To
validate the potential antitumor effect of Compouhih vivo, nude mouse MCF-7 xenograft models
were established by subcutaneously injecting MCF-7 aeltee logarithmic phase into the right hind
leg of the mice. The results in Fig. 9 show that Compd®imaused a considerable suppression of
tumor growth compared to the VP-16 groups. At the enith@fobservation period, the tumor volume
was maintained and slightly decreased in the VP-16ntexet group, but the mean final tumor had
completely collapsed in the CompouBdreatment group. The average tumor weight of the VP-16
treatment groups was 0.834 £ 0.154 g (inhibitory rate2%3. which was much less than that of the
Compound 3-treatment group (inhibitory rate: 89.6%). Camp® displayed potent anti-proliferative
activity in vitro, and itsin vivo antitumor activity was obvious compared to that of thel8Rreated
group.

3. Discussion

This work aimed to develop novel lead compounds withomatar antitumor potencies through
rational structural design and analysis of structure-agtnatationships. Screening of the 12 newly
synthesized compounds revealgdtNH-(6"-aminoindole)-4-desoxy-podophyllotoxin (CompouByl
had nanomolar-level antitumor activity. In addition, compatedthe tubulin inhibitory drug
nocodazole, Compoun@ showed higher tubulin affinity and DNA damage. Interesgindiow
Compound3 reached nanomolar antitumor potency was unclear. & @pnew approach for drug

design, we tried to develop a drug design theory fodophyllotoxin using structure-activity
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relationships.

First, N-heterocycles are common in pharmaceuticalsbaridgically active molecules [15]. Over
the past few years, there has been considerable intar¢ise development and pharmacology of
heteroaromatic organic compounds, such as benzimidazb&wothiazoles, indoles, acridines,
oxadiazoles, imidazoles, isoxazoles, pyrazoles, triazolesolines and quinazolines, because of their
diverse activities. Nitrogen-containing heterocycles are @mtme most important structural
components of pharmaceuticals. These N-heterocyclic camlgoproduce anticancer effects in
different types of cancer through inhibition of cell grovethd induction of cell differentiation and
apoptosis. Some N-heterocyclic compounds have beenwaapby the U.S. FDA One type of atomic
orbital comes from the mixing of two or more atomic orbitdlamisolated atom. Indole and indazole
have strong hybridization that can enhance the proteinngradipacity of the drug molecules because
hybrid orbitals are assumed to be mixtures of atomic orlstgierimposed on each other in various
proportions. The reaction mechanisms of indole andzmidassometimes progress via classical bonding
with two atoms sharing two electrons. However, predictingdbammgles in drug design with hybrid
orbital theory is not straightforward. Podophyllotoxin (PTIOX a naturally occurring aryltetralin
cyclolignan that contains four consecutive chiral centelzelégal C-1, C-2, C-3, and C-4) and four
almost planar fused rings (labeled A, B, C, and D)cddse of three methoxy groups were
electron-donating groups, the E ring exhibit positive elecridis a mainly modification site, the
carbon atom of C-4 with a hydroxyl electron absorbiraug is a carbocation. It is well known that the
electronegativity is the ability of atoms to attract bondingtedes in molecules. After modification of
electron-withdrawing group indole or indazole at C-4 sitePGOX, nitrogen atoms with high
electronegativity pulled the shared electrons to the other mdking the charge of PTOX molecule
unevenly distributed. As shown in Fig. 10, compared WRMOX, the electron cloud of
4B-NH-(6-aminoindole)-4-desoxy-podophyllotoxin or
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4B-NH-(6-aminoindole)-4-desoxy-podophyllotoxin signifitgnaggregated together due to stronger
electron-withdrawing effect. More dipoles bonds were fatn@nd such bonds were polar bonds. The
dipole of $B-NH-(6-aminoindole)-4-desoxy-podophyllotoxin or
4B-NH-(6-aminoindole)-4-desoxy-podophyllotoxin was alsghler than PTOX. The whole of the
outside of PTOX molecule was somewhat negative. So, invibi&, indole and indazole could
enhance the electronegativity of podophyllotoxin, whichhize further improve its tubulin affinity.

Second, indole and indazole could significantly enhancetuaror activities and alter the
conformation of molecules to improve the binding affinities fbe target protein tubulin. The
theoretical binding mode of CompouBdand6 at the colchicine binding domain in the tubulin dimer
was investigated by using tubulin (PDB code: 5JCB). Aeraew of the binding modes of Compound
3 and 6 in thexp-tubulin dimer did show overlap with the colchicine bindingn@mn. As shown in Fig.
11, a detailed docking model of Compouhevealed the E-ring of PTOX was located at the pocket of
the B-tubulin and the hydroxyl group was positioned toward dftabulin. Accordingly, indole and
indazole substituents on C-4 site were bound in the sandiaoires the hydroxyl group. The indole
group of Compoun@® generates two important H-bond with the side chamtobulin (@178Ser) and a
n-n interaction witha352Lys. Instead, the indazole docked model of Compdurstiowed an-n
interaction witha375Phe of and an interaction with #238Val side chains, which was consistent with
the previously discussed SPR results. Several indole anateghighly cytotoxic against many tumor
cell lines at concentrations similar to those of several wallak anti-mitotic agents, such as
colchicine, vincristine, vinblastine, and paclitaxel. For mogheftested compounds, the experimental
data are consistent with the inhibition of tubulin polymerizationough binding at the
colchicine-binding site.

The structure-activity relationships of all the synthesized ppamds were summarized. The

present discussion of podophyllotoxin derivatives focussiesapty on substitutions, additions and
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280 different substitution module at the C-4 position. In genenata-substitution at the C-4 position led to
281 more potent compounds than ortho-substitution of the benzege Analogs with five-membered
282  heterocycles at the C-4 position were more potent thanatiesponding six-membered heterocycle
283  analogs.

284 4. Conclusion

285  For the first time, this work focused on the discoverpatent antitumor leading compounds with the
286  nanomolar-potency activity by improving the tubulin bindafinity of podophyllotoxin (PTOX).

287 A potential binding sitexT5 loop-wH7 close to colchicine domain was conducive to improve the
288 affinity of tubulin with podophyllotoxin. Accordingly, benzceterocycles with the affinity ability of
289  oT5 loop (i.e.,al78Ser,0182Val, anda241Phe) were chosen as functional modules to improve the
290  tubulin binding affinity of PTOX. A total of 12 newp4benzo heterocycles)-podophyllotoxin were
291 designed and synthesized. Among these compounds, iaddlmdazole substituted PTOX derivatives
292 exhibited higher tubulin binding affinity and stronger inhibitiohmicrotubule polymerization. The
293  equilibrium dissociation constant€{ values) of Compound and6 was 8.1 and 9.1 uM, respectively.
294  Compared with PTOX (th&p values of21.5 uM) and colchicine (th& values 0f11.3 pM), the

295  tubulin binding affinity of Compoun@® and6 was approximately 2.7 and 2.2 times higher than that of
296  PTOX and colchicine. The tubulin affinity and intracellular mtabule inhibition indicated that
297  Compound 3 strongly bound to tubulin, resulting in the inhibitd microtubule polymerization. The
298  correctness of colchicine domain structure-based druigrdegas strictly demonstrated by affinity
299  tests.

300 The 1G5 value of Compoun@® was 0.1+0.01, 0.08+0.0, 0.08+0.0, and 0.07+0.0 fiMe G value

301 of PTOX were 2.4+0.1, 6.9+0.1, 2.6+0.1, and 2.4{0N against HepG2, HelLa, A549 and MCF-7
302 cells, respectively. The Kg value of parent molecular PTOX were 2.4+0.1, 6.9+Q.6+0.1, and

303  2.4+0.3 uM, and the 4 value of colchicine was 5.8+3.8, 10.2+0.4, 9.7+0.2 44.3£0.5 uM. The

14



304  antitumor activity of Compound significantly improved by 26-85 times than PTOX a@d2®3 times
305 than colchicine. Most noteworthy, CompouBdot only exhibited nanomolar antitumor potenay
306  vitro but also significantly destroyed solid tumor growth withottadé toxicityin vivo. Compound 3
307 induced tumor cell apoptosis and arrested cell cycle peigme in the @M phase at nanomolar
308 concentrations level. Because of potent tubulin binding affiaihd nanomolar-potency activity,
309 Compounds3 was a valuable leading compound for new drug devetopm

310 The structure-activity relationships indicated that benzo-beyetes indole significantly provided
311 the molecular hybridization oa-tubulin binding domain (i.eql178Ser,a182Val, anda241Phe) and
312 expanded binding model of PTOX to improve the tubulin bigdiffinities. The active sites of tubulin
313  suggested that the docking of PTOX derivatives led to ictiera with thex178Ser,a182Val, and
314  a241Phe residue at thetubulin interface. When indoles or indazoles with dispetsgorid orbitals
315  were incorporated into the PTOX, there were significamgrovements in the inhibition of tumor cell
316  growth compared to PTOX and colchicine. These resutte she importance of the benzo-heterocycle
317  in the modification of PTOX derivatives displayed a duallbig affinity ona andp-tubulin.

318 In conclusion, this work reported on discovery of legdcompounds with nanomolar-potency
319 antitumor activity by improving the tubulin binding affinity dhe basis of a potential binding site
320 nearby colchicine domain. A representative leading conghdampound exhibited potent antitumor
321 on human tumor cells (i.e., HpeG2, HelLa, A549 and MICBy synchronously targeting tletubulin
322 binding site (i.e.p178Ser,0182Val, anda241Phe) and colchicine binding domain. Compo@nabt
323  only exhibited nanomolar antitumor potenieyvitro but also destroyed solid tumor growth without
324  lethal toxicityin vivo. The correctness of rational drug design was strictiyahstrated by a bioactivity
325  test.

326 5. Experimental section

327 General Chemistry. Analytical grade chemical reagents were used as pwdhasm commercial
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337

338
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342

343

344

345

346

347

348

349

350

351

sources (AladdinJ&K and Sigma-Aldrich). Podophyllotoxin (1 mM, 1 equivjydaKl (1.5 mM, 1.5
equiv) were dissolved in GEN (10 mL) at 07 for 5 min And then BEOEL, (3.5 mM, 3.5 equiv) was
slowly added dropwise under magnetic stirrimge mixture was stirred at room temperature for 1 h
and resulted in a brown solution. The reaction mixtures wancentrated in vacuo to afford
4B-iodopodophyllotoxin (yield, 85%), respectively, whighs unstable intermediates for the next step
of the synthesis leading to the final products. The inddiermediates (1 mM, 1 equiv) and amino
substituted precursors (1 mM, 1 equiv) were dissolved ik. B4CQ (5 mM, 5 equiv) was added to
the mixture as an acid-binding agentiethylamine (TEA) was slowly added dropwise undegneic
stirring. The samples were filtered with a 0.45 um microfittes and transferred to a sampling vial
for HPLC analysis. HPLC analysis was carried out oieders 600 Series HPLC system, equipped
with 2487 UV detector. An Akasil C18 column (5 pm, 4.6 mrh50 mm) was used. Mobile phase was
methanol/water (40:60 v/v) and the pH was adjusted to @if@® formic acid. The HPLC oven
temperature was maintained at 45 °C, and the detectiveleveyth was 230 nm or 219 nm. The flow
rate was 0.8 ml/min. AltH and *C NMR spectra were recorded on an Agilent (400 MHz)RM
spectrometer with tetramethylsilane as the internal standgvdng). The following abbreviations are
used: singlet (s), doublet (d), triplet (t) and multiplet (m)sMapectroscopic data were obtained on a
Shimadzu ESI-MS instrument.

4-NH-(4"-aminoindol €)-4-desoxy-podophyllotoxin (1). White powder, yield: 61%; purity: 98%; mp:
186-188°C; *H NMR (400 MHz, CDCJ): § 8.42 (s, 1H), 7.63 (dI=8.05 Hz, 1H), 7.25 (m, 1H), 6.77 (s,
1H), 6.72 (dJ=12.31 Hz, 2H), 6.45 (s, 1H), 6.37 (s, 1H), 6.342¢d), 5.95 (dd,J=5.20 Hz, 2H), 4.82
(dd, 8.02, 16.04 Hz, 1H), 4.66 (@4.35 Hz, 1H), 4.30 (t, 1H), 4.08-3.95 (m, 1H),B(8, 3H), 3.78 (s,
6H), 3.20 (dd,J=12.0 Hz, 1H), 3.05-2.90 (m, 1H)*C NMR (100 MHz, CDGJ): & 175.45, 148.28,
147.42, 146.40, 139.88, 137.32, 134.26, 131.64,4131130.67, 122.32, 121.63, 120.88, 109.78,

109.17, 108.06, 102.39, 101.45, 92.74, 69.23, 5G3@2, 43.45, 42.11, 38.80. HRMS (EStY34):
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373

374

375

[M+H]"*, CaoH2gN207, calculated, 529.55; found, 529.57. Purity: 96.0%HBLC).

44-NH-(5"-aminoindol €)-4-desoxy-podophyllotoxin (2). White powder, yield: 45%; purity: 98%; mp:
199-201°C; *H NMR (400 MHz, CDCY): 6 8.33 (s, 1H), 7.40 (dI=8.05 Hz, 1H), 7.06 (m, 1H), 6.71 (s,
1H), 6.52 (dJ=12.11 Hz, 2H), 6.44 (s, 1H), 6.37 (s, 1H), 6.352(4), 5.96 (dd,J=5.20 Hz, 2H), 4.82
(dd, 8.1, 16.2 Hz, 1H), 4.70 (d=.35 Hz, 1H), 4.35 (t, 1H), 4.06-3.94 (m, 1H), 3(&7 3H), 3.75 (s,
6H), 3.16 (dd,J=12.0 Hz, 1H), 3.04-2.93 (m, 1HY*C NMR (100 MHz, CDG)): § 174.25, 148.04,
147.38, 146.64, 139.74, 137.22, 134.01, 131.62,4131130.58, 122.79, 121.82, 120.95, 109.85,
109.17, 108.05, 102.45, 101.47, 92.76, 69.27, 563247, 43.45, 42.11, 38.80. HRMS (ES1y3):
[M+H]*, CaoH2gN207, calculated, 529.54; found, 529.55. Purity: 98.0%HBLC).

45-NH-(6"-aminoi ndol €)-4-desoxy-podophyllotoxin (3). Yellow powder, yield: 33%; purity: 97%; mp:
192-193°C; *H NMR (400 MHz, CDCY): 6 8.13 (s, 1H), 7.43 (dI=8.45 Hz, 1H), 7.03 (m, 1H), 6.77 (s,
1H), 6.55 (dJ=36.31 Hz, 2H), 6.43 (s, 1H), 6.36 (s, 1H), 6.332(d), 5.93 (dd,)=5.70 Hz, 2H), 4.81
(dd, 10.08, 20.04 Hz, 1H), 4.68 (@.35 Hz, 1H), 4.34 (t, 1H), 4.06-3.95 (m, 1H), 3(893H), 3.77 (s,
6H), 3.18 (dd,J=14.0 Hz, 1H), 3.03-2.94 (m, 1HY*C NMR (100 MHz, CDGJ)): § 175.25, 148.08,
147.48, 146.44, 139.94, 137.12, 134.06, 131.69,1131130.88, 122.29, 121.62, 120.89, 109.80,
109.17, 108.07, 102.41, 101.45, 92.75, 69.26, 5632, 43.42, 42.01, 38.82. HRMS (EStyZ):
[M+H]"*, CsoH2sN207, calculated, 529.52; found, 529.55. Purity: 97.4%HBL.C).

44-NH-(7"-aminoindol €)-4-desoxy-podophyllotoxin (4). White powder, yield: 37%; purity: 98%; mp:
204-206°C; *H NMR (400 MHz, CDCJ): § 8.10 (s, 1H), 7.42 (dI=8.25 Hz, 1H), 7.00 (m, 1H), 6.74 (s,
1H), 6.48 (dJ=16.30 Hz, 2H), 6.40 (s, 1H), 6.34 (s, 1H), 6.302(d), 5.91 (dd,=4.70 Hz, 2H), 4.81
(d, 12.04 Hz, 1H), 4.65 (d=.35 Hz, 1H), 4.32 (t, 1H), 4.09-3.97 (m, 1H), 380 3H), 3.78 (s, 6H),
3.15 (dd,J=14.0 Hz, 1H), 3.05-2.96 (m, 1H)*C NMR (100 MHz, CDGJ): § 175.05, 148.02, 147.44,
146.43, 139.84, 137.42, 134.16, 131.62, 131.10,8630122.27, 121.60, 120.86, 109.81, 109.13,

108.00, 102.40, 101.44, 92.72, 69.23, 56.47, 53346, 42.00, 38.76. HRMS (ESh/g): [M+H]",
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CsoH28N205, calculated, 529.53; found, 529.54. Purity: 98.5% (b{.EP

44-NH-(4"-indazol amine)-4-desoxy-podophyllotoxin (5). White powder, yield: 28%; purity: 98%; mp:
255-257°C; *H NMR (400 MHz, CDCJ): 6 8.10 (s, 1H), 7.55 (d=8.0 Hz, 1H), 7.49 (s, 1H), 6.72 (s,
1H), 6.72 (m, 2H), 6.64 (d=4 Hz, 1H), 6.48 (s, 1H), 6.32 (s, 2H), 5.95 (dd6.0 Hz, 2H), 4.69 (s,
1H), 4.56 (d,J=4.0 Hz, 1H), 4.45 (t, 1H), 3.95-3.91 (m, 1H), 3.80 8H), 3.76 (s, 6H), 3.25 (dd,
J=14.0 Hz, 1H), 3.10-2.99 (m, 1HYC NMR (100 MHz, CDGJ): § 175.25, 152.55, 148.11, 147.52,
142.30, 137.12, 135.35, 135.21, 133.20, 131.62,8030129.85, 118.22, 111.43, 109.67, 109.23,
108.35, 101.50, 98.04, 69.16, 60.82, 56.26, 53:#3%2, 42.02, 38.82. HRMS (ESinQ): [M+H]",
Co9H27N30y, calculated, 530.54; found, 530.52. Purity: 97.0% (b{.EP
45-NH-(5"-indazolamine)-4-desoxy-podophyllotoxin (6). White powder, yield: 41%; purity: 99%; mp:
204-206°C; *H NMR (400 MHz, CDCJ): & 7.89 (s, 1H), 7.32 (dI=8.0 Hz, 1H), 7.39 (s, 1H), 6.76 (s,
1H), 6.75-6.73 (m, 2H), 6.69 (d=4 Hz, 1H), 6.50 (s, 1H), 6.33 (s, 2H), 5.93 (dd6.0 Hz, 2H), 4.68
(s, 1H), 4.58 (dJ=4.0 Hz, 1H), 4.42 (t, 1H), 3.94-3.90 (m, 1H), 3.803H), 3.74 (m, 6H), 3.20 (dd,
J=14.0 Hz, 1H), 3.08-2.99 (m, 1H)*C NMR (100 MHz, CDCJ): § 175.05, 152.57, 148.16, 147.57,
142.36, 137.17, 135.40, 135.26, 133.25, 131.66,8B830129.90, 118.12, 111.33, 109.87, 109.13,
108.29, 101.51, 98.04, 69.12, 60.75, 56.25, 5:#3&%8, 41.97, 38.77. HRMS (ESinQ): [M+H]",
Co9H27N307, calculated, 530.54; found, 530.58. Purity: 96.6% (b{.EP
45-NH-(6"-indazolamine)-4-desoxy-podophyllotoxin (7). White powder, yield: 46%; purity: 98%; mp:
190-192°C; *H NMR (400 MHz, CDCJ): 6 8.01 (s, 1H), 7.30 (di=8.0 Hz, 1H), 7.35 (s, 1H), 6.71 (s,
1H), 6.73 (m, 2H), 6.64 (di=4 Hz, 1H), 6.47 (s, 1H), 6.30 (s, 2H), 5.91 (dd4.90 Hz, 2H), 4.64 (s,
1H), 4.52 (d,J=4.0 Hz, 1H), 4.37 (t, 1H), 3.91 (m, 1H), 3.80 (5)33.78 (m, 6H), 3.24 (dd=14.0
Hz, 1H), 3.04 (m, 1H)*C NMR (100 MHz, CDGJ): § 175.15, 152.50, 148.56, 147.77, 142.46, 137.24,
135.30, 135.21, 133.29, 131.62, 130.82, 129.94,011811.13, 109.85, 109.12, 108.25, 101.50, 98.01,

69.10, 60.74, 56.25, 53.34, 43.51, 42.04, 38.79MBRESI) (W2): [M+H]", CoH»7N30;, calculated,
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530.55; found, 530.52. Purity: 98.2% (by HPLC).
45-NH-(6"-indazolamine)-4'-demethyl-4-desoxy-podophyllotoxin  (7’). White powder, vyield: 52%;
purity: 97%; mp: 189-192C; 'H NMR (400 MHz, CDC}): § 7.98 (s, 1H), 7.31 (d]=8.80 Hz, 1H),
7.68 (m, 2H), 6.62 (d)=4.65 Hz, 1H), 6.50 (s, 1H), 6.49 (@4 Hz, 1H), 6.41 (s, 1H), 6.32 (s, 2H),
5.91 (dd,J=4.30 Hz, 2H), 4.61 (t}=4.44 Hz, 1H), 4.50 (dJ=4.92 Hz, 1H), 4.42 (t}=3.94 Hz, 1H),
4.00 (m, 1H), 3.85 (dJ=4.26 Hz, 1H), 3.79 (s, 6H), 3.25 (di11.99 Hz, 1H), 3.05-2.99 (m, 1H)C
NMR (100 MHz, CDCY): 175.20, 148.06, 147.54, 146.44, 142.32, 135.84.08, 133.22, 131.80,
130.71, 130.59, 123.82, 118.10, 111.27, 109.99,0P09.08.00, 101.47, 98.08, 69.13, 56.45, 53.42,
43.45, 42.17, 38.73. HRMS (ESHW): [M+H]*,CagHasN305, calculated, 516.52; found, 516.55. Purity:
97.0% (by HPLC).

45-NH-(7"-indazolamine)-4-desoxy-podophyllotoxin (8). White powder, yield: 55%; purity: 98%; mp:
203-205°C; *H NMR (400 MHz, CDCJ): & 7.80 (s, 1H), 7.39 (s, 1H), 7.30 4.0 Hz, 1H), 6.71 (s,
1H), 6.73 (m, 2H), 6.62 (d=4.01 Hz, 1H), 6.43 (s, 1H), 6.30 (s, 2H), 5.85 (@d6.0 Hz, 2H), 4.65 (s,
1H), 4.51 (dJ=4.10 Hz, 1H), 4.40 (t, 1H), 3.92 (m, 1H), 3.72 (8)33.79 (m, 6H), 3.22 (ddl=14.0
Hz, 1H), 3.05-2.99 (m, 1H}*C NMR (100 MHz, CDGJ): § 174.95, 152.27, 148.36, 147.47, 142.32,
137.12, 135.41, 135.20, 133.21, 131.59, 130.80,8P29118.10, 111.28, 109.84, 109.10, 108.22,
101.50, 98.08, 69.10, 60.79, 56.28, 53.39, 43.580% 38.79. HRMS (ESI)n{2): [M+H]",
CooH27N30y5, calculated, 530.54; found, 530.53. Purity: 95.6% (byEP
45-NH-(5"-aminoquinoline)-4-desoxy-podophyllotoxin (9). White powder, yield: 48%; purity: 98%; mp:
214-216°C; 'H NMR (400 MHz, CDCJ): & 8.84 (d,J=3.63 Hz, 1H), 8.16 (dJ=8.45 Hz, 1H),
7.58-7.52 (m, 2H), 7.29 (dd=8.53 Hz, 1H), 6.75 (s, 1H), 6.56 (@6.87 Hz, 1H), 6.53 (s, 1H), 6.32
(s, 2H), 5.94 (dJ=4.58 Hz, 2H), 4.91 (J=4.43 Hz, 1H), 4.69 (d}=5.04 Hz, 1H), 4.61 (d}=4.89 Hz,
1H), 4.41 (tJ=7.98 Hz, 1H), 3.90 (ddl=10.34 Hz, 1H), 3.79 (s, 3H), 3.74 (s, 6H), 3.24, (#l14.03

Hz, 1H), 3.13-3.04 (m, 1H}3C NMR (100 MHz, CDGJ): § 174.50, 152.60, 150.30, 149.14, 148.42,
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147.76, 142.86, 137.20, 135.02, 132.12, 130.10,0430128.68, 119.73, 119.59, 117.92, 109.98,
109.17, 108.22, 103.95, 101.61, 68.92, 60.75, 562%2, 43.59, 42.09, 38.56. HRMS (EStyZ):
[M+H] ™, Ca1H2gN2Oy, calculated, 541.56; found, 541.53. Purity: 99.5%HBy.C).
45-NH-(6"-aminoquinoline)-4-desoxy-podophyllotoxin (10). White powder, yield: 44%; purity: 98%;
mp: 187-189C; *H NMR (400 MHz, CDCJ): § 8.64 (d,J=3.26 Hz, 1H), 7.91 (t}=8.44 Hz, 2H), 7.30
(dd, J=8.28 Hz, 1H), 7.06 (ddJ}=9.02 Hz, 1H), 6.79 (s, 1H), 6.65 (#2.43 Hz, 1H), 6.54 (s, 1H),
6.33 (s, 2H), 5.96 (d]=6.47 Hz, 2H), 4.83 (m, 1H), 4.62 (34.74 Hz, 1H), 4.44 (m, 1H), 4.28 (d,
J=5.96 Hz, 1H), 3.99 (m, 1H), 3.81 (s, 3H), 3.746(d), 3.18 (dd,J=14.04 Hz, 1H), 3.13-3.04 (m, 1H).
¥%C NMR (100 MHz, CDQJ): & 174.56, 152.63, 148.40, 147.71, 146.79, 145.38,3B4 137.31,
134.99, 133.88, 131.88, 130.85, 130.03, 121.79,8620117.92, 109.96, 109.16, 108.31, 102.56,
101.60, 68.82, 60.75, 56.29, 52.62, 43.57, 42.8163 HRMS (ESI) fV2): [M+H]", CaiHagN,05,
calculated, 541.18; found, 541.12. Purity: 98.0% (by GFL
44-NH-(7"-aminoquinoline)-4-desoxy-podophyllotoxin (11). White powder, yield: 51%; purity: 98%;
mp: 197-199°C; *H NMR (400 MHz, CDC)): § 9.16 (s, 1H), 8.44 (d]=8.0 Hz, 1H), 7.53-7.46 (m,
2H), 7.40 (d,J=8 Hz, 1H), 6.74 (s, 1H), 6.70 (4.1 Hz, 1H), 6.56 (s, 1H), 6.50 (s, 1H), 6.34 (4),2
5.95 (t, 2H), 4.90 (t, 1H), 4.64 (t, 2H), 4.43 (t, 18)94-3.87 (m, 1H), 3.80 (s, 3H), 3.76 (m, 6HRT.
(dd, 3=12.0 Hz, 1H), 3.16-3.09 (m, 1H}°C NMR (100 MHz, CDG)): § 174.50, 152.94, 152.63,
148.52, 147.83, 142.39, 141.75, 137.26, 134.97,1835129.97, 127.79, 125.49, 117.49, 113.17,
110.06, 109.10, 108.26, 106.89, 101.65, 68.81,66(8.28, 52.56, 43.59, 42.09, 38.60. HRMS (ESI)
(MV2): [M+Na]*, Ca1H2gN207, calculated, 563.56; found, 563.58. Purity: 96.446HPLC).
4-NH-(8"-aminoquinoline)-4-desoxy-podophyllotoxin (12). Yellow powder, yield: 45%; purity: 98%;
mp: 195-197°C; 'H NMR (400 MHz, CDC)): & 8.67 (dd,J=4.0 Hz, 1H), 8.08 (ddJ=4.0 Hz, 1H),
7.40-7.36 (m, 2H), 7.14 (d=8 Hz, 1H), 6.78 (s, 1H), 6.59 (d=7.52 Hz, 1H), 6.56 (s, 1H), 6.55 (s,

1H), 6.45 (d,J=6.77 Hz, 1H), 6.38 (s, 2H), 5.92 (d&4.71 Hz, 2H), 4.87 (ddl=6.39 Hz, 1H), 4.66 (d,
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J=4.98 Hz, 1H), 4.43 (tJ=7.99 Hz, 1H), 3.97 (dd}=10.74 Hz, 1H), 3.81 (s, 3H), 3.77 (s, 6H), 3.27
(dd, J=14.08 Hz, 1H), 3.16-3.07 (m, 1H)*C NMR (100 MHz, CDGJ): & 174.50, 152.59, 148.24,
147.58, 147.29, 144.05, 137.67, 137.22, 136.14,3P35131.83, 130.48, 128.74, 127.42, 121.83,
115.34, 109.81, 109.51, 108.37, 104.10, 101.469%860.76, 56.28, 52.23, 43.68, 42.08, 39.00.
HRMS (ESI) (W2): [M+H]", calcd for GiH2gN,O; 541.56; found, 541.52. Purity: 95.5% (by HPLC).
Antitumor and cytotoxicity activity assay (MTT assay). All human cell lines, namely, human liver
carcinoma cells (HepG2), human cervical carcinoma celét ), human lung cancer cells (A549),
human breast cancer cells (MCF7), human liver cells7#R), immortalized human cervical
epithelial cells (H8), human breast epithelial cells (HMEC), hufetal lung fibroblast cells (MRC-5),
were grown in T-25 flasks in a Thermo Scientific fi@ubator in a humidified environment at(37
and 5% CQ. Additionally, HeLa, HepG2, H8 and HL7702 cells wereintaned in RPMI 1640
medium (Gibico, Thermo Fisher) containing 10% fetal calfuser(Sigma) and 1% penicillin
C/streptomycin (Biosharp), and A549, MCF-7, MRC-5 &lEC were maintained in high-glucose
DMEM (HyClone™) containing 10% fetal calf serum and 1% penicillin C/stregtim

Compounds were assessed for cytotoxic activityitro against several cancer cell lines by MTT
assay. Freshly trypsinized cell suspensions in the logadtgrowth phase were seeded in a 96-well
microtiter plate (4000-12000 cells per well, based ondihgbling time). The newly attached cells in
the 96-well microtiter plate were treated with varying conedimins compounds 1-24 (10-fold
dilutions starting from 100 pM to 10 nM, dissolved in DM81% v/v) without effect on cell growth).
After 48 h of incubation with the test compounds, attacledld were treated with 100 pL of MTT (2
mg/mL) solution in the growth medium. The cells were incatbdior an additional 4 h at 37°C until a
purple precipitate was visible. The purple formazan clystere dissolved with 100 uL DMSO, and
the absorbance of each sample was measured at 49@mgraumnicroplate reader (Cytation 3, BioTek)

with Gen5 software (BioTek). All values presented in Takdeelthe average of triplicate experiments.
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ICso values were calculated using Orange 8 software.

Analysis of cell apoptosis by flowcytometry. Cellular apoptosis was measured by annexin V/PI
double staining using flowcytometry. Freshly trypsinized cepensions (1xfalx1@) in the
logarithmic growth phase were seeded in a 6-well plater Alite cell lines had adhered to the plate,
they were treated with various concentrations of the syngtesizmpounds. The plates were incubated
for 48 h. The cells were incubated in cycles of 6 hamrsnd 6 hours off for a total of 48 h. The cells
were then collected by washing twice with PBS (0.5 nirypsinizing (100 pL) and centrifuging (1500
rpm, 5 min). Binding buffer suspension (500 pL) wadeatito resuspend the cells, and then the cells
were double stained with annexin V (1 pg/mL) and PI (0ymL) in a C&" enriched binding buffer
for 15 min in the dark at room temperature. Data veetkected using a BD-C6 flow cytometer with
modes on 10,000 events for FL1 versus FL2 channelsptasis rates were calculated by accumulating
early and late stage results. Experiments were repeatédraum of three times.

Cdl cycle analysis by flowcytometry. Cell cycle phase distribution was assessed by measuring the
cellular DNA content using Pl staining. Freshly trypsinizedl suspensions (1x3ax1®) in the
logarithmic growth phase were seeded in a 6-well plater Alite cell lines had adhered to the plate,
they were treated with various concentrations of the sym#ftescompounds (Compound 3 at
concentrations 10, 50, 100, 250, and 500 nM, and alf @t@pounds at concentrations of 50, 100,
250, 500, and 1000 nM). The cells were incubated iresyaf 6 hours on and 6 hours off for a total of
48 h. The cells were then washed twice with pre-coolin@ PBibico, Phosphate-Buffered Saline),
trypsinized, collected by centrifugation for 5 min at 1500,rfired in 70% ethanol and stored at 20
for at least 2 days. The cells were then stained with Pu¢BmL) for 30 min on ice in the dark. The
DNA content was measured by a BD-C6 flow cytometerc{@&e Dickinson, USA) with modes on
10,000 events for FL2-A versus FL2-W. Cell cycle phdstributions (G, S, and GM phase) were

determined by DNA modeling software (ModFit LT version)4.Experiments were repeated a
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minimum of three times.

I mmunofluorescence assays. Disruptions of microtubule dynamics were distinguishableising our
previously reported immunofluorescence methodology]. [2riefly, freshly trypsinized cell
suspensions (1x¥Ax1#) in were seeded in a 12-well plate with glass coversiiedls were treated
with compounds 1 and 3 for 24 h at various concentrati@sed on the effective concentrations
determined from the cell cycle tests (compound 1 at 25,&%D500 nM, and Compound 3 at 25, 250,
and 500 nM). Then, the cells were fixed with 4% paraf¢detayde for 1 h and permeabilized with
0.2% Tri-tonX-100 (diluted in PBS) for 20 min. Thelsealvere incubated in shakers with the primary
antibody against-tubulin (1:50, diluted in 2% bovine serum albumin) for &thhoom temperature (or
overnight at 41), followed by Alexa Fluor 488-conjugated Goat Anti-rabgG (H+L) (1:500, diluted

in 2% bovine serum albumin) for another hour. FinallyGleuwere labeled with DAPI for 20 min in
the dark. Fluorescently labeled cells were imaged usin@lgmpus BX81 fluorescence microscope
system (Olympus, Tokyo, Japan) and a confocal micpes¢ditraVIEWPVoX).

Surface plasmon resonance-based tubulin binding assays. The bio-molecular interactions between
compoundsand tubulin were measured by using surface plasmsanasice (SPR)Epacadostat
(INCB024360) was purchased from Cell Signaling Inhibitoeshihology (Selleck Chemicals, USA).
Briefly, freshly extracted tubulin protein was diluted tongy/mL in PBS (Gibco) and then immobilized
in a CM5 sensor chip by amine coupling NHS/EDC
(N-hydroxysuccinimide/N-(3-dimethylaminopropyl)-N’-ethylt@diimide hydrochloride). The
immobilization was up to 800 mDeg (response units). Congmwere diluted two-fold from 80 uM
to 2.5 uM in PBS with 0.5% (v/v) DMSO. Compounds (200 at different concentrations were then
injected at 60 pL/min for 300 s into PBS containing 0.5%)(IdMSO as the running buffer. NaOH
(20 mM) was then added for 300 s to dissociate thduato The changes in the SPR were analyzed

with Biocore analysis software (Bl 2000).
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Tubulin Assembly. Tubulin (porcine brain, > 99% pure, T240-A) were ghased from the
Cytoskeleton company. Both of ligands and work solutiwase done in DMSO. A centrifugation of
90000 g was selected for 10 min in a TLA 120 rotor &€4n an Optima TLX centrifuge for removing
aggregates. Tubulin was kept at 4 °C, and 0.9 mM &¥P6 mM MgCJ. The solution was distributed
in 200 pL polycarbonate tubes for the TL100 rotor.v@ng concentrations of the ligands ranging from
0.05 to 2 uM were added to DMSO content of the san{ffég with incubation for 30 min at 37 °C.
Both supernatants and pellets were diluted 1:5 in the sanfer,bafd tubulin concentrations were
measured fluorometrically Aéxc = 280; Aems = 323) using tubulin standards calibrated
spectrophotometrically. The 50% inhibitory ligand concerdgratf tubulin assembly was determined
with a centrifugation assay.

Evaluation of in vivo Antitumor Activity. The animal experiment was carried out in a barriesimgu
facility by keeping with the national standard of Laboratdnymal-Requirements of Environment and
Housing Facilities (GB 14925-2001). The care of labora@mmymal and the animal experimental
operation conformed to Beijing Administration Rule of Lalbora Animal, et al. The investigation
conforms the Guide for the Care and Use of Laboratammals published by the US National
Institutes of Health (NIH Publication No. 85-23, revisé®@). The study protocol was approved by
the Laboratory Animal Service Center of Huazhong Adtical University (Wuhan, China). We
promise that the study was performed according to tleniational, national and institutional rules
considering animal experiments, clinical studies and bevdity rights. Male BALB/c nude mice, 4
weeks old about 15-20 g were purchased and houseck dtatboratory Animal Service Center of
Huazhong Agricultural University (Wuhan, China) in pathoefrere conditions, maintained at constant
room temperature, and fed a standard rodent chowvatet. 1x16 cells/mL MCF-7 cells grown in
logarithmic phase were resuspended in DMEM mediumniflL1of the cell suspension was injected

into the hind legs of each mouse. After implantation ttimeor mass was measured with an electronic
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caliper twice a week. After the tumor volume reacheduat®0 mmni, we placed the xenograft
tumor-bearing nude mice into three groups at 5 mice prrpgrisotonic saline and 0.005% DMSO
(control), VP-16, and Compound 3 groups. The refm@esompound VP-16 and the test Compo8nd
were completely dissolved in isotonic saline and 0.005% DMS8@©to its relatively lower solubility.

The mice were injected at a dose of 20 mg/kg bodyhteigimor volume were recorded every day.
Molecular modeling study. The crystal structure of tubulin in complex from Protein DBaak (ID:

5JCB) was retrieved as the model structure for assetgngpmpounds docking with tubulin by using
Discovery Studio irSchool of Pharmaceutical Sciences of Wuhan UniversidystBucture of tubulin
was prepared by removing podophyllotoxin and water nutdeand adding missing hydrogen in the
crystal structure. Then applied force field and defineccdmer of the active site in 1SA1 for ligand as
(120, 90, and 7). Compounds were prepared by adadiisging hydrogen. And, then the energy
minimized atomic coordinates of Compound 3 and 6 wereeigted using Chemdraw (Chemdraw 3D
8.0). The quantum chemically optimized structures ofliigawere used as initial structures. The last
but one, the advance docking method CDOCKER was tasddck prepared ligand to the colchicine
binding site as defined in tubulin for 10 top hits. The mimmiuzee binding energy was selected for
further tubulin-ligand interaction analysis.
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626  Table 1. Virtual screening of podophyllotoxin derivatives by dockwith tubulin complexes.

Compound AG (kcal/mol)® ki (uM) Hydrogen bonds n-m bonds
1 -10.85 0.10 a182Val,f124ASP241Cys -
5 -10.26 0.10 a182VaI,(E]éZ‘i%eyré6124ASP, i
3 -12.88 0.01 “182\/"""8‘%;2?2@241@3’ 0241Phe
4 -11.18 0.05 a1788er,B;ZSArzlLé/;,SMMASP, i
5 -10.69 0.02 a182Val,f241Cys p124ASP -
6 -12.16 0.06 “182\/"""[‘;‘52/?;@241@3’ 0a241Phe
7 -12.34 0.03 182Val,$238 Val,p241Cys -
8 -11.46 0.12 al78Serpl101Asn,241Cys -
9 -10.81 0.06 al82Val,a178Serf3240Thr a241Phe
10 -10.10 0.11 al178Serpl111GIn,a180Ala -
11 -10.64 0.12 182Val, p238Val,p241Cys -
12 -10.03 0.19 al178Serp101Asn,3238 Val -
podophyllotoxin -8.97 0.27 f124ASPB241Cys -
Colchicine -9.57 0.11 B124ASP241Cys $205GlIn, -

627  *Estimated free energy of binding®) in kcal/mol.” Estimated inhibition constant (Ki).
628
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629

630

Table 2. Anticancer activity and cytotoxicity of podophyllotoxin detivas.

Cytotoxic activity (1Gg, uM) 2

Compound
HepG-2 HL-7702 Hela H8 A549 MRC-5 MCF-7 HMEC
1 1.8+0.2 33.6£1.5 2.1+0.3 29.2+3.5 2.4+0.2 32.4+2.91.3%0.2 64.2+2.4
2 0.940.1 43.3+2.8  0.940.0129.243.5 0.5#0.01 51.3+3.1 0.4+0.01  55.245.3
3 0.140.01  94.6+3.2 0.08+0.084.5+2.9 0.08+0.0 69.1+2.9 0.07+0.0 61.6+2.3
4 2.5+0.6 30.5+2.7 3.8%0.2 19.4+1.7 2.2+0.9  38.5+0.94.8%0.9 45.5+3.5
5 1.2+0.3 41.4+2.2 1.8+0.3 25.6x1.5 2.6+0.3 45.6+2.23.0+0.5 60.5+5.6
6 0.3+0.02 50.6+4.9 0.2+0.0198.4+4.1 0.2#0.01 60.8#4.3 0.2+0.02  81.8+7.2
7 1.9+0.2 38.4+2.6 0.8+0.1 65.5+3.8 1.0#0.1 53.6+0.9.8+0.1 52.5+4.4
8 6.3+0.9 29.4+1.7 2.5+0.9 19.5+24 54+0.2 35.5+1.9.7+0.8 43.3+£2.6
9 >100 89.8+4.7 >100 94.248.2 >100 70.816.0 >100 7R3
10 0.8+0.1 64.3t5.9 0.7+0.1 80.2+#6.5 0.3+0.1 22.5+1.8).6%0.1 89.2+8.7
11 4.1+1.1 16.3+2.8  3.1+0.2 9.4+1.9 2.3t0.1  25.6+2.9 .4+0.3 73.5+6.3
12 4.6+0.4 37.0+4.8 2.7+0.3 89.6+3.7 1.240.2  49.145.31.040.1 39.2+2.1
Coalchicine 5.840.1 9.2+40.3 10.2+0.4 6.1+0.4 9.740.2 6.2+0.7  14.3+0.5 8.1+0.2
Podophyllotoxin  2.4+0.1 5.0+0.6 6.9+0.1 8.4+0.5 2.6£0.1  10.6+1.2 4+0.3 5.610.1
Nocodazole 0.4+0.2 13.5¢1.5 0.3#0.1 18.0#2.6 0.2#0.05 15.3+1.9.2+0.1 11.542.2

30

*MTT methods, drug exposure was for 48 h, thg V&lues was the average of triplicates.



631  Figurelegends

632 Figure 1 Predicted docking models for podophyllotoxin,
633 4B-NH-(6"-aminoindole)-4-desoxy-podophyllotoxin (Compound 3) and
634  4B-NH-(5"-aminoindazole)-4-desoxy-podophyllotoxin (Compowhdbinding in the colchicine-binding

635  site. Tubulin crystal structure, PDB ID: 1SA1.

636
637  Figure 2. Predicted docking models for podophyllotoxin,
638  4B-NH-(6"-aminoindole)-4-desoxy-podophyllotoxin (Compound 3) and

639  4B-NH-(5"-aminoindazole)-4-desoxy-podophyllotoxin (Compowdbinding in the colchicine-binding
640  site. Tubulin crystal structure, PDB code: 5JCB.

641

642  Figure 3. Structures of podophyllotoxin and related bioactive analo§gnthesis of new
643  podophyllotoxin derivatives.

644

645 Figure 4. Effect of 4-NH-(6"-aminoindole)-4-desoxy-podophyllotoxin (Compound) and
646  4B-NH-(5"-aminoindazole)-4-desoxy-podophyllotoxin (Compoufil on cell cycle arrest against
647  MCF-7 (A), A549 (B), and HelLa (C) cell lines. Cell cycerest was detected in HelLa cells using
648  propidium iodide (Pl) double staining after 24 and 4&fhtreatment with VP-16, nocodazole,
649  Compound 3 and 6. Each value represents the mearottBiee independent experiments.

650

651  Figure 5. Effect of 4-NH-(6"-aminoindole)-4-desoxy-podophyllotoxin (Compound) and
652  4B-NH-(5"-aminoindazole)-4-desoxy-podophyllotoxin (Compouwg)don cellular apoptosis in MCF-7
653  (A), A549 (B), and HelLa (C) cell lines. Apoptosis detectionHeLa cells was carried out using

654 annexin V and propidium iodide (PI) double staining adrand 48 h of treatment with VP-16,
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nocodazole, Compoun@ and 6. Each value represents the mean = SE of three indapende

experiments.

Figure 6. Tubulin binding affinities of B-NH-(6"-aminoindole)-4-desoxy-podophyllotoxin
(Compound3) and 4-NH-(5"-aminoindazole)-4-desoxy-podophyllotoxin (Compous)dby surface
plasmon resonance (SPR). The upper panels show ratiotitrdata, and the lower panels are
integrated and dilution—corrected peak area plots ofitta¢idn data. SPR measurements were used to

determine the ligand profile at 25°C.

Figure 7. Inhibition of tubulin assembly in vitro by compounds. $yis: PTOX (dark squares),
colchicine (dark diamond#), nocodazole (dark trianglea), Compound 3 (dark circles), and

Compound 6 (open circle). Each value represents the mean + SE of three indeptaxperiments.

Figure 8. 4B-NH-(6"-aminoindole)-4-desoxy-podophyllotoxin (Compound 3) and
4B-NH-(5"-aminoindazole)-4-desoxy-podophyllotoxin (Compou@dlisrupted the organization of the
cellular microtubule network and induced histone H3gphorylation at nanomolar concentrations.
The effects of the drug candidates on tubulin polymerizatidielLa cells. Microtubules (green) were
stained witha—tubulin antibodies; DNA (blue); and histone phosphorylation) ((#&d). All samples

were stained for 24 h.

Figure 9. In vivo antitumor activity of #-NH-(6"-aminoindole)-4-desoxy-podophyllotoxin (Compound
3) after 3 days, and after administration of Compound&dise of 40 mg/kg for a week. MCF-7 cell
line was used fom vivo studies. The images of mice and tumors of each gidaiga did not conform

to Mauchly’s test of sphericity, and a Greenhouse-Gegsseection was performed.
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Figure 10. Structure and electronegativity analysis of podophyllotoxin
4B-NH-(6-aminoindole)-4-desoxy-podophyllotoxin or

4B-NH-(6-aminoindole)-4-desoxy-podophyllotoxin.

Figure 11. Structure of the tubulin cleavage complex stabilized bglopbyllotoxin derivatives.

4B-NH-(4"-aminoindole)-4-desoxy-podophyllotoxin (Compound 1)
4B-NH-(5"-aminoindole)-4-desoxy-podophyllotoxin (Compound 2)
4B-NH-(6"-aminoindole)-4-desoxy-podophyllotoxin (Compound 3) and

4B-NH-(7"-aminoindole)-4-desoxy-podophyllotoxin (Compou#)dwere found to bind the active site
betweena /B interfaces with the surface model treatment in 3D im&g#ive interaction fragments
were found to bind the active site betwe®f interfaces with the amino acids model treatment.
Schematic representation of the interactions between tubndi€ampounds interactions were marked
with lines: green dotted lines indicate H-bonds, the orandlewyesolid lines were pie stacking

interactions to the tubulin.
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Highlights
Drug design on the basis of a potential binding site nearby colchicine domain.
In theory, Compound 3 formed hydrogen bond to o'T5 loop-aH7 and colchicine domain.
Compound 3 displayed the higher tubulin binding affinity than drug nocodazole.
Compound 3 exhibited nanomolar-potency antitumor activity on tumor cells.

Solid tumors were destroyed without lethal toxicity in vivo by Compound 3.



