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ABSTRACT: Two series of thieno[2,8lpyrimidine derivatives bearing a dithiocarbamatieschain at the C2
position were synthesized and evaluated for cytotaxtivity in human lung cancer A549 and colon aan
HCT-116 cell lines. Compourih exhibited the most cytotoxic effect on A549 celith an 1Gg value of 4.87uM,
inducing a cell cycle arrest at G2/M phase andratitig the spindle assembly checkpoint (SAC). Temtdy the
target protein(s) oBn, we incorporated biotin witl3n through a three-carbon chain and an amide bond to
synthesize prob#0. The targeted proteins were pulled down from tBd®total cell lysate by biotin-streptavidin
affinity purification and analyzed by mass spectetnyn Tubulin was the only protein identified, whits related

to the SAC and directly binds to prob@ bothin vivo andin vitro. Furthermore, compourgh inhibited tubulin

polymerizationn vitro in a dose-dependent manner, competed with taxahiting to tubulin, exerting cytotoxic



activity toward taxol-resistant A549 cells. Thessults demonstrate that thieno[2lJpyrimidine derivative3n
exhibits cytotoxicity in cancer cells by targetitudpulin to activate the SAC and potentially act@dherapeutic
lead compound for taxol-resistant cancers.

Keywords: Thieno[2,3f]pyrimidine, dithiocarbamate, cytotoxicity, proliarget identification, tubulin.

Abbreviations: Boc, tert-butyloxycarbonyl; CPT, camptothecin; DMR,N-dimethylformamide; DMSO,
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1. Introduction

Thieno[2,3d]pyrimidine is an important heterocycle core stametfrom which various chemical derivatives

can be synthesized. These derivatives have receigéable attention over the past years due to thad

spectrum of biological activities, such as antiturfie3], antiviral [4], anti-inflammatory [5,6], @bgesic [7] and

antibacterial activity [8,9]. As such, many antitmagents based on thieno[2]pyrimidine have been

developed by researchers. Gangjee al, [10,11] synthesized 2-aminothieno[2ipyrimidin-4(3H)-one

derivatives bearing a benzoyl-L-glutamic acid mpiat lipophilic side chain at the 5-position andkated these

derivatives as classical or non-classical antiéokattitumor agents. Of these compounds, one wax@allent

dual inhibitor of human thymidylate synthase (TG;l= 54 nM) and dihydrofolate reductase (DHFRs0l€ 19

nM) and had nanomolar glvalues in eight human cancer cell lines (Figl)]11]. Buggeet al, designed and

synthesized many thieno[2d3pyrimidine derivatives and examined the effectsanfying the 4-amino group and

6-aryl group on its inhibitory potency against epitial growth factor receptor tyrosine kinase (EGH&;

antiproliferative and toxicity, and ADME propertié®ne of their compounds (Fig. lll) was a potential drug

candidate for EGFR-driven cancers [12,13]. A higiotighput screening (HTS) assay revealed thatcldcy

tetrahydrobenzothieno[2 @pyrimidine derivatives disrupt cell proliferatiomediated by aberrant EGFR

signaling. Wuet al. [14] introduced a chiral side chain and a Michaateptor group into this scaffold and the

resulting derivative showed >3 orders of magnitadeanced HCC827 antiproliferative activity compati@the

lead compound (Fig.1t11). This compound also inhibited gefitinib-resistabGFR double mutant (DM,

T790M/L858R) at nanomolar concentrations. Moreowposing a xenograft nude mouse model to this

compound shrinked tumor growth significantly [14lthough the majority of studies have focused on
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substitutions at the C4, C5, and C6 positions iefib{2,3d]pyrimidine, there have been increasing reporiSdf

substitutions on antitumor activity [15-17].

Natural and synthetic dithiocarbamates have exuelldological activities. Brassinin (Fig. 1) is a

phytoalexin that can induce apoptosis in humantptescancer cells by blocking the PI3K/AK/mTOR/S6K

signaling pathways [18]. Brassinin and its synthethalogue 5-bromobrassinin exert anticancer effbgt

inhibiting indoleamine 2,3-dioxygenase, a pro-tatggnic enzyme that drives immune escape in cah@grli et

al. [20] synthesized a compound with potent antifedditive activity against four selected human cared

lines (HL-60, Bel-7402, SK-BR-3 and MDA-MB-468) (Fil;1V). This compound induced apoptosis and G2/M

cell-cycle arrest by disrupting spindle assemblgirdumitotic progression. We incorporated the ditdsirbamate

moiety into the 6-position of 2-methylquinazlin-#{Bone to generate a set of compounds, several afthwh

inhibited proliferation of human cancer cell linggh 1C5y values at micromolar concentration (FigVlandVI)

[21-23]. Recently, we transferred the dithiocarbmanoiety from the 6-position to 2-position of

quinazlin-4(H)-one to synthesize another series of compoundsst md which markedly inhibited the

proliferation of A549, MCF-7, HelLa, HT29 and HCTé&Ltell lines . In particular, one compound induGIM

arrest in HT-29 cells by promoting tubulin polynzation in vitro and subsequently activating the spindle

assembly checkpoint (Fig. ¥11) [24]. The dithiocarbamate motif is also a suigalizikage region for combining

different biologically active scaffolds and thusdesign and synthesize new chemical entities [25].

<Fig.1>

In this study, compound3a—-s were synthesized as isosteric analogues of comp®iihdin which the

thieno[2,3d]pyrimidin-4(3H)-one ring is connected to the sulfur atom of ditirbamateia a methylene group



(Scheme 1). For comparison purposesie also synthesized compound6éa—l in which the
thieno[2,3d]pyrimidin-4(3H)-one ring is connected to the nitrogen atom ofiididarbamate (Scheme 2). We
evaluated the cytotoxic activity of the resultimngpounds in cultured lung cancer A549 and colon HCA cells.
Of these compoundS§n was most potent towards A549 cells, which wasiedrforward toinvestigate the
mechanisms underlying its cytotoxicity.
2. Resultsand discussion
2.1.Synthesis of compounda-s and6a-

Scheme 1 outlines the synthetic pathway of comps8assin which the thieno[2,2pyrimidin-4(3H)-one
ring is connected to the sulfur atom of dithiocanb#evia a methylene group. Reacting ethyl 2-cyanoacetade a
propionaldehyde with elemental sulfur in the presenof triethylamine (TEA) gave ethyl
2-amino-5-methylthiophene-3-carboxylate (intermeslid) [10]. This product was reacted with excess
2-chloroacetonitrile in the presence of hydrogen lorithe gas to yield
2-(chloromethyl)-6-methylthieno[2,8kpyrimidin-4(3H)-one (intermediat®) [26]. Intermediate2 reacted with
anhydrous potassium phosphate, carbon disulfidetadppropriate benzylamine, substituted benzylapor
heterocyclylmethylamine to generate compousaiss (for R' groups, see Scheme 1).

< Scheme 1 >

Scheme 2 outlines the synthetic pathway of comps6ad in which the thieno[2,3]pyrimidin-4(3H)-one
ring is linked to the nitrogen atom of dithiocarkaten Reacting intermediaBewith hexamethylenetetramine in
tetrahydrofuran (THF) generated quaternary ammor{@mwhich was treated with concentrated hydrochloric

acid in methanol to give 2-(aminomethyl)-6-methidtio[2,3d]pyrimidin-4(3H)-one 6), as previously



described [23]. Reaction of intermediabe anhydrous potassium phosphate and carbon disulfitte the
appropriate benzyl bromide, or substituted benzgintide, generated compoun@a-I (for R* groups, see
Scheme 2).
< Scheme 2 >
2.2.Synthesis of prob#0 (biotinylated compoun@n) and control probd 4
Cell proliferation assays indicated that compo8ndhad the most cytotoxic effect on A549 cellsg)@.87
UM) compared to all the other thieno[ZByrimidine derivatives. To identify the target pem, we synthesized a
biotinylated 3n probe (0) for affinity pull-down assays. Here, 4-cyanobdbrgmide reacted with
mono-protected propane-1,3-diamine to give intefimted 7 (Scheme 3). Reaction of7 with
2-chloromethyl-6-methylthieno[2,8lpyrimidin-4(3H)-one @), carbon disulfide and potassium phosphate
generated, which was deprotected with trifluoroacetic acid=f) to give intermediat®. Finally, coupling9
with D-(+)-biotin in the presence of 1-ethyl-3-(8kthylaminopropyl)carbodiimide hydrochloride (EDCI
yielded the probel().
< Scheme 3 >
We then prepared compourdd by reacting intermediatg with 4-cyanobenzylamine, from which the
carbodithionate moiety was removed (Scheme 4). ah&édogue oBn had no cytotoxicity towards A549 and
HCT-116 cells, indicating that the carbodithionawgiety is critical to cytotoxic activity. Therefqrere introduced
biotin into compoundl1 via an amide bond and a three-carbon chain to syathesmpound4, which served as
a control probe. Reaction of intermediadteith 7 gave compound2 (Scheme 4). Removal of the Boc groudih

with TFA, followed by the EDCI-mediated coupling 18 with D-(+)-biotin produced compourigt.



< Scheme 4 >

2.3. Structures of the target compounds

The structures of target compoursas-s and6a—| were characterized Bt NMR, **C NMR and ESI-HRMS.
In the 'H NMR spectra of compound8a—s, the signals of CH groups at the C6 position of the
thieno[2,3d]pyrimidin-4(3H)-one ring appear & 2.48-2.50 ppm as doubletd € 1.2 Hz), due to a long-range
coupling of the C5-hydrogen to one of the methgltpns. Accordingly, the signals of C5-hydrogensegpmtd
7.05-7.07 ppm as doublets with the sadnealue (1.2 Hz). The singlets at4.45-4.50 ppm are assigned to the
CH, groups connected to the sulfur atoms, and theldtauatod 4.65-4.99 ppm belong to the Gldroups linked to
the NH groups in the dithiocarbamate moiety. Thaets atd 10.29-10.70 ppm are assigned to the NH groups
adjacent to the CHgroups, and the singlets at12.50-12.54 ppm are attributed to the NH groups in the
thieno[2,3d]pyrimidin-4(3H)-one ring. In addition to the signals as discusHaolve, the signals ranging fram
6.36 to 8.53 ppm belong to CH groups in phenylssitiied phenyl or heterocyclic rings. THE NMR spectra of
compounds3a-s exhibit characteristic signals & 15.48-16.42 for methyl carbonsd 36.89-37.83 and
43.62-50.87 forSmethylene andN-methylene carbong) 162.93-163.45 and 194.74.96.54 for carbonyl and
thiocarbonyl carbons, and other expected signatgedisThe'H NMR and™*C NMR spectra of compounds—|
are very similar to those of compoun8a-s. The ESI-HRMS data of all the target compound#igood

agreement with their calculated values.

The dithiocarbamate N—C(=S) single bonds (Fig.h®ws in red) have partial double bond character. Fo
compoundsa-s and6a-l, rotations around the N—C(=S) bonds are free daesimall hydrogen atom attached to
each nitrogen atom of the dithiocarbamates; doghiihsignals was not observed in théir NMR spectra. In
intermediate®, 9 and probe0, however, the hydrogen atom attached to the rétiagom of dithiocarbamate is
substituted by atért-butyloxycarbonyl)aminopropylg], 3-aminopropyl 9) or biotinylaminopropyl grouplQ),
respectively, and a 4-cyanobenzyl group is attathiele nitrogen atom. Rotations around the C—-Nge)ds in

these molecules8¢10) are restricted, and they can exist as rotameational isomers). The protons of
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intermediates8 and 9, all exhibited two sets of peaks in thd NMR spectra (in a nearly 3:2, or 1:1 ratio,
respectively) corresponding to the two rotamerg.(E). For probd0, protons (except those in the biotin moiety)
also exhibited major and minor signals (in a nearyratio) in théH NMR spectrum. As intermedia8eor probe
10 has a more bulktert-butyloxycarbonyl (Boc) or biotinyl group than aopon in9, the E-rotamers are more
stable than th&-rotamers, and the former accounts for the largepgrtion in the mixture (~60%). THEC NMR
spectrum of prob&0 showed a similar signal doubling pattern for thebon atoms except for those in the biotin
moiety and the methyl group at the C5-positionhigno[2,3€d]pyrimidine.

<Fig. 2>
2.4.Cytotoxic activity

Compound8a-sand6a—| were initially evaluated by MTS assay at a siroglacentration of 3QM for their
cytotoxicity towards A549 (lung cancer), HelLa (deal carcinoma), MCF-7 and MDA-MB-231 (breast
adenocarcinoma), HCT-116 and HT-29 (colorectal egncells. Both A549 and HCT-116 cells were more
sensitive than all other cells to compourBds-s. However, hardly any cancer cells tested wereitbemgo
compounds 6a-1 at 30 uM (data not shown). These results indicated thahneotion of the
thieno[2,3d]pyrimidine ring to the sulfur atom of the dithiobamate moiety is essential for cytotoxicity.

The compounds in th8a-s series that induce®50% inhibition compared to vehicle were considered
“active”. We therefore analyzed the effects of thestive compounds across a range of concentratmns
determine the I values for 50% inhibition of cellular proliferatiqTables 1). 5-Fluorouracil (5-FU) was used
as a positive control. Most of the compouBdss exhibited a cytotoxic effect on cultured A549 an@T-116

cells (1G, < 30uM), and they were generally more active in AS4nthCT-116 cells (Table 1). CompouBd



(without a substituent on the benzene ring) halCgnvalue of 29.531M against A549 cells. Compounds with a
methyl @b) or methoxy 8c) group at the 4-position of benzene ring were carable to the parent compouBal
whereas compoungd (with a methoxy group at the 2-position of benzeng) was more potent towards A549
cells than3a. Compound3e containing a 2,4-dimethoxy phenyl group exhibitedak cytotoxic activity.
Compounds containing 3,4,5-trimethoxyphersf) (or 3,4-methylenedioxyphenyl grouBg)j were more active
than compoundBa. Compounds containing a moderate electron-withahgvgroup at the 4-position of the
benzene ring, namel$h (4-bromo) 3i (4-chloro) or3k (4-fluoro), but noBI (2-fluoro), were more cytotoxic than
the parent compoun8a. Compound3j (containing a 2,4-dichlorophenyl group) had eqlgémb activity as3a,
whereas3m (containing a 2,4-difluorophenyl group) was moo¢ive than3a. Notably, compounds bearing a
strong electron-withdrawing group at the 4-positidrbenzene ring3n (4-cyano) ando (4-nitro), were more
potent tharBa, with 3n being the most potent against A549 cells{|@.87uM).

Replacement of the phenyl group with an electroh-heterocycle in compourgh resulted in compounds
3p (R = thiophen-2-yl) an®q (R = furan-2-yl), which were comparable to or lessepbthara, respectively.
However, compounds containing an electron-defigigmidinyl groups, namelgr (R = pyridin-3-yl) and3s (R*
= pyridin-4-yl), were more potent that3a. These results demonstrate that aryl groups with a
electron-withdrawing group instead of an electramating group are favorable for cytotoxicity, susfiyey that
the density of the electron cloud on aryl or heseybgroups is critical for cytotoxicity.

Most compounds in theéa—s series had I§ values >2QM in HCT-116 cells. Only four compounds, namely,
3d, 3f, 3r and3s, had IG, values <2QuM, but they were less potent than 5-FU. By contre@ipoundn had a

comparable Ig, value to 5-FU (4.78 versus 3.p®1) towards A549 cells. Therefore, compousr was taken



forward to further investigate the mechanisms ulydes cytotoxicity of cancer cells.

<Table 1>

2.5.Compoundn induced G2/M arrest in A549 cells

We first examined the effects of compowdrdon cell-cycle progression. A549 cells were expdse?h at

various concentrations (x51.0x, or 2.0x the 1Gg), 5-FU (1Gy), or taxol (0.1QuM) for 24 h, and analyzed for

DNA content by flow cytometry. Three independerpexments were performed (Table S1 and Fig. 3AJ,the

results from one representative experiment are shinwig. 3B. In agreement with previous report544 cells

treated with 5-FU or taxol for 24 h arrested int&ge or G2/M phase, respectively; we observed aned

G2/M phase arrest iin-treated A549 cells. Moreover, we observed a degeddent accumulation of G2/M

cells when using concentrations from half to twaé¢he3n 1Cs, value.

<Fig.3>

2.6.Compoundn did not induce DNA double strand breaks in A54%cel

As compoundn induces G2/M arrest in A549 cells, we reasoneti3manight induce DNA damage. To test

this hypothesis, we treated A549 cells with canfoin (CPT, 2uM) for 2 h or compoundn for 12 h.

Immunofluorescence staining and immunoblotting gsin antibody specific for the DSB (DNA double-stia

break) markey-H2AX (histone H2AX phosphorylated on serine 13@swperformed to examine whether these

compounds could induce DSBs in cultured cancesc€PT is an inhibitor of topoisomerase | and irduc

replication-dependent DNA damage. Here, we foumd tieatment with CPT, but not compousrg resulted in

distincty-H2AX foci formation (Fig. 4A) and an increase ihgsphorylation of H2AX and CHK1 (in response to

DNA damage, ATR phosphorylates CHK1 at Ser345).(BRB). These results demonstrated that comp@&mnd
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cannot induce DNA damage under these conditions.

<Fig. 4>

2.7.Compoundn activated the spindle assembly checkpoint

Both DNA damage-induced G2/M checkpoint activatimmd tubulin poison-induced spindle-assembly

checkpoint activation can result in G2/M arrest.cAsnpound3n failed to induce DNA damage, we speculated

that compound3n might activate the spindle assembly checkpointlfoit G2/M arrest. To this end, we

determined the mitotic indexes of A549 cells trdatéth nocodazole or compoud for different durations. The

mitotic index was determined by the percentagest¥é positive for phospho-histone H3 on serine @810 H3).

S10 phosphorylation starts at prophase and quididgppears when cells move from metaphase to asepha

[27,28]. Therefore, cells in G2 or M phase can igérjuished by immunostaining with a pS10 H3 aoip and

the percentage of M phase cells can be determigefibty cytometry. Nocodazole elicits spindle-assémb

checkpoint activation mainly through binding tuluhvhich destabilizes tubulin polymerization anceats cells

in prometaphase. Nocodazole treatment led to aneong increase of mitotic indexes from 2 to 16 teo{Table

2). Compoundn treatment resulted in a similar increase in thetigiindexes, but to a less extent (Table 2, Fig.

5, Aand B). Immunoblotting analysis confirmed tht& phosphorylation at S10 increased following coomul

3n exposure from 12 h up to 24 h (Fig. 5C). BubR1 (A3 like) protein is an essential kinase for kirndtores to

establish microtubule attachments and the spirsilerably checkpoint. BubR1 is hyperphosphorylateB byl

during mitosis, which stabilizes the kinetochor@etmentsleading to spindle checkpoint activation [29,30].

A549 cells treated with compoud resulted in an increase of slow migration fornBabR1, which suggests a

phosphorylation modification (Fig. 5C). Taken tdugst these results are consistent with compdmnalctivating

11



the spindle assembly checkpoint.

< Table 2 >

<Fig.5>

2.8. Affinity purification and identification of compodi8n-binding proteins

To identify the target protein(s) of compouBl, we incubatechrobel0 (biotinylated compoun@n) with

A549 total cell lysate. Streptavidin-coated magnbéads were then used to pull down the biotingllatebe and

associated binding proteins, which were resolve@bB$—-PAGE and visualized by silver staining (Fig.Both

biotin alone (left lane) and the control probeltiane) only pulled down a single band at the sfzbout 55 kDa,

while probe 10 (middle lane) pulled down numerous bands. The ibincroteins were eluted from the

streptavidin-biotin probes and digesiadsitu with trypsin, the resulting peptide mixture waslgued by mass

spectrometry (Q Exactive HF LC/MS). The proteinnititees were determined by the molecular weighthef

peptide mass fingerprint using pFind software (eer®.8, Chinese Academy of Sciences) searching fiwe

UniProt database (Table 3). Among the major pretemiled down by prob#0 (Table 3), both Tubulirn and

Tubulin B functionally link to the SAC.

< Fig. 6 >

< Table 3>

We then sought to determine if compowmddirectly binds to tubulin. We found by immunobing analysis

that a-tubulin was pulled down by the prod®, but not by biotin or the control proldg (Fig. 7A). As the

pull-down ofa-tubulin by the probe may be indirect, we carried streptavidin-pulldown assays using purified

porcine neuronal tubulin and the probes. It wasibthato-tubulin was present in the protein complex pulled

12



down by probel0, but not by biotin or the control proldd, through immunoblotting analysis (Fig. 7B). These

results indicate that-tubulin can directly bind compourgh.

<Fig. 7>

2.9.Compoundn interferes with tubulin polymerization in vitro

Given that compoun8n directly binds tubulin, we sought to determinthi# compound would interfere with

tubulin function.In vitro tubulin polymerization assays were conducted @ithat various concentrations (5, 10

and 20uM). Nocodazole (a well-known inhibitor of tubulirolymerization) and taxol (a stabilizer of tubulin

polymerization) were used as controls. Here, wadahat compoun8@n compromised tubulin polymerization in

a dose-dependent manner, with less effect atN2@vhen compared to nocodazole treatment (Fig. 8).

< Fig. 8>

2.10.Compoundn competes with taxol in binding to tubulin

The data thus far prove that compoBmdtargets tubulin, likely activating the SAC throudéstabilizing

tubulin polymerization. There are three distinad arell-documented domains in tubulin for bindingsclitaxel,

colchicine and vinblastine [31,32]. To determinecifmpound3n competitively binds to any of these three

domains, we preincubated tubulin with excess taalthicine, vinblastine, or nocodazole whose bigdiegion

in tubulin overlaps with that of colchicines [38)r 2 h and then repeated the binding experimestféind that

preincubation of tubulin with colchicine, vinblast or nocodazole did not affect the binding of phebe with

tubulin, while the probe bound less tubulin wheripeubated with taxol (Fig. 9A, 9B). Next, we perfed

binding experiments using purified tubulin and prd®. The bead-bound probe-tubulin complex was then

incubated with increasing concentrations of nocotiazaxol, vinblastine, or colchicine before SDSJE and

13



immunoblotting. Again, we found that the increasohgses of nocodazole, vinblastine, or colchicing mt

reduce the amount of bound tubulin with the prdbig.(9D, 9E, 9F), while less tubulin bound the mrddter

incubation with taxol (Fig. 9C). These results destoated that compour8h competes with taxol in binding to

tubulin.

<Fig.9>

Competitive binding assays uncovered that comp@anday share the same binding site as taxol in tabuli

However, in contrast to taxol stabilizing tubulialypmerization,3n inhibits tubulin polymerization. We therefore

exposed taxol-resistant A549 cells to compo8mar taxol for 72 h, and then assessed cell pralifen by MTS

assay. Taxol was ineffective in taxol-resistant 8%klls (IGy > 30 puM), whereas compoun8n markedly

inhibited the proliferation of taxol-resistant A546lls (1G, = 7.31+ 0.11pM). Although 3n was less potent to

taxol-resistant A549 cells than A549 cells, it nimya potential lead for the development of antieamgents

treating taxol-resistant cancers.

3. Conclusion

This study designed and synthesized two seriepmfpounds by incorporating a dithiocarbamate moiety

into the C2 position of thieno[2 @pyrimidine scaffold. These compound3afs and6a-l) were evaluated as

antitumor agents in cultured lung cancer A549 arldrcHCT-116 cells. Most compounds in the se8ass (in

which thieno[2,3d]pyrimidine is linked to the sulfur atom of dithimbamate) were cytotoxic towards A549 and

HCT-116 cells. However, compounéa-| (in which thieno[2,3H]pyrimidine is linked to the nitrogen atom of

dithiocarbamate) were inactive against the two eagell lines. Flow cytometry analysis demonstrdtet the

representive compourigh arrests A549 cells in G2/M phase and activatessfiiedle assembly checkpoirtih.
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vitro tubulin polymerization assays revealed that comgoBn inhibited tubulin polymerizationin a
dose-dependent manner. LC-MS/MS mass spectrompaidysas and botlin vitro andin vivo binding assays
uncovered that tubulin directly binds to the biglited conjugatin@n (probel0). Unexpectedly, compourh
competes with taxol, a stabilizer of tubulin polyimation, in binding to tubulin, and thus inhibfisoliferation of
taxol-resistant A549 cells. Taken together, thi@i®fljpyrimidine derivatives bearing a dithiocarbamaides
chain at the C2-position interfere with tubulin yrolerization to activate the spindle assembly cheitkparrest
the cell cycle at G2/M phase and exert cytotoxittyard taxol-resistant A549 cells, potentiallyiagtas a novel
therapeutic lead compound for taxol-resistant cemce
4. Experimental
4.1.Chemistry

Melting points were determined on an XT5B microscapelting point apparatus and are uncorrected.
NMR spectra were recorded on a Varian VNMRS-60@spmeter at 600 MHz using tetramethylsilane (TMS)
an internal standard®C NMR spectra were recorded on a Varian VNMRS-G@csometer at 150 MHz using
tetramethylsilane (TMS) as internal standard. Higéslution electrospray ionization (HR-ESI) massct@a
were recorded on a Thermo Scientific LTQ Orbitrapdovery (Bremen, Germany) mass spectrometer. Golum
chromatography was carried out on a silica gel {300 mesh). High performance liquid chromatography
(HPLC) analyses were performed on an Agilent 12@0ieS HPLC instrument with a G1314B VWD
(variable-wavelength detector) € 256 nm, mobile phase: MeOH® = 7:3 (v/v)), and the data are presented in
the Supplementary data. The purity of all compoursgsd in the biological studies wa85%. Arylmethylamines,

heterocyclylmethylamines and arylmethylbromides evebtained commercially and used without further
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purification.
4.1.1.Preparation of ethyl 2-amino-5-methylthiophene-8bcylate (intermediaté)

A mixture of ethyl cyanoacetate (2.26 g, 20 mmwigthylamine (1.02 g, 10 mmol) and sulfur (0.6429,
mmol) in N,N-dimethylformamide (DMF, 20 mL) was stirred at 8D for 30 min. Propionaldehyde (1.16 g, 20
mmol) was added dropwise, and the reaction mixieae stirred at room temperature for 2 h. The mituas
poured into ice-cold water and extracted threegimi¢h ethyl acetate (15 mL, each). The combindrthets were
washed with brine, dried over anhydrous sodiumaselfand filtered and concentratadracuo The residue was
purified by column chromatography on a silica gatfoleum/ethyl acetate = 9:1) to afford intermesliaas a
pale yellow solid (2.32 g, 63%), mp 46-€7(Lit [10] mp 45-47 °C)*H NMR (600 MHz, DMSOdq) J 1.22 (t,
J=7.2 Hz, 3H, E€l,CH,), 2.18 (dJ = 0.6 Hz, 3H, CH), 4.14 (qJ = 7.2 Hz, 2H, CHCH),), 6.49 (s, 1H, thiophene
5-H), 7.08 (s, 2H, Nk). ESI-HRMSm/z calcd for GHNO,S ([M+H]"): 186.0589; found:186.0584.
4.1.2.Preparation of 2-(chloromethyl)-6-methylthieno[2JByrimidin-4(3H)-one (intermediat®)

A solution of ethyl 2-amino-5-methylthiophene-34saxylate @) (32.4 g, 175 mmol) and chloroacetonitrile
(15.8 g, 210 mmol) in 1,4-dioxane (300 mL) wasretirat room temperature for 6 h, while hydrogegté gas
was simultaneously passed through the solution.rébelting solid was collected by filtration andskad with
1,4-dioxane. The solid was suspended in water (50amd the mixture was adjusted with 25% aqueounania
to pH 7. After stirring for 2 h, the precipitate svaollected by filtration and air-dried, and pwdi by
re-crystallization from 1,4-dioxane to give intemfige 2 as a white solid (32.3 g, 86%), mp 211-205 *H
NMR (600 MHz, DMSO€g) & 2.52 (d,J = 1.2 Hz, 3H, Ch), 4.56 (s, 2H, CICh), 7.11 (d,J = 1.2 Hz, 1H,

thieno[2,3d]pyrimidine 5-H), 12.74 (s, 1H, NH). ESI-HRMS®/z calcd for GHsCIN,OS ([M+H]"): 215.0046;
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found:215.0042.
4.1.3.General preparation procedure for compourdds s

A suspension of amine (2 mmol), carbon disulfide8 (L, 13.3 mmol), and finely powdered potassium
phosphate (0.52 g, 2.45 mmol) in DMF (20 mL) wasredi at room temperature for 0.5 h. After adding
2-(chloromethyl)-6-methylthieno[2,8}pyrimidin-4(3H)-one @) (0.43 g, 2 mmol), stirring was continued
overnight. The mixture was poured into water (100 @mind the separated solid was collected by fitiratnd
air-dried. The crude product was purified by coluatmomatography on a silica gel using the eluedicated
below to give compound3a-s.
4.1.3.1.(6-Methyl-4-oxo0-3,4-dihydrothieno[2,3-d]pyrimidim@)methyl benzylcarbamodithioatgd).

Yield: 86%, white solid, mp 258-261 (eluent: dichloromethane/methanol = 98:2), HPE@mtion time
(rt) = 6.644 min*H NMR (600 MHz, DMSOdg) & 2.49 (s, 3H, Ch), 4.48 (s, 2H, SC}), 4.84 (dJ = 5.4 Hz, 2H,
CH,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8fpyrimidine 5-H), 7.28 (m, 3H, Ph-H, 4-H, 6-H), 7.34 (tJ=7.2
Hz, 2H, Ph 3H, 5-H), 10.58 (tJ = 5.4 Hz, 1H, CENH), 12.52 (s, 1H, NH)**C NMR (150 MHz, DMSOdg) 5
15.95 (6-CH), 37.33 (SCH), 50.29 (CHNH), 119.42 (4a-C), 123.62 (5-C), 127.70-¢), 128.08 (2C, 2C,
6'-C), 128.83 (2C, 3C, 5-C), 137.39 (6-C), 137.42 '(T), 153.73 (7a-C), 157.83 (2-C), 163.44 (4-C),.595
(C=S). ESI-HRMSn/z calcd for GgH1¢N3OS; ([M+H] ): 362.0455; found: 362.0442.
4.1.3.2.(6-Methyl-4-ox0-3,4-dihydrothieno[2,3-d]pyrimidim@)methyl 4-methylbenzylcarbamodithioaB)(

Yield: 37%, light yellow solid, mp 168-17C (eluent: dichloromethane/methanol = 99:1), HPLG r
10.314 min*H NMR (600 MHz, DMSO#) J: 2.28 (s, 3H, 4CHy), 2.49 (dJ = 1.2 Hz, 3H, 6-Ch), 4.47 (s, 2H,

SCHy), 4.77 (d,J = 5.4 Hz, 2H, €I,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8pyrimidine 5-H), 7.14 (dJ = 7.8
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Hz, 2H, Ph 3H, 5-H), 7.18 (dJ = 7.8 Hz, 2H, Ph'H, 6-H), 10.53 (tJ = 5.4 Hz, 1H, CENH), 12.51 (s, 1H,
NH). *C NMR (150 MHz, DMSQdy) 6: 15.94 (6-CH), 21.15 (4CHj), 37.33 (SCH), 50.12 (CHNH), 119.42
(4a-C), 123.62 (5-C), 128.13 (2C;@, 6-C), 129.37 (2C, 3C, 5-C), 134.35 (L:C), 136.87 (4C), 137.39 (6-C),
153.75 (7a-C), 157.82 (2-C), 163.42 (4-C), 195.26%). ESI-HRMSm/z calcd for G7H;gN30S; ([M+H]™):
376.0612; found: 376.0611.
4.1.3.3.(6-Methyl-4-ox0-3,4-dihydrothieno[2,3-d] pyrimidim&)methyl 4-methoxybenzylcarbamodithioge) (
Yield: 45%, light yellow solid, mp 195-198 °C (ehit: dichloromethane/methanol = 98:2), HPLC rt =

7.163 min.*H NMR (600 MHz, DMSOds) 5: 2.49 (d,J = 1.2 Hz, 3H, CH), 3.73 (s, 3H, OCH), 4.47 (s, 2H,
SCHp), 4.75 (d,J = 5.4 Hz, 2H, ®,NH), 6.89 (d,J = 8.4 Hz, 2H, Ph'aH, 5-H), 7.06 (d,J = 1.2 Hz, 1H,
thieno[2,3el]pyrimidine 5-H), 7.23 (dJ = 8.4 Hz, 2H, Ph’2H, 6-H), 10.50 (tJ = 5.4 Hz, 1H, CH\H), 12.51 (s,
1H, NH). **C NMR (150 MHz, DMSOdg) &: 15.94 (6-CH), 37.32 (SCH), 49.90 (CHNH), 55.52 (4OCHj),
114.24 (2C, 3C, 5-C), 119.42 (4a-C), 123.62 (5-C), 129.29-C), 129.64 (2C, 2C, 6-C), 137.39 (6-C),
153.77 (7a-C), 157.82 (2-C), 159.02'-@), 163.40 (4-C), 195.02 (C=S). ESI-HRM@&/z calcd for
C17H16N30,S; ([M+H]): 392.0561; found: 392.0562.
4.1.3.4. (6-Methyl-4-o0x0-3,4-dihydrothieno[2,3-d]pyrimid2vyl)methyl 2-methoxybenzylcarbamodithioate
(3d)

Yield: 47%, light yellow solid, mp 251-253 °C (ehtedichloromethane/methanol = 99.5:0.5), HPLC rt =
8.382 min.*H NMR (600 MHz, DMSOss) 5: 2.49 (d,J = 1.2 Hz, 3H, Ch), 3.81 (s, 3H, OCH), 4.47 (s, 2H,
SCH), 4.75 (dJ = 5.4 Hz, 2H, ©,NH), 6.91 (tJ = 7.2 Hz, 1H, Ph'8H), 7.01 (dJ = 7.2 Hz, 1H, Ph'aH), 7.06

(d,J = 1.2 Hz, 1H, thieno[2,8pyrimidine 5-H), 7.17 (dJ = 7.2 Hz, 1H, Ph'&H), 7.28 (t,J = 7.2 Hz, 1H, Ph
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4'-H), 10.40 (tJ = 5.4 Hz, 1H, CHNH), 12.52 (s, 1H, NH)**C NMR (150 MHz, DMSQdy) §: 15.95 (6-CH),
37.36 (SCH), 46.02 (CHNH), 55.83 (2-OCHg), 111.15 (3C), 119.43 (4a-C), 120.56 '(E), 123.63 (5-C),
124.60 (4-C), 128.78 (6C), 129.15 (L:C), 137.39 (6-C), 153.82 (7a-C), 157.29-Q3, 157.83 (2-C), 163.42
(4-C), 195.31 (C=S). ESI-HRM®/z calcd for G;H1gN30,S; (IM+H]): 392.0561; found:392.0545.
4.1.3.5.(6-Methyl-4-oxo-3,4-dihydrothieno[2,3-d] pyrimidim2)methyl 2,4-dimethoxybenzylcarbamodithioate
(3¢

Yield: 61%, yellow solid, mp 170-173 °C (eluentcllioromethane/methanol = 95:5), HPLC rt = 6.805.min
'H NMR (600 MHz, DMSOd) 6: 2.49 (d,J = 1.2 Hz, 3H, CH), 3.75 (s, 3H, OCH), 3.79 (s, 3H, OCH), 4.45 (s,
2H, SCH), 4.65 (dJ = 5.4 Hz, 2H, EI,NH), 6.47 (ddJ = 7.8, 2.4 Hz, 1H, Ph'#), 6.57 (dJ = 2.4 Hz, 1H, Ph
3'-H), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8pyrimidine 5-H), 7.10 (dJ = 7.8 Hz, 1H, Ph'eH), 10.29 (tJ = 5.4 Hz,
1H, CHNH), 12.50 (s, 1H, NH)®¥C NMR (150 MHz, DMSOdg) &: 15.93 (6-CH), 37.35 (SCh), 45.95
(CH;NH), 55.68 (OCH), 55.93 (OCH), 98.80 (3-C), 104.87 (5C), 116.72 (1C), 119.42 (4a-C), 123.62 (5-C),
130.16 (6-C), 137.39 (6-C), 153.90 (7a-C), 157.81 (2-C),.438(4-C), 160.69 (2C), 163.37 (4-C), 194.74
(C=S). ESI-HRMS/z calcd for GgHooN305S; ((M+H]*): 422.0667; found: 422.0663.
4.1.3.6. (6-Methyl-4-o0x0-3,4-dihydrothieno[2,3-d]pyrimid2vyl)methyl
3,4,5-trimethoxybenzylcarbamodithioa8$)(

Yield: 51%, light yellow solid, mp 193-195 °C (ehtedichloromethane/methanol = 98:2 to 95 :5), HRLC
= 4.342 min'H NMR (600 MHz, DMSOs) J: 2.48 (s, 3H, CH), 3.64 (s, 3H, OCH}, 3.73 (s, 6H, 20C}H), 4.49
(s, 2H, SCH), 4.75 (dJ = 5.4 Hz, 2H, €I,NH), 6.44 (s, 2H, Ph'H, 6-H), 7.05 (s, 1H, thieno[2,8}pyrimidine

5-H), 10.50 (tJ = 5.4 Hz, 1H, CBNH), 12.51 (s, 1H, NH)*C NMR (150 MHz, DMSOd) : 15.91 (6-CH),
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37.37 (SCH), 50.87 (CHNH), 56.25 (2C, 30CH;, 5-OCHg), 60.41 (4-OCH), 105.84 (2C, 2C, 6-C), 119.40
(4a-C), 123.60 (5-C), 132.79'¢C), 137.24 (4C), 137.38 (6-C), 153.27 (2C}-8, 5-C), 153.84 (7a-C), 157.81
(2-C), 163.37 (4-C), 195.34 (C=S). ESI-HRMS/z calcd for GoHpN30,S; ([M+H]*): 452.0772; found:
452.0770.

4.1.3.7.(6-Methyl-4-oxo0-3,4-dihydrothieno[2,3-d] pyrimidim2)methyl
(3,4-methylenedioxy)benzylcarbamodithioae) (

Yield: 33%, pale brown solid, mp 183-187 °C (eluelthloromethane/methanol = 98 :2 to 95 :5), HRLC
= 5.478 min‘H NMR (600 MHz, DMSOs) 6: 2.49 (dJ= 1.2 Hz, 3H, CH), 4.47 (s, 2H, SCH, 4.72 (dJ=5.4
Hz, 2H, GH,NH), 6.00 (s, 2H, OCHD), 6.79 (dd,) = 7.8, 1.8 Hz, 1H, Ph'4d), 6.86 (dJ = 7.8 Hz, 1H, Ph'&H),
6.87 (d,J = 1.8 Hz, 1H, Ph'H), 7.05 (dJ = 1.2 Hz, 1H, thieno[2,8pyrimidine 5-H), 10.49 (tJ = 5.4 Hz, 1H,
CH,NH), 12.51 (s, 1H, NH)*C NMR (150 MHz, DMSQd) &: 15.48 (6-CH), 36.89 (SCH), 49.73 (CHNH),
100.94 (OCHO), 108.11 (2C), 108.39 (5C), 118.96 (4a-C), 121.25'¢€), 123.17 (5-C), 130.62 (L), 136.96
(6-C), 146.49 (3C), 147.24 (4C), 153.30 (7a-C), 157.37 (2-C), 162.93 (4-C),.784(C=S). ESI-HRMSn/z
calcd for G;H1gN305S; ([M+H]Y): 406.0354; found: 406.03309.
4.1.3.8.(6-Methyl-4-ox0-3,4-dihydrothieno[2,3-d]pyrimidima®)methyl 4-bromobenzylcarbamodithioa8)

Yield: 31%, light yellow solid, mp 198-202 °C (eht: dichloromethane/methanol = 97:3), HPLC rt =
12.545 minH NMR (600 MHz, DMSOs) 5: 2.49 (d,J = 1.2 Hz, 3H, CH), 4.48 (s, 2H, SCH), 4.80 (dJ=5.4
Hz, 2H, GH,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8}pyrimidine 5-H), 7.25 (dJ = 8.4 Hz, 2H, Ph'2H, 6-H),
7.52 (d,J=8.4 Hz, 2H, Ph'aH, 5-H), 10.58 (tJ = 5.4 Hz, 1H, CENH), 12.52 (s, 1H, NH)}**C NMR (150 MHz,

DMSO-dq) 6: 15.96 (6-CH), 37.36 (SCH), 49.53 (CHNH), 119.43 (4a-C), 120.79 (€), 123.63 (5-C), 130.29
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(2C, 2-C, 6-C), 131.70 (2C, '3C, 5-C), 136.90 (:C), 137.40 (6-C), 153.65 (7a-C), 157.82 (2-C),.4634-C),
195.76 (C=S). ESI-HRMSn/z calcd for GgH1sBrN;0S; ([M+H]"): 439.9561, 441.9540; found: 439.9552,
441.9532.

4.1.3.9. (6-Methyl-4-o0x0-3,4-dihydrothieno[2,3-d]pyrimid2vyl)methyl 4-chlorobenzylcarbamodithioaf#)(

Yield: 31%, light yellow solid, mp 163-166 °C (ehtedichloromethane/methanol =99:1 to 98 :2), HRLC
=10.519 min'H NMR (600 MHz, DMSOds) J: 2.49 (d,J = 1.2 Hz, 3H, CH), 4.48 (s, 2H, SC}), 4.82 (d,J =
6.0 Hz, 2H, ®i,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8}pyrimidine 5-H), 7.31 (d,) = 8.4 Hz, 2H, Ph'2H,
6'-H), 7.39 (d,J = 8.4 Hz, 2H, Ph'aH, 5-H), 10.58 (tJ = 6.0 Hz, 1H, CENH), 12.52 (s, 1H, NH):*C NMR (150
MHz, DMSO-g) 6: 16.42 (6-CH), 37.83 (SCH), 49.96 (CHNH), 119.90 (4a-C), 124.10 (5-C), 129.26 (2C,
3-C, 5-C), 130.42 (2C, '2C, 6-C), 132.77 (4C), 136.95 (:C), 137.88 (6-C), 154.13 (7a-C), 158.30 (2-C),
163.89 (4-C), 196.23 (C=S). ESI-HRMSz calcd for GgH13CIN;OS; (IM+H]*): 396.0066; found: 396.0062.
4.1.3.10(6-Methyl-4-o0x0-3,4-dihydrothieno[2,3-d]pyrimidim@)methyl 2,4-dichlorobenzylcarbamodithioate
3))

Yield: 14%, light yellow solid, mp 182-186 °C (ehie dichloromethane/methanol = 98:2), HPLC rt =
19.537 min*H NMR (600 MHz, DMSOdg) d: 2.50 (d,J = 1.2 Hz, 3H, Ch), 4.49 (s, 2H, SC}), 4.83 (dJ=5.4
Hz, 2H, GH,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8}pyrimidine 5-H), 7.32 (dJ = 8.4 Hz, 1H, Ph'eH), 7.41
(dd,J = 8.4, 2.4 Hz, 1H, Ph'$), 7.64 (d,J = 2.4 Hz, Ph 3H), 10.56 (tJ = 5.4 Hz, 1H, CHNH), 12.53 (s, 1H,
NH). *C NMR (150 MHz, DMSOdg) 6: 15.95 (6-CH), 37.43 (SCH), 47.77 (CHNH), 119.44 (4a-C), 123.64
(5-C), 127.75 (5C), 129.22 (3C), 131.06 (6C), 133.22 (4C), 133.68 (EC), 133.76 (2C), 137.40 (6-C),

153.60 (7a-C), 157.82 (2-C), 163.40 (4-C), 19626%). ESI-HRMSn/z calcd for GeH14CloNs0S; (IM+H] *):
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429.9676, 431.9647; found: 429.9665, 431.9625.
4.1.3.11(6-Methyl-4-o0x0-3,4-dihydrothieno[2,3-d]pyrimidimy@)methyl 4-fluorobenzylcarbamodithioatek]
Yield: 63%, light yellow solid, mp 155-158 °C (ehtedichloromethane/methanol = 98:2), HPLC rt =26.5
min. *H NMR (600 MHz, DMSOs) 6: 2.49 (d,J = 1.2 Hz, 3H, Ch), 4.48 (s, 2H, SC), 4.81 (dJ = 5.4 Hz, 2H,
CH,NH), 7.06 (dJ = 1.2 Hz, 1H, thieno[2,8pyrimidine 5-H), 7.16 (tJ = 9.0 Hz, 2H, Ph'aH, 5-H), 7.34 (dd,
J=9.0, 5.4 Hz, 2H, PhH, 6-H), 10.57 (tJ = 5.4 Hz, 1H, ChNH), 12.52 (s, 1H, NH)**C NMR (150 MHz,
DMSO-ds) &: 15.93 (6-CH), 37.34 (SCH), 49.52 (CHNH), 115.58 (dJ = 21.3 Hz, 2C, 3C, 5-C), 119.41
(4a-C), 123.62 (5-C), 130.20 @@= 8.25 Hz, 2C, 2C, 6-C), 133.61 (dJ = 3.0 Hz, 1-C), 137.39 (6-C), 153.68
(7a-C), 157.82 (2-C), 161.85 (d= 241.65 Hz, 4C), 163.41 (4-C), 195.55 (C=S). ESI-HRMSz calcd for
CieH1sFN;OS; ([M+H] *): 380.0361; found: 380.0354.
4.1.3.12 (6-Methyl-4-0x0-3,4-dihydrothieno[2,3-d]pyrimidimy@)methyl 2-fluorobenzylcarbamodithioat®)(
Yield: 76%, yellow solid, mp 153-158 °C (eluentclioromethane/methanol = 98:2), HPLC rt = 6.285.min
H NMR (600 MHz, DMSOdg) & 2.49 (d,J = 1.2 Hz, 3H, CH), 4.48 (s, 2H, SC}), 4.84 (d,J = 5.4 Hz, 2H,
CH,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8}pyrimidine 5-H), 7.16-7.22 (m, 2H, Ph-H), 7.33-7.8m, 2H,
Ph-H), 10.56 (tJ = 5.4 Hz, 1H, CENH), 12.52 (s, 1H, NH)**C NMR (150 MHz, DMSOdg) J: 15.94 (6-CH),
37.38 (SCH), 44.35 (d,) = 4.5 Hz, CHNH), 115.70 (dJ = 21.15 Hz, 3C), 119.43 (4a-C), 123.63 (5-C), 124.03
(d, J = 14.55 Hz, tC), 124.79 (dJ = 3.45 Hz, 5C), 129.95 (dJ = 8.1 Hz, 4C), 130.40 (dJ = 4.35 Hz, 6C),
137.39 (6-C), 153.69 (7a-C), 157.82 (2-C), 160.89)(= 244.05 Hz, 2C), 163.43 (4-C), 195.88 (C=S).

ESI-HRMSm/z calcd for GgH1sFN;OS; ([M+H] ¥): 380.0361; found: 380.0357.
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4.1.3.13(6-Methyl-4-o0x0-3,4-dihydrothieno[2,3-d]pyrimidim@)methyl 2,4-difluorobenzylcarbamodithioate
(3m)

Yield: 66%, pale brown solid, mp 153-158 °C (eluelithloromethane/methanol = 98:2), HPLC rt = 8.675
min. *H NMR (600 MHz, DMSOdg) &: 2.49 (s, 3H, Ch), 4.48 (s, 2H, SCh), 4.79 (d,J = 5.4 Hz, 2H, E,NH),
7.06 (s, 1H, thieno[2,8}pyrimidine 5-H), 7.07 (td) = 8.4, 2.4 Hz, 1H, Ph'34), 7.25 (tdJ = 8.4, 2.4 Hz, 1H, Ph
5-H), 7.41 (m, 1H, Ph’&H), 10.54 (t,J = 5.4 Hz, 1H, CENH), 12.52 (s, 1H, NH)**C NMR (150 MHz,
DMSO-ds) J: 15.94 (6-CH), 37.38 (SCH), 43.96 (d,J = 3.0 Hz, CHNH), 104.31 (tJ = 25.65 Hz, 3C), 111.80
(dd,J = 21.15, 3.6 Hz, '5C), 119.42 (4a-C), 120.44 (ddi= 15.0, 3.75 Hz, '1C), 123.62 (5-C), 131.79 (dd=
9.75, 5.7 Hz, 6C), 137.40 (6-C), 153.66 (7a-C), 157.81 (2-C),.660dd J = 246.75, 12.3 Hz,'X), 162.19 (dd,

J = 244.65, 12.0 Hz,'4), 163.41 (4-C), 195.87 (C=S). ESI-HRMSz calcd for GgH147Ns0S; ([M+H]):
398.0267; found: 398.0263.
4.1.3.14(6-Methyl-4-o0x0-3,4-dihydrothieno[2,3-d]pyrimidimy@)methyl 4-cyanobenzylcarbamodithioaBm)

Yield: 41%, light yellow solid, mp 195-198 °C (ehte dichloromethane/methanol = 99.5:0.5 to 98:2),
HPLC rt = 4.484 min*H NMR (600 MHz, DMSOs) §: 2.50 (d,J = 1.2 Hz, 3H, CH), 4.49 (s, 2H, SC}), 4.92
(d, J = 6.0 Hz, 2H, EI,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8}pyrimidine 5-H), 7.46 (d,) = 8.4 Hz, 2H, Ph
2'-H, 6-H), 7.80 (d,J = 8.4 Hz, 2H, Ph’&H, 5-H), 10.65 (tJ = 6.0 Hz, 1H, CH\H), 12.53 (s, 1H, NH)}**C NMR
(150 MHz, DMSO#) d: 15.95 (6-CH), 37.39 (SCH), 49.68 (CHNH), 110.40 (4C), 119.21 (CN), 119.43
(4a-C), 123.63 (5-C), 128.73 (2C}-@, 6-C), 132.77 (2C, '3C, B-C), 137.42 (6-C), 143.34 '(C), 153.56
(7a-C), 157.83 (2-C), 163.42 (4-C), 196.33 (C=I-BRMSm/z calcd for G;H1sN,0S; ((M+H]"): 387.0408;

found: 387.0398.
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4.1.3.15. (6-Methyl-4-oxo-3,4-dihydrothieno[2,3-d]pyrimid2+yl)methyl 4-nitrobenzylcarbamodithioat&of

Yield: 46%, yellow solid, mp 183-188 °C (eluentclioromethane/methanol = 99:1 to 98:2) , HPLC rt =
5.650 min.*H NMR (600 MHz, DMSOdg) d: 2.49 (d,J = 1.2 Hz, 3H, Ch), 4.50 (s, 2H, SC}, 4.96 (dJ = 5.4
Hz, 2H, GH,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8pyrimidine 5-H), 7.53 (dJ = 8.4 Hz, 2H, Ph'2H, 6-H),
8.19 (d,J = 8.4 Hz, 2H, Ph'aH, 5-H), 10.70 (tJ = 5.4 Hz, 1H, CENH), 12.54 (s, 1H, NH)}**C NMR (150 MHz,
DMSO-dg) §: 15.48 (6-CH), 36.96 (SCH), 48.99 (CHNH), 119.00 (4a-C), 123.18 (5-C), 123.53 (2GC3
5'-C), 128.46 (2C, '2C, 6-C), 136.94 (6-C), 145.04 '(C), 146.63 (4C), 153.12 (7a-C), 157.38 (2-C), 162.97
(4-C), 195.99 (C=S). ESI-HRM®/z calcd for GeH1sN403S; ([M+H]*): 407.0306; found: 437.080
4.1.3.16. (6-Methyl-4-oxo-3,4-dihydrothieno[2,3-d]pyrimid2+yl)methyl
(thiophen-2-ylmethyl)carbamodithioatép)

Yield: 24%, off-white solid, mp 192-195 °C (eluedichloromethane/methanol = 97:3), HPLC rt = 5.617
min.*H NMR (600 MHz, DMSO#dg) J: 2.49 (dJ = 1.2 Hz, 3H, CH), 4.48 (s, 2H, SCH), 4.99 (d,J = 5.4 Hz, 2H,
CH,NH), 6.98 (ddJ = 5.4, 3.6 Hz, 1H, thiophené-H ), 7.05 (dJ = 1.2 Hz, thieno[2,3}]pyrimidine 5-H), 7.07
(dd,J = 3.6, 1.2 Hz, 1H, thiophené-H), 7.43 (dd,) = 4.8, 1.2 Hz, 1H, thiophen&-H), 10.62 (tJ = 5.4 Hz, 1H,
CH,NH), 12.51 (s, 1H, NH)**C NMR (150 MHz, DMSOdg) 8: 15.94 (6-CH), 37.35 (SCH), 45.07 (CHNH),
119.40 (4a-C), 123.61 (5-C), 126.28-(3, 127.04 (5C), 127.42 (4C), 137.39 (6-C), 139.48 '(T), 153.62
(7a-C), 157.81 (2-C), 163.42 (4-C), 195.36 (C=I-BRMSm/z calcd for G4H1,N;0S, ([M+H]*): 368.0020;

found: 368.0018.
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4.1.3.17. (6-Methyl-4-oxo-3,4-dihydrothieno[2,3-d] pyrimid2+yl)methyl (furan-2-ylmethyl)carbamodithioate
(30)

Yield: 25%, off-white solid, mp 181-184 °C (eluedichloromethane/methanol = 99:1 to 98:2), HPLE rt
4.493 min*H NMR (600 MHz, DMSOd,) &: 2.49 (d,J = 1.2 Hz, 3H, CH), 4.47 (s, 2H, SC}, 4.80 (dJ = 4.8
Hz, 2H, GH,NH), 6.36 (d.J = 3.0 Hz, 1H, furan’aH), 6.42 (dd,) = 3.0, 1.8 Hz, 1H, furan'4), 7.06 (dJ = 1.2
Hz, thieno[2,3d]pyrimidine 5-H), 7.62 (ddJ = 1.8, 0.6 Hz, 1H, furan'8#1), 10.54 (tJ = 4.8 Hz, 1H, CkENH),
12.51 (s, 1H, NH)*C NMR (150 MHz, DMSOdg) 6: 15.94 (6-CH), 37.36 (SCH), 43.62 (CHNH), 109.08
(3-C), 111.00 (4C), 119.41 (4a-C), 123.61 (5-C), 137.39 (6-C),.123(5-C), 150.07 (2C), 153.71 (7a-C),
157.81 (2-C), 163.40 (4-C), 195.60 (C=S). ESI-HRM& calcd for G,H14N30,S; ([M+H]™): 352.0248; found:
352.0247.
4.1.3.18. (6-Methyl-4-oxo-3,4-dihydrothieno[2,3-d]pyrimid2+yl)methyl
(pyridin-3-ylmethyl)carbamodithioat&x)

Yield: 89%, white solid, mp 256-260 °C (eluent:ld@romethane/methanol = 90:10), HPLC rt = 2.656.min
H NMR (600 MHz, DMSO#) 6: 2.49 (d,J = 1.2 Hz, 3H, CH), 4.49 (s, 2H, SC), 4.85 (s, 2H, E,NH), 7.06 (d,
J=1.2 Hz, 1H, thieno[2,8]pyrimidine 5-H), 7.37 (ddJ = 7.8, 4.8 Hz, 1H, pyridine’#), 7.70 (dtJ=7.8, 1.8
Hz, 1H, pyridine 4H), 8.49 (ddJJ= 4.8, 1.2 Hz, 1H, pyridine’#1), 8.53 (dJ = 1.8 Hz, 1H, pyridine'2H), 10.62
(s, 1H, CHNH), 12.53 (s, 1H, NH)}*C NMR (150 MHz, DMSOdy) &: 15.94 (6-CH), 37.37 (SCH), 47.88
(CH,NH), 119.42 (4a-C), 123.62 (5-C), 123.95(), 133.07 (3C), 135.91 (4C), 137.40 (6-C), 148.93'(E),
149.53 (2C), 153.63 (7a-C), 157.82 (2-C), 163.42 (4-C),.995C=S). ESI-HRMSn/z calcd for GsH1sN,0S;

([M+H]™M): 363.0408; found: 363.0404.
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4.1.3.19. (6-Methyl-4-oxo-3,4-dihydrothieno[2,3-d]pyrimid2ryl)methyl
(pyridin-4-ylmethyl)carbamodithioat8$

Yield: 58%, off-white solid, mp 260-263 °C (eluedtchloromethane/methanol = 90:10), HPLC rt = 2.651
min. *H NMR (600 MHz, DMSO#dg) d: 2.50 (s, 3H, Ch), 4.50 (s, 2H, SCH, 4.87 (s, 2H, E,NH), 7.07 (d,J =
0.6 Hz, 1H, thieno[2,3]pyrimidine 5-H), 7.26 (dJ = 5.4 Hz, 2H, pyridine'3H, 5-H), 8.51 (d,J = 5.4 Hz, 2H,
pyridine 2-H, 6-H), 10.65 (s, 1H, CHNH), 12.54 (s, 1H, NH):*C NMR (150 MHz, DMSOdg) J: 15.90 (6-CH),
37.36 (SCH), 48.93 (CHNH), 119.43 (4a-C), 122.67 (2C;G, 5-C), 123.62 (5-C), 137.41 (6-C), 146.46-@®),
150.03 (2C, 2C, 6-C), 153.58 (7a-C), 157.84 (2-C), 163.45 (4-C),.586(C=S). ESI-HRMSn/z calcd for
C1sH1sN,OS; ([M+H]*): 363.0408; found: 363.0404.
4.1.4.Preparation of 2-(aminomethyl)-6-methylthieno[2 [pydimidin-4(3H)-one (intermediatb)

A solution of 2-(chloromethyl)-6-methylthieno[2d@pyrimidin-4(3H)-one @) (4.3 g, 20 mmol) and
hexamethylenetetramine (3.6 g, 26 mmol) in anhysltetrahydrofuran (THF, 100 mL) was stirred unaux
for 12 h. The mixture was allowed to cool to roe@mperature and the precipitate was collected Inatiibn,
washed with 1,4-dioxane and air-dried to give imtediate4 as an off-white solid, which was used directlytia
next step without purification.

A mixture of intermediaté (6.98 g, 19.7 mmol), concentrated hydrochloric 6@ mL) and methanol (50
mL) was stirred under reflux for 8 h. After coolitg room temperature, the seperated solid wasatedeby
filtration, and washed with methanol. The solid waspended in water and the mixture was adjustdd28%6
aqueous ammonia to pH 10. The precipitate wasaelleby filtration and washed with a small volunieold

water. The air-dried crude product was purified bglumn chromatography on a silica gel (eluent:
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dichloromethane/methanol = 8:2) to give intermeaztats a pale brown solid (1.5 g, 38%, overall yieldvamo
steps), mp 223-228. 'H NMR (600 MHz, DMSOsg) & 2.51 (s, 3H, Ch), 4.08 (s, 2H, Ch), 7.11 (dJ=1.2
Hz, 1H, thieno[2,3d]pyrimidine 5-H), 9.58 (br s, 2H, Nt ESI-HRMSm/z calcd for GH1oN3OS ([M+H]"):
196.0545; found:196.0542.
4.1.5.General preparation procedure for compourtas-|

A suspension of 2-(aminomethyl)-6-methylthieno[@8]Byrimidin-4(3H)-one 6) (2 mmol), carbon disulfide
(0.8 mL, 13.3 mmol), and finely powdered potassphosphate (0.52 g, 2.45 mmol) in DMF (20 mL) wasesd
at room temperature for 0.5 h. After adding therappate benzyl bromide (2 mmol), the mixture whsed at
room temperature overnight. The mixture was pourgd water (20 mL) and the resulting precipitateswa
collected by filtration and air-dried. The crudeguct was purified by column chromatography onliassgel
using the eluent indicated below to give compogais.
4.1.5.1.Benzyl ((6-methyl-4-ox0-3,4-dihydrothieno[2,3-dJipyidin-2-yl)methyl)carbamodithioat& )

Yield: 35%, white solid, mp 223-225 °C (eluent:ldaromethane/methanol = 98:2), HPLC rt = 8.827 min.
H NMR (600 MHz, DMSOsg) & 2.50 (s, 3H, Ch), 4.51 (s, 2H, SCh), 4.75 (d,J = 4.8 Hz, 2H, El,NH), 7.06 (d,
J=1.2 Hz, 1H, thieno[2,8pyrimidine 5-H), 7.26 (tJ = 7.2 Hz, 1H, Ph'4H), 7.32 (tJ = 7.2 Hz, 2H, Ph'&H,
5'-H), 7.38 (dJ = 7.2 Hz, 2H, Ph'H, 6-H) 10.42 (tJ = 4.8 Hz, 1H, CENH), 12.51 (s, 1H, NH)*C NMR (150
MHz, DMSO<s) 6: 15.95 (6-CH), 38.98 (CHS), 48.32 (NHCH), 119.42 (4a-C), 123.77 (5-C), 127.67-@®),
128.89 (2C, 3C, 5-C), 129.37 (2C, 2C, 6-C), 137.13 (3C), 137.41 (6-C), 153.39 (7a-C), 157.90 (2-C),

163.57 (4-C), 198.13 (C=S). ESI-HRMSz calcd for GeH:gN20S; ([M+H]): 362.0455; found: 362.0456.
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4.1.5.2.4-Methylbenzyl ((6-methyl-4-oxo-3,4-dihydrothien8f2l] pyrimidin-2-yl)methyl)carbamodithioatélf)

Yield: 43%, white solid, mp 190-192 °C (eluent:ld@romethane/methanol = 98:2), HPLC rt = 13.388.min
H NMR (600 MHz, DMSO#g) & 2.27 (s, 3H, 4CHs), 2.49 (dJ = 1.2 Hz, 3H, 6-Ch), 4.46 (s, 2H, SCH, 4.75
(d, J = 5.4 Hz, 2H, E€I,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8}pyrimidine 5-H), 7.12 (dJ = 7.8 Hz, 2H, Ph
3"-H, 5-H), 7.26 (d,J = 7.8 Hz, 2H, Ph'H, 6-H), 10.38 (tJ = 5.4 Hz, 1H, CENH), 12.50 (s, 1H, NH)*C NMR
(150 MHz, DMSO¢l) 6: 15.94 (6-CH), 21.14 (4CHs), 38.83 (CHS), 48.28 (NHCH), 119.42 (4a-C), 123.77
(5-C), 129.30 (2C,'C, 5-C), 129.45 (2C, 2C, 6-C), 134.12 (:C), 136.88 (4C), 137.12 (6-C), 153.40 (7a-C),
157.89 (2-C), 163.56 (4-C), 198.21 (C=S). ESI-HRMA& calcd for G;H:gN3z0S; ([M+H]™): 376.0612; found:
376.0613.
4.1.5.3.4-Methoxybenzyl ((6-methyl-4-oxo-3,4-dihydrothiéhd{d]pyrimidin-2-yl)methyl)carbamodithioate
(60)

Yield: 39%, white solid, mp 209-212 °C (eluent:ldaromethane/methanol = 99.5:0.5 to 98:2), HPLE rt
7.163 min.*H NMR (600 MHz, DMSOdg) & 2.49 (d,J = 1.2 Hz, 3H, Ch), 3.73 (s, 3H, OCH), 4.44 (s, 2H,
SCH), 4.74 (d,J = 5.4 Hz, 2H, El,NH), 6.88 (d,J = 8.4 Hz, 2H, Ph'3H, 5-H), 7.06 (d,J = 1.2 Hz, 1H,
thieno[2,3d]pyrimidine 5-H), 7.30 (dJ = 8.4 Hz, 2H, Ph'H, 6-H), 10.36 (tJ = 5.4 Hz, 1H, CHNH), 12.50 (s,
1H, NH). **C NMR (150 MHz, DMSOdg) &: 15.94 (6-CH), 38.62 (CHS), 48.24 (NHCH), 55.51 (4OCHj),
114.32 (2C, 3C, 5-C), 119.42 (4a-C), 123.78 (5-C), 128.92-C), 130.60 (2C, '2C, 6-C), 137.12 (6-C),
153.42 (7a-C), 157.90 (2-C), 158.93-@), 163.57 (4-C), 198.29 (C=S). ESI-HRM8z calcd for G;H;gN;0S;

([M+H]M): 392.0561; found: 392.0561.
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4.1.5.4.3-Methoxybenzyl ((6-methyl-4-oxo-3,4-dihydrothiénd{d]pyrimidin-2-yl)methyl)carbamodithioate
(6d)

Yield: 33%, white solid, mp 204-205 °C (eluent:ldaromethane/methanol = 98:2), HPLC rt = 8.752 min.
'H NMR (600 MHz, DMSO#d) 6: 2.49 (dJ = 1.2 Hz, 3H, Ch), 3.73 (s, 3H, OCH}, 4.48 (s, 2H, SCh), 4.75 (d,
J=5.4 Hz, 2H, EI,NH), 6.83 (dtJ=7.8, 1.8 Hz, 1H, Ph'#H), 6.95 (dJ= 7.8 Hz, 1H, Ph'eH) , 6.96 (dJ=1.8
Hz, 1H, Ph 2H), 7.06 (dJ = 1.2 Hz, 1H, thieno[2, 8}pyrimidine 5-H), 7.23 (tJ = 7.8 Hz, 1H, Ph’sH), 10.42 (t,
J=5.4 Hz, 1H, CENH), 12.51 (s, 1H, NH)**C NMR (150 MHz, DMSO#ds) J: 15.95 (6-CH), 38.99 (CHS),
48.34 (NHCH), 55.45 (30CH,), 113.17 (2C), 114.98 (4C), 119.42 (4a-C), 121.56 '(€), 123.78 (5-C),
129.96 (5-C), 137.13 (6-C), 138.86 'T), 153.40 (7a-C), 157.90 (2-C), 159.68-C3, 163.58 (4-C), 198.15
(C=S). ESI-HRMSn/z calcd for G;H;gN;0S; ([M+H] ): 392.0561; found: 392.0564.
4.1.5.5.2-Methoxybenzyl ((6-methyl-4-oxo-3,4-dihydrothiénd{d]pyrimidin-2-yl)methyl)carbamodithioate
(6¢)

Yield: 35%, white solid, mp 210-213°C (eluent: dafomethane/methanol = 99.5:0.5 to 98:2), HPLC rt =
8.783 min."H NMR (600 MHz, DMSOd;) & 2.49 (d,J = 1.2 Hz, 3H, Ch), 3.82 (s, 3H, OCH}, 4.43 (s, 2H,
SCH,), 4.74 (dJ = 5.4 Hz, 2H, ®,NH), 6.89 (tdJ = 7.8, 0.6 Hz, 1H, Ph'5), 7.01 (d,J = 8.4 Hz, 1H, Ph'aH),
7.06 (d,J = 1.2 Hz, 1H, thieno[2,8pyrimidine 5-H), 7.28 (tdJ = 7.8, 1.8 Hz, 1H, Ph4), 7.36 (ddJ = 7.2, 1.8
Hz, 1H, Ph 6H), 10.31 (tJ = 5.4 Hz, 1H, CHNH), 12.50 (s, 1H, NH)}:*C NMR (150 MHz, DMSOdg) 6: 15.94
(6-CHg), 34.26 (CHS), 48.21 (NHCH), 55.95 (2-OCH), 111.39 (3C), 119.41 (4a-C), 120.73'¢(E), 123.76
(5-C), 124.55 (1C), 129.46 (4C), 130.77 (6C), 137.11 (6-C), 153.46 (7a-C), 157.57-C3, 157.90 (2-C),

163.57 (4-C), 198.63 (C=S). ESI-HRMSz calcd for GH1gN;0S; (IM+H]): 392.0561; found: 392.0556.
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4.1.5.6.4-Fluorobenzyl ((6-methyl-4-ox0-3,4-dihydrothien@ai]pyrimidin-2-yl)methyl)carbamodithioatéf

Yield: 15%, white solid, mp 160-163 °C (eluent:ldaromethane/methanol = 98:2), HPLC rt = 9.802 min.
'H NMR (600 MHz, DMSO¢) d: 2.49 (d,J = 1.2 Hz, 3H, CH), 4.51 (s, 2H, SC}), 4.75 (d,J = 4.8 Hz, 2H,
CH,NH), 7.06 (dJ = 1.2 Hz, 1H, thieno[2,8pyrimidine 5-H), 7.14 (tJ = 8.4 Hz, 2H, Ph'aH, 5-H), 7.43 (dd,
J=8.4,5.4 Hz, 2H, Ph'#H, 6-H), 10.44 (tJ = 4.8 Hz, 1H, ChNH), 12.51 (s, 1H, NH)**C NMR (150 MHz,
DMSO-dg) 6: 15.95 (6-CH), 38.06 (CHS), 48.35 (NHCH), 115.64 (dJ = 21.3 Hz, 2C, 3C, 5-C), 119.42
(4a-C), 123.78 (5-C), 131.32 @@= 8.1 Hz, 2C, 2C, 6-C), 133.84 (dJ = 2.85 Hz, 1-C), 137.14 (6-C), 153.36
(7a-C), 157.90 (2-C), 161.76 (d= 241.95 Hz, 4C), 163.56 (4-C), 197.97 (C=S). ESI-HRMSz calcd for
CieH1sFN;OS; ([M+H] *): 380.0361; found: 380.0357.
4.1.5.7.2,4-Difluorobenzyl ((6-methyl-4-oxo-3,4-dihydrotmd¢2,3-d] pyrimidin-2-yl)methyl)carbamodithioate
(69)

Yield: 36%, white solid, mp 156-158 °C (eluent:ldaromethane/methanol = 98:2), HPLC rt = 11.881.min
H NMR (600 MHz, DMSO#dg) 5: 2.49 (d,J = 1.2 Hz, 3H, CH), 4.50 (s, 2H, SCh), 4.74 (d,J = 5.4 Hz, 2H,
CH,NH), 7.05 (m, 1H, Ph'a3H), 7.06 (d,J = 2.4 Hz, 1H, thieno[2,8fpyrimidine 5-H), 7.26 (td) = 9.6, 2.4 Hz,
1H, Ph BH), 7.55 (dtJ = 8.4, 6.6 Hz, 1H, Ph'4d), 10.49 (tJ = 5.4 Hz, 1H, CHNH), 12.51 (s, 1H, NH)**C
NMR (150 MHz, DMSOds) d: 15.93 (6-CH), 31.97 (CHS), 48.36 (NHCH), 104.37 (tJ = 25.8 Hz, 3C),
111.93 (dd,) = 21.15, 3.6 Hz, '5C), 119.41 (4a-C), 120.74 (ddi= 14.85, 3.75 Hz,'iC), 123.77 (5-C), 132.69
(dd, J= 9.75, 5.25 Hz, '6C), 137.14 (6-C), 153.30 (7a-C), 157.89 (2-C),.260(dd,J = 247.2, 12.3 Hz, 'XC),
162.11 (dd,) = 245.05, 12.15 Hz,'4C), 163.53 (4-C), 197.36 (C=S). ESI-HRMSz calcd for GeH14FN;0S;

([M+H]™"): 398.0267; found: 398.0267.
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4.1.5.8.4-Chlorobenzyl ((6-methyl-4-oxo0-3,4-dihydrothien8F2l] pyrimidin-2-yl)methyl)carbamodithioatélf)
Yield: 35%, white solid, mp 159-160 °C (eluent:ld@romethane/methanol = 98:2), HPLC rt = 12.623.min
'H NMR (600 MHz, DMSO€) & 2.49 (d,J = 1.2 Hz, 3H, CH), 4.51 (s, 2H, SC}), 4.75 (d,J = 3.0 Hz, 2H,
CH,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8pyrimidine 5-H), 7.37 (dJ = 8.4 Hz, 2H, Ph'H, 6-H), 7.41 (d.)
= 8.4 Hz, 2H, Ph '2H, 5-H), 10.46 (t,J = 4.2 Hz, 1H, CHNH), 12.51 (s, 1H, NH)**C NMR (150 MHz,
DMSO-dg) : 15.95 (6-CH), 38.04 (CHS), 48.40 (NHCH), 119.43 (4a-C), 123.78 (5-C), 128.80 (2GC3
5'-C), 131.19 (2C, '2C, 6-C), 132.24 (4C), 136.86 (:C), 137.14 (6-C), 153.33 (7a-C), 157.90 (2-C),.563
(4-C), 197.83 (C=S). ESI-HRM®/z calcd for GeH15CIN3;0S; ([M+H]*): 396.0066; found: 396.0065.
4.1.5.9.4-Bromobenzyl ((6-methyl-4-oxo-3,4-dihydrothiend{d]pyrimidin-2-yl)methyl)carbamodithioat&if
Yield: 45%, white solid, mp 172-177 °C (eluent:ldaromethane/methanol = 97:3), HPLC rt = 19.535.min
'H NMR (600 MHz, DMSO€) & 2.49 (d,J = 1.2 Hz, 3H, CH), 4.50 (s, 2H, SC}), 4.74 (d,J = 5.4 Hz, 2H,
CH,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8§pyrimidine 5-H), 7.34 (dJ = 8.4 Hz, 2H, Ph'2H, 6-H), 7.50 (d,J
= 8.4 Hz, 2H, Ph 34, 5-H), 10.46 (t,J = 5.4 Hz, 1H, CHNH), 12.51 (s, 1H, NH)**C NMR (150 MHz,
DMSO0-d6) §: 15.95 (6-CH), 38.09 (CHS), 48.40 (NHCH), 119.42 (4a-C), 120.74'(€), 123.78 (5-C), 131.54
(2C, 2-C, 8-C), 131.72 (2C, '3C, 5-C), 137.14 (6-C), 137.29 (T), 153.33 (7a-C), 157.89 (2-C), 163.55 (4-C),
197.80 (C=S). ESI-HRM®&/z calcd for GegH1sBrN;OS; ([M+H]¥): 439.9561; found: 439.9560.
4.1.5.104-Nitrobenzyl ((6-methyl-4-oxo-3,4-dihydrothiend2i]pyrimidin-2-yl)methyl)carbamodithioat®jj
Yield: 42%, white solid, mp 175-177 °C (eluent:ldaromethane/methanol = 98:2), HPLC rt = 7.032 min.
H NMR (600 MHz, DMSO€) & 2.49 (d,J = 1.2 Hz, 3H, CH), 4.67 (s, 2H, SCH, 4.75 (d,J = 5.4 Hz, 2H,

CH,NH), 7.06 (d,J = 1.2 Hz, 1H, thieno[2,8]pyrimidine 5-H), 7.65 (dJ = 8.4 Hz, 2H, Ph'2H, 6-H), 8.18 (d.J
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= 8.4 Hz, 2H, Ph '3H, 5-H), 10.55 (t,J = 5.4 Hz, 1H, CKNH), 12.52 (s, 1H, NH)*C NMR (150 MHz,
DMSO-dg) 6: 15.93 (6-CH), 37.95 (CHS), 48.54 (NHCH), 119.42 (4a-C), 123.79 (5-C), 123.91 (2GC3
5'-C), 130.52 (2C, '2C, 6-C), 137.14 (6-C), 146.29 '(C), 146.95 (4C), 153.26 (7a-C), 157.88 (2-C), 163.53
(4-C), 197.34 (C=S). ESI-HRM®/z calcd for GgH15N403S; ([M+H]*): 407.0306; found: 407.0307.
4.1.5.114-Cyanobenzyl ((6-methyl-4-oxo-3,4-dihydrothien®{d]pyrimidin-2-yl)methyl)carbamodithioate

(6K)

Yield: 31%, white solid, mp 161-164 °C (eluent:ldaromethane/methanol = 98:2), HPLC rt = 4.735 min.
'H NMR (600 MHz, DMSO#de) & 2.50 (d,J = 1.2 Hz, 3H, CH), 4.62 (s, 2H, SC), 4.75 (d,J = 5.4 Hz, 2H,
CH,NH), 7.06 (dJ = 1.2 Hz, 1H, thieno[2,8]pyrimidine 5-H), 7.58 (dJ = 8.4 Hz, 2H, Ph'H, 6-H), 7.78 (d J
= 8.4 Hz, 2H, Ph '3H, 5-H), 10.53 (t,J = 5.4 Hz, 1H, CKNH), 12.52 (s, 1H, NH)*C NMR (150 MHz,
DMSO-dg) 6: 15.94 (6-CH), 38.25 (CHS), 48.50 (NHCH), 110.32 (4C), 119.19 (CN), 119.41 (4a-C), 123.78
(5-C), 130.29 (2C,'2C, 6-C), 132.71 (2C, '3C, 5-C), 137.15 (6-C), 144.04'(C), 153.26 (7a-C), 157.88 (2-C),
163.53 (4-C), 197.47 (C=S). ESI-HRMSz calcd for G;H1sN,0S; ([M+H]™): 387.0408; found:387.0410.
4.1.5.12 4-(Ethoxycarbonyl)benzyl
((6-methyl-4-oxo0-3,4-dihydrothieno[2,3-d]pyrimidityyl)methyl)carbamodithioatesl)

Yield: 31%, white solid, mp 151-154 °C (eluent:ldaromethane/methanol = 99.5:0.5 to 98 :2), HPLE rt
10.417 min*H NMR (600 MHz, DMSOsdg) & 1.32 (t,J = 7.2 Hz, 3H, E5CH,), 2.49 (dJ = 1.2 Hz, 3H, Ch),
4.31 (q,J = 7.2 Hz, 2H, CHCH,), 4.60 (s, 2H, SC}}, 4.75 (dJ = 5.4 Hz, 2H, E,NH), 7.06 (dJ = 1.2 Hz, 1H,
thieno[2,3d]pyrimidine 5-H), 7.52 (dJ = 7.8 Hz, 2H, Ph'2H, 6-H), 7.90 (d,J = 7.8 Hz, 2H, Ph '3, 5-H),

10.49 (tJ = 5.4 Hz, 1H, CHNH), 12.52 (s, 1H, NH)*C NMR (150 MHz, DMSOdg) J: 14.60 (CHCHS), 15.93
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(6-CHs), 38.43 (CHS), 48.43 (NHCH), 61.11 CH,CHs), 119.43 (4a-C), 123.78 (5-C), 129.14-(), 129.61
(2C, 3-C, 5-C), 129.66 (2C, 2C, 6-C), 137.11 (6-C), 143.42 (L), 153.32 (7a-C), 157.89 (2-C), 163.55 (4-C),
165.88 (OC=0), 197.67 (C=S). ESI-HRMSz calcd for GgHoN305S; ([M+H]*): 434.0667; found: 434.0666.
4.1.6.Preparation of tert-butyl (3-((4-cyanobenzyl)amip@pyl)carbamate (intermediat

A solution of 4-cyanobenzylamine (1.0 g, 5.1 mniolgthanol (10 mL) was added dropwise to a solutibn
tert-butyl (3-aminopropyl)carbamate (2.6 g, 15 mmol)ethanol (10 mL), and the mixture was stirred under
reflux for 18 h. The solvent was removed by rotamaporation and the residue was purified by column
chromatography on a silica gel (eluent: dichlordraee/methanol/NH,O = 98:2:0.5) to give intermediafeas
a white solid (1.3 g, 85%), mp 58-60 6. NMR (600 MHz, DMSO¢) 5: 1.36 (s, 9H, (C)sCO), 1.52 (m, 2H,
CH,CH,CH;), 2.34 (br s, 1H, CWNHCH,), 2.44 (tJ = 7.2 Hz, 2H, NHE,CH,), 2.96 (m, 2H, &,NHCO), 3.74
(s, 2H, Ph®I,NH), 6.77 (tJ = 5.4 Hz, 2H, CHNHCO), 7.53 (dJ = 7.8 Hz, 2H, Ph 2-H, 6-H), 7.77 (= 7.8 Hz,
2H, Ph 3-H, 5-H). ESI-HRM®#/z calcd for GgH24Nz0, ([M+H]+): 290.1863; found: 290.1865
4.1.7.Preparation of (6-methyl-4-oxo-3,4-dihydrothiend2i]pyrimidin-2-yl)methyl
(3-(N-tert-butyloxycarbonyl)aminopropyl)(4-cyanolghcarbamodithioate (intermedia8

A suspension otert-butyl (3-((4-cyanobenzyl)amino)propyl)carbamai#® (0.29 g, 1 mmol), carbon
disulfide (0.5 mL, 8 mmol), and finely powdered gegium phosphate (0.25 g, 1.2 mmol) in dry DMF ilQ
was stirred at room temperature for 0.5 h. After diag
2-(chloromethyl)-6-methylthieno[2,8kpyrimidin-4(3H)-one (intermediate?) (0.19 g, 1 mmol), stirring was
continued for 4 h. The mixture was poured into wéd® mL) and the precipitate was collected bydtibn and

air-dried. The crude product was purified by colurhnomatography on a silica gel (dichloromethanétaeol =
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9:1) to give intermediat® as a pale yellow solid (0.3 g, 60%), mp 167-169"H NMR (600 MHz, DMSOds) &
1.31, 1.34 (2s, 9H, (CHCO), 1.77, 1.81 (2m, 2H, GBH,CH,), 2.49, 2.50 (2s, 3H, G}i 2.92, 2.97 (2m, 2H,
NHCH,CH,), 3.77, 3.92 (2t) = 7.8 Hz, 2H, CHCH,N), 4.51, 4.53 (2s, 2H, SGH 5.19, 5.35 (2s, 2H, NGIRh),
6.81, 6.92 (2dJ = 5.4 Hz, 1H, MCH,), 7.05, 7.07 (2s, 1H, thieno[2dpyrimidine 5-H), 7.40, 7.44 (2d,= 8.4
Hz, 2H, Ph 2H, 6-H), 7.81, 7.87 (2d] = 8.4 Hz, 2H, Ph'3H, 5-H), 12.54, 12.59 (2s, 1H, NH). ESI-HRM%'z
calcd for GsH,gNs0sS;Na ([M+Na]): 566.1325; found: 566.1330.

4.1.8.Preparation of (6-methyl-4-oxo-3,4-dihydrothiend2i]pyrimidin-2-yl)methyl
(3-aminopropyl)(4-cyanobenzyl)carbamodithioatedmiediate9)

Trifluoroacetic acid (TFA, 5 mL) was added dropwisea solution of intermedia#® (0.54 g, 1 mmol) in
dichloromethane (10 mL). The mixture was stirredoatm temperature for 10 min. The solvent and ex@éA
was removed by rotary evaporation, and the resiga dissolved in an appropriate amount of metharoe.
solution was cooled in an ice bath and adjusteti 262 aqueous ammonia to pH19. After concentration
under reduced pressuréhe residue was subjected to column chromatographya silica gel (eluent:
dichloromethane/methanol = 9:1) to give intermexfeas a white solid (0.36 g, 80%), mp 188-280'"H NMR
(600 MHz, DMSOdg) & 1.95, 1.99 (2m, 2H, CI£H,CH,), 2.49, 2.50 (2s, 3H, Gj}i 2.80, 2.88 (2br s, 2H,
NH,CH,CH,), 3.88, 4.00 (2t) = 7.2 Hz, 2H, CHICH,N), 4.52, 4.56 (2s, 2H, SGH 5.20, 5.34 (2s, 2H, NGIRh),
7.05, 7.08 (2s, 1H, thieno[2@pyrimidine 5-H), 7.40, 7.45 (2d,= 8.4 Hz, 2H, Ph'2H, 6-H), 7.74, 7.80 (2br s,
2H, NH), 7.83, 7.89 (2d) = 8.4 Hz, 2H, Ph'aH, 5-H), 12.57, 12.64 (2s, 1H, NH). ESI-HRM®&z calcd for

Cy0H2oNs0S; ([M+H] +): 444.0981; found: 444.0987.
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4.1.9.Preparation of (6-methyl-4-oxo-3,4-dihydrothiend2i]pyrimidin-2-yl)methyl
(4-cyanobenzyl)(3-(5-((3aS,4S,6aR)-2-oxohexahytkthleno[3,4-d]imidazol-4-yl)pentanamido)propyl)de
modithioate (probd0)

A mixture of intermediat® (0.13 g, 0.3 mmol), D-(+)-biotin (73 mg, 0.3 mmdiDCI (0.29 g, 1.5 mmol)
and triethylamine (0.18 mg, 1.8 mmol) in DMF (6 mkgs stirred at room temperature for 12 h befoiagbe
poured into ice-cold water (20 mL). The separateliisvas collected by filtration and air-dried. Theude
product was purified by column chromatography ailiea gel (eluent: dichloromethane/methanol = &2jive
probel0 as a white solid (0.05 g, 25%), mp 125-227HPLC rt = 3.764 mintH NMR (600 MHz, DMSO#d,) &
1.26 (m, 2H, biotin SCHCHCH,), 1.45 (m, 3H, biotin SCHEBH, CH,CH,CO ), 1.58 (m, 1H, biotin SCHGH),
1.78,1.83 (2m, 2H, NHC}H,CH;,N), 2.03 (t,J= 7.2 Hz, 2H, CHCH,CO), 2.49, 2.50 (2s, 3H, GH 2.57 (dJ
=12.6 Hz, 1H, biotin SCH), 2.80 (dtJ = 12.6, 4.8 Hz, 1H, biotin 4H), 3.05 (m, 1H, biotin SCH), 3.05, 3.09
(2m, 2H, NHGH,CH,), 3.78, 3.93 (2t) = 7.8 Hz, 2H, CHCH,N), 4.10 (m, 1H, biotin NHE), 4.29 (m, 1H, biotin
NHCH), 4.51, 4.54 (2s, 2H, SGH 5.19, 5.35 (2s, 2H, NGIRh), 6.36 (s, 1H, biotin CONH), 6.41 (s, 1H, biotin
CONH), 7.05, 7.07 (2s, 1H, thieno[2dBeyrimidine 5-H), 7.40, 7.44 (2d] = 7.8 Hz, 2H, Ph'H, 6-H), 7.77,
7.87 (t,J=6.0 Hz, 1H, CONMCH,), 7.81, 7.88 (2d] = 7.8 Hz, 2H, Ph'aH, 5-H), 12.55, 12.60 (2s, 1H, NHyC
NMR (150 MHz, DMSO#€g) d: 15.52 (6-CH)), 25.27 (biotin SCHCKCH,), 26.27 (biotin &,CH,CO), 27.44
(biotin SCHCH,CH,), 28.01 (2C, CONHCKCH,CH,N, CH,S), 35.22 (biotin ChLCH,CO), 35.76
(CONHCH,CH,CH,N), 39.84 (biotin SCh), 50.85 (CONHCHCH,CH,N), 55.41 (biotin EHCH,), 56.78
(PhCHN), 59.19 (biotin NHCHCH), 61.02 (biotin NKCHCH,), 110.02 (4C), 118.71 (CN), 119.00 (4a-C),

123.20 (5-C), 127.82 (2C,-€, 6-C), 132.40 (2C, '3C, 5-C), 136.98 (6-C), 141.76 (L), 152.40 (7a-C),
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157.38 (2-C), 162.68 (biotin C=0), 163.08 ({LMDNHCH,), 172.11 (4-C), 196.02 (C=S); additional signals
for the minor rotamer: 28.18 (SGK 28.20 (CONHCHCH,CH,N), 35.93 (CONHCH,CH,CH,N), 53.53
(CONHCH,CH,CH,N), 54.98 (PhChN), 110.38 (4C), 118.63 (CN), 118.98 (4a-C), 123.11 (5-C), 5372C,
2'-C, 6-C), 132.64 (2C, '3C, 5-C), 136.90 (6-C), 141.27 '(T), 152.53 (7a-C), 157.35 (2-C), 171.97 (4-C),
195.33 (C=S). ESI-HRM&V/z calcd for GoHagN,05S, ((M+H]*): 670.1757; found: 670.1762.
4.1.10.Preparation of 2-((4-cyanobenzyl)amino)methyl-6+mkhieno[2,3-d] pyrimidin-4(3H)-one
(intermediatell)

2-(Chloromethyl)-6-methylthieno[2,8kpyrimidin-4(3H)-one @) (0.22 g, 1 mmol) was added to a solution
of 4-cyanobenzylamine (0.26 g, 2 mmol) in dry DM nL), in a few aliquots. The mixture was stirsgdoom
temperature for 24 h before being poured into wie-avater (20 mL). The separated solid was colk:dig
filtration and air-dried. The crude product wasified by column chromatography on a silica gel égita
dichloromethane/methanol = 95:5) to give compoiihds a white solid (0.21 g, 70%), mp 189-28Q0HPLC
rt = 7.794 min*H NMR (600 MHz, DMSOsds) & 2.49 (d,J = 1.2 Hz, 3H, CH), 3.65 (s, 2H, NCh), 3.81 (s, 2H,
NCH,), 7.05 (d,J = 1.2 Hz, 1H, thieno[2,8Jpyrimidine 5-H), 7.54 (dJ = 8.4 Hz, 2H, Ph'2H, 6-H), 7.76 (dJ=
8.4 Hz, 2H, Ph 3H, 5-H). ¥c NMR (150 MHz, DMSOdg) ¢: 15.92, 50.94, 51.86, 109.79, 119.36, 119.40,
123.64,129.19 (2C), 132.45 (2C), 136.87, 146.88,85, 157.99, 163.66. ESI-HRM%'z calcd for GgH1sN,OS
(IM+H] *): 311.0961; found: 311.0963.
4.1.11.Preparation of 2-((3-(N-boc-amino)propyl)(4-cyanolagl)amino)methyl-6-methylthieno[2,3-
d]pyrimidin-4(3H)-one (intermediat&?2)

2-(Chloromethyl)-6-methylthieno[2,8}pyrimidin-4(3H)-one @) (0.19 g, 1 mmol) was added in a few
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aliquots to a solution of intermediat€0.29 g, 1 mmol) in dry DMF (10 mL). The reactioixtare was stirred at
room temperature for 4 h. The mixture was pouréd ice-cold water (15 mL) and extracted three timéh
dichloromethane (20 mL, each). The combined exdraetre washed with brine and dried over anhydrodaim
sulfate. The solvent was removed by rotary evamraand the residue was purified by column chragigphy
on a silica gel (eluent: dichloromethane/methan®#:6, v/v) to give intermediate? as a pale yellow solid (0.39
g, 82%), mp 66-67C."H NMR (600 MHz, DMSOde) & 1.33 (s, 9H, (CHsCO), 1.56 (m, 2H, CECH,CH,),
2.48 (dJ=1.2 Hz, 3H, CH), 2.49 (m, 2H, CKLCH,N, overlapped with DMSO), 2.91 (m, 2H, NHGCH,), 3.60
(s, 2H, NCH), 3.76 (s, 2H, NCh, 6.72 (t,J = 6.0 Hz, 1H, MCH,), 7.03 (d,J = 1.2 Hz, 1H,
thieno[2,3e]pyrimidine 5-H), 7.55 (d,) = 8.4 Hz, 2H, Ph'H, 6-H), 7.72 (d,J = 8.4 Hz, 2H, Ph'aH, 5-H),
12.06 (s, 1H, NH). ESI-HRM8V/z calcd for G4H3oNsOsS ([M+H]"): 468.2064; found: 468.2069.

4.1.12 Preparation  of  2-((3-aminopropyl)(4-cyanobenzyl)ag)methyl-6-methylthieno[2,3-d]pyrimidin-
4(3H)-one (intermediat&3)

Trifluoroacetic acid (5 mL) was added dropwise id@e-bath cooled solution of intermedia®(0. 47 g, 1
mmol) in dichloromethane (10 mL). The mixture wésred at room temperature for 1 h. After the remoof
solvent by rotary evaporation, the residue wasotitssl in methanol, and the solution was adjusteith 26%
agueous ammonia to pH-20. The solution was evaporated to dryness undkrcesl pressur@and the residue
was subjected to column chromatography on a siiel(eluent: dichloromethane/methanol = 9:1) toegiv
intermediatel3 as a white solid (0.32 g, 86%), mp 67-%8 'H NMR (600 MHz, DMSOd): 1.75 (m, 2H,
CH,CH,CH,), 2.46 (s, 3H, CH), 2.60 (tJ = 6.6 Hz, 2H, CHCH,N), 2.80 (t,J= 6.6 Hz, 2H, NHCH,), 3.54 (s, 2H,

NCH,), 3.76 (s, 2H, NCh), 6.97 (s, 1H, thieno[2,8}pyrimidine 5-H), 7.55 (dJ = 8.4 Hz, 2H, Ph'2H, 6-H),
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7.76 (d,J = 8.4 Hz, 2H, Ph '3, 5-H). ESI-HRMSm/z calcd for GoH»,N:OS ([M+H]): 368.1540; found:
368.1545.

4.1.13.Preparation of 2-(N-((4-cyanobenzyl))(3-(5-((3aSeHR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-
yl)pentanamido)propyl)amino)methyl-6-methylthiend{d]pyrimidin-4(3H)-one (control prob#&4)

A solution of intermediatd3 (0.24 g, 0.67 mmol), D-(+)-biotin (73 mg, 0.3 mmdEDCI (0.29 mg, 1.5
mmol) and triethylamine (0.18 mg, 1.8 mmol) in DNB-mL) was stirred at room temperature for 24 he Th
mixture was poured into ice-cold water (20 mL), dmel solution was extracted three times with dicdneethane
(20 mL, each). The combined extracts were washdid bvine and dried over anhydrous sodium sulfatee T
solvent was removed by rotary evaporation, andebilue was purified by column chromatography eiliea
gel (eluent: dichloromethane/methanol = 95:5) teegirobel4 as a white solid (0.15 g, 68%), mp 125-22%
HPLC rt = 3.238 min*H NMR (600 MHz, DMSOdg) & 1.26 (m, 2H, biotin SCHCHCH,), 1.45 (m, 3H, biotin
SCHCHH, CH,CH,CONH), 1.58 (m, 3H, biotin SCHOH, NHCH,CH,CH,N), 1.99 (t,J = 7.2 Hz, 2H,
CH,CH,CONH), 2.49 (dJ = 1.2 Hz, 3H, CH), 2.52 (m, 2H, CHCH,N, overlapped with DMSO), 2.57 (d,=
12.0 Hz, 1H, biotin SCH), 2.80 (dd,J = 12.0, 5.4 Hz, 1H, biotin 34H), 3.03 (m, 2H, NHEl,CH,), 3.07 (m, 1H,
biotin SCH), 3.61 (s, 2H, NCi{ 3.77 (s, 2H, NCh), 4.11 (m, 1 H, biotin NHE), 4.30 (m, 1 H, biotin NHE),
6.36 (s, 1H, biotin CONH), 6.41 (s, 1H, biotin CONH.03 (d,J = 1.2 Hz, 1H, thieno[2,8]pyrimidine 5-H),
7.54 (dJ=8.4 Hz, 2H, Ph'H, 6-H), 7.70 (t,J= 6.0 Hz, 1H, CONICH,), 7.72 (dJ=8.4 Hz, 2H, Ph'3H, 5-H),
12.08 (br s, 1H, NH)**C NMR (150 MHz, DMSQOdg) d: 15.50 (6-CH), 25.30 (biotin SCHCLCH,), 26.39
(biotin CH,CH,CO), 28.02 (biotin SCBH,CH,), 28.23 (CONHCHCH,CH;N), 35.24 (biotin CHCH,CO),

36.48 (CONKCH,CH,CH;N), 39.84 (biotin CHS), 51.58 (CONHCKCH,CH,N), 55.43 (biotin §HCH.),
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56.56 (PhCHN), 57.44 (NCH), 59.19 (biotin NKCHCH), 61.04 (biotin NKEHCH,), 109.49 (4C), 118.88 (CN),

118.91 (4a-C), 123.37 (5-C), 129.45 (2C;C2 6-C), 131.88 (2C, '3C, 5-C), 136.67 (6-C), 145.01 {T),

154.88 (7a-C), 157.51 (2-C), 162.69 (biotin C=0§2B7 (CHCONHCH,), 171.84 (4-C). ESI-HRMSn/z

calcd for GgH3gN;03S, ([M+H]™): 594.2316; found: 594.2319.

4.2.Biological assays

4.2.1.Cell Lines and culture conditions

A549 or HCT-116 cells were purchased from Ameri@gpe Culture Collection (ATCC) and cultured in

Dulbecco modified Eagle medium (DMEM, Hyclone) slgmpented with 10% fetal bovine serum (FBS, PAN)

and standard antibiotics (Hyclone), at 37 °C if@aG0, incubator. Taxol-resistant A549 cells were obtdifrem

the Shanghai Institute for Biological Science (@)in

4.2.2.Cell proliferation assay

A cell proliferation assay was performed as desttif34]. Cell viability was tested using a CellTig6®

AQe0usONe Solution Cell Proliferation Assay kit (Promgdaased on the use of MTS. The data were obtained

from triplicate wells in three independent experise

4.2 .3.Determination of cell-cycle distribution in A549lseand mitotic indexes

Cell-cycle profiles were determined by propidiundige staining and fluorescence-activated cell sgrti

The mitotic index was determined as described presly [35] using phospho-histone H3 (Serl0) rabbit

polyclonal antibodies (dilution 1:1000, A301-844R¢ethyl Laboratories, Inc.).

4.2.4.Immunoblotting

Immunoblotting was performed as previously desctif#6]. Briefly, protein samples were separatecaion
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12% SDS—polyacrylmide gel and transferred ontolpyioylidene difluoride (PVDF) membrane. After bking,
the membrane was incubated in 0.05% PBST contaBfagoovine serum albumin (BSA) for 30 min at room
temperature and incubated with primary antibody#jegto o-tubulin (1:2000, T6199, Sigma) overnight at 4 °C.
The membrane was then washed with PBST, incubatiéld MRP-conjugated anti-mouse 1gG (1:1000,
211-032-171, Jackson ImmunoResearch) secondabodgtat room temperature for 1 h. The immunoblatsav
visualized by ImageQualit LAS 4000 (GE Healthcare Life Sciences).
4.2.5.Biotin-streptavidin pull-down assay

For the pull-down endogenous tubulin assay, A5418 eere harvested and washed twice with ice-c@& P
and then lysed in 600L NETN buffer (20 Mm Tris-HCI (pH 8.0), 0.15 M NaCl mM EDTA, 0.5% NP-40 and
protease inhibitor cocktail) af@. The cell lysate was incubated with equal voluofdsiotin, probel0 or control
probel4 at £C for 4 h. The mixtures were further incubated vilynabeads (Dynabeads™ M-280 Streptavidin,
Thermo Fisher Scientific Inc.) at@ for 1 h. The tubes were placed in a magnet faireand the supernatant was
discarded. The beads were then washed six timaN&ETN to remove unbound proteins. Finally, J200f SDS
sample buffer (1 M Tris (pH 6.8), Glyceral, 10% SD$% BromophenoB-ME, H,O) was added to each sample.
For thein vitro tubulin-binding assay, porcine neuronal tubulintdtague # BKOO6P, Cytoskeleton, Inc.) was
incubated with biotin, prob#) or control probd4 in NETN buffer in a total volume of 6QfL for 4 h at 4C. The
mixtures were incubated with Dynabeads for 1 h &€ 4The beads were washed with 1 mL NETN buffer six
times. Finally, 120uL of SDS sample buffer was added to each sampligwied by SDS-PAGE and

immunoblotting.
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4.2.6.Tubulin binding competition assay

For the competition assay, taxol, vinblastine, kmine and nocodazole were preincubated with percin

neuronal tubulin atC for 1 h before incubation with proli®. The mixtures were incubated with Dynabeads for

another 1 h followed by washing with NETN buffes,described in the pull-down assays.

We also performed a preincubation with porcine orat tubulin, probd0 and Dynabeads together. After

six washes with NETN buffer, 60@L fresh NETN buffer was added, followed by incubatiwith increasing

amounts of taxol, colchicine, vinblastine or nocowa. After extensive washing with NETN buffer, 120 of

SDS sample buffer was added to each sample, folldweSDS—PAGE and immunoblotting.

4.2.7.Silver stain assay

For the silver stain assay, the proteins bindirggibiand probélO were released from the beads by boiling

with SDS sample buffer at 100C for 5 min. The protein samples were then sepadrate a 10%

SDS-polyacrylamide gel. The gel was visualized gisisilver stain kit (Real-Times (Beijing) Biotediogy Co.,

Ltd, RTD6401).

4.2.8.ldentification of compoun@n binding proteins with mass spectrometry

Target-based complexes were prepared from thedpwi assay. The complexes were incubated at 65°C in

10 mM EDTA (pH 8.2) with 95% formamide to dissoeidhe proteins. The proteins were then precipitati¢tl

ice-cold acetone and resuspended in 8 M urea, 1d0Tnis (pH 8.5). After trypsin digestion, LC-MS/MS

analysis was performed on an Easy-nLC 1000 UHPLU@(fo Fisher Scientific) coupled to a Q Exactive HF

mass spectrometer (Thermo Fisher Scientific). Beptivere loaded on a pre-column (C18, 5 cm, IDmM51u8

pum) and separated on an analytical column (C18n1,3D 75 um, 3 um). The gradient elution profimsisted
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of 30% of mobile phase B for 80 min, then brough8®% of mobile phase B over 20 min. The totaltonme was

100 min. Mobile phase A was 0.1% (v/v) formic atidHPLC-grade doubly distilled ¥, and mobile phase B

was 0.1% (v/v) formic acid in HPLC-grade acetotetriThe intense precursor ions from each full fcasolution

120,000) were isolated for HCD MS2 (resolution B9,0NCE 30) with a dynamic exclusion time of 60.4@ata

analysis was performed using pFind (version 2.8n€e Academy of Sciences).

4.2.9.Tubulin polymerization assay

In vitro tubulin polymerization assays were performed adiogr to the manufacturer’s instructions

(Cytoskeleton, catalogue#BKO06P). Polymerizatiomseanmonitored by an increase in absorbance at 810 n

over a 60 min period at 3T. The optical density at 340 nm was determinedgigiSpectraMax M5 spectrometer

(Molecular Devices).
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Figure captions
Fig. 1. Chemical structures of antitumor thieno[2]jpyrimidine derivativesI~I11), and natural and synthetic

dithiocarbamates (Brassinin and compouhdsV11).

Scheme 1. Synthetic route to compoung@a-s. Reagents and conditions: (&) 3EA, DMF, 50°C, 30 min; then,
room temperature (rt) 2 h, 64%. (b) i. CIgN, HCI (g), 1,4-dioxane, rt, 6 h; ii. Nf#H,O, 83%. (c) Cg K3PQ,,

R'NH,, DMF, rt, overnight.

Scheme 2. Synthetic route to compoundis—|. Reagents and conditions: (a) HexamethylenetetranTiki-,
reflux, 12 h. (b) i. hydrochloric acid, MeOH, reflu8 h. ii. NHH,0, 33% (two steps). (c) GSKsPO,, DMF,

R?Br, room temperature (rt), overnight.

Scheme 3. Synthetic route to prok). Reagents and conditions: (a) 4-cyanobenzylbrentttOH, reflux, 18 h,
85%. (b)2, CS, K3PQ,, DMF, room temperature (rt), 4 h, 60%. (c) i. TRACM, rt, 1 h; ii. NRH,0, 80%. (d)

D-(+)-biotin, EDCI, TEA, DMF, rt, 12 h, 20%.

Scheme 4. Synthetic route to compoundil and the control probel4). Reagents and conditions: (a)

4-Cyanobenzylamine, DMF, room temperature (rt)h240%. (b)7, DMF, rt, 4 h, 82%. (c) i. TFA, DCM, rt, 1 h;

ii. NH3[B,0; 86%. (d) D-(+)-biotin, EDCI, TEA, DMF, rt, 24 68%.
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Fig. 2. TheE- andZ-rotamers for intermediatéd 9 and probelO.

Fig. 3. Effects of compoun@n on the cell-cycle distribution in A549 cells. (ABA9 cells were treated with 5-FU

(ICsp), taxol (0.10uM), or increasing concentrations of compodmd(0.5%, 1x or 2x 1C5q) for 24 h before being

harvested and analyzed by flow cytometry. Data expressed as the means + SD of three independent

experiments. *P < 0.001 (Student’s t-test). (B) Representativd-cgtle profiles from three independent

experiments.

Fig. 4. Compound3n does not induce DNA damage. (A) Compo@ndailed to inducei-H2AX foci formation.

A549 cells were treated with camptothecin (CPTinpound3n or DMSO (diluent for CPT an8h) for 2 or 12 h.

Cells were fixed and immuno-stained with a mousaostonal antibody againgtH2AX, and DNA was stained

with 4',6-diamidino-2-phenylindole (DAPI). (B) Compourd failed to increasg-H2AX and pS345 CHK1

protein levels. A549 cells were treated as desdribe (A), and total cell lysates were harvested and

immunoblotted (IB) with the indicated antibodies.

Fig. 5. Compound3n increases the mitotic cell population. A549 cellsre treated with compourgh at the

concentration equivalent to its J¢ for different times (2, 4, 8, and 16 h) and sdinvith anti-phospho-histone

H3 (serine 10). Propidium iodide was used for DN#irsng. Nocodazole (340 nM) was used as a contfgl.

Representative images of A549 cells treated withpmmund3n from three independent experiments. (B) Data are

expressed as the means + SD of three independgetierents. (C) Compoungh induced BubR1, histone H3
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Serl0 phosphorylation in A549 cells. After A549lselere treated with compoud for 6, 12, 18 and 24 h, total

lysates were harvested for immunoblotting (IB) witik indicated antibodies.

Fig. 6. Lung cancer A549 cell lysate was incubated witttibjdated probelO (final probe concentration in the

lysate was 0.15 mM) for 4 h at’€, and then incubated with streptavidin-coated Dwaals for 1 h at 4C. The

mixture was loaded onto magnetic beads, and thdsbe®re washed with washing buffer six times before

denaturation and separation by SDS-PAGE. Visuadizadf the separated proteins with silver stainaggnt

showed the specific binding proteins with prdiBeLeft lane and right lane were lysate incubateith Wwiotin and

control probel4, but there was no obvious protein band. Middle haas cell lysate incubated with prati and

contained numerous visible protein bands. The maadked with * is a non-specific binding protein.

Fig. 7. Tubulin specifically binds to proki. (A) ProbelO pulled down tubulin from A549 cell lysate. A549Ice

lysate was incubated with biotin, prob@and14 overnight at £C. After incubation with Dynabeads for 1 h, the

mixture was loaded on a magnet and washed six tiffessample was then denatured in SDS samplerlaurfte

separated by SDS-PAGE, followed by immunoblottirging ana-tubulin antibody. (B) Probd0O directly

interacts with tubulin. Porcine neuronal tubulinssiacubated with biotin, prob#) and14 overnight at 4°C.

Streptavidin pull-down and immunoblotting were jpenfied as described in (A).

Fig. 8. Compound3n inhibits tubulin polymerizatiorin vitro. In vitro tubulin polymerization assays were

performed using purified porcine neuronal tububiecording to the manufactutgrinstructions. I, Il and I
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denote the nucleation phase, the growth phasaharsteady-state equilibrium phase of tubulin pasiationin

vitro, respectively. Tubulin was incubated at 37 °Chimpresence of vehicle (DMSQ), taxol (@), nocodazole

(10 uM), and 3n (5, 10 and 2QuM). Absorbance at 340 nm was measured for 60 méhmesented as the

increased polymerized microtubule. The data reptesee of three independent experiments, all wiithilar

results.

Fig. 9. Competitive binding of prob&0 to tubulin with taxol, but not nocodazole, vintilae or colchicine. (A)

Tubulin was preincubated with nocodazole, taxohblastine, or colchicine for 2 h at@. (B) Tubulin was

preincubated with taxol for 2 h at@, and treated with increasing concentrations efptobe, then SDS-PAGE

and immunoblotting was performed. (C-F) Prabavas preincubated with purified tubulin, and SDSGtAand

immunoblotting was performed. The beads binding tharobe-protein complex incubated

with different concentration of taxol (C), nocodbz(D), vinblastine (E), or colchicine (F) for 2ah4C. Images

are representative of three independent experiments
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Table 2. Mitotic indexes of A549 cells treated with Nocodezand compoundn.

Mitotic index?
Compound
2h 4h 8h 16 h
DMSO 2.67+0.21 3.30+0.17 3.17+0.15 3.23+0.15
Nocodazole 9.83 +0.06 14.57 £ 2.93 28.57 + 8.06 9%5% 2.43
3n 6.63+0.91 9.67 +3.91 15.60 + 2.55 19.17 £ 2.97

4Data are expressed as mean + SD from triplicagriehénation from three independent experiments. filietic

index for untreated cells was 3.23 + 0.06.



Table 3. Peptides were sequenced by Q Exactive HF LC/M S and internal sequences were searched pFind from the

UniProt database using pFind.

Acc no. Protein Percent overage Thr. pl;
(%) Mr (Da)
F5H5D3 Tubulin a-1C chain 16.6 57,730.18
Q6PEY 2 Tubulin a-3E chain 15.3 49,858.54
Q5JP53 Tubulin 3 chain 35.7 47,766.64
P68371 Tubulin -4B chain 342 49,831.01
Q13509 Tubulin -3 chain 16.7 50,432.68
Q92499 ATP-dependent RNA helicase DDX1 38.8 82,432.14
H3BLZ8 Probable ATP-dependent RNA helicase DDX17 52.8 80,439.64
Q9NR30 Nucleolar RNA helicase 2 35.1 87,344.40
Q14694-2 Isoform 2 of Ubiquitin carboxyl-terminal hydrolase 10 42.8 92,597
3KTL2 Serine/arginine-rich-splicing factor 1 52.2 28,329.18
Q13242 Serine/arginine-rich splicing factor 9 63.8 25,542.24
H7BY 36 RNA-binding protein EWS (Fragment) 55.8 32,189.82

Q01844-6 Isoform 6 of RNA-binding protein EWS 40.5 62,507.83




Table 1. ICsq values for compound3a-sin cultured A549 and HCT-116 cells.

3a-0:R'= # Q{({

3p-s: R = heterocyclyl groups

)

3

HN4|
R1_N__S AN
N7

3a-s

Compound R ICs0 (ULM)?
A549 HCT-116

3a CsHs 29.53+ 0.57 > 30
3b 4'-CHyCgH4 26.46+ 0.95 28.0C 1.83
3c 4'-OCH;CeH,4 29.11+ 1.03 24.54r 4.40
3d 2'-OCH;CgH4 7.01+0.12 18.05- 1.53
3e 2',4'-diOCHC¢H; > 30 > 30
3f 3',4',5-triOCHC¢H, 7.89+0.13 14.88 2.02
3g 3',4'-MethylenedioxygH3 14.03+ 0.45 24.6% 0.95
3h 4'-BrCsH, 21.90+ 2.00 28.66£ 1.25
3i 4'-CICgH,4 11.27+£0.74 25.12 3.37
3j 2',4'-diCIGH; 29.51+ 1.58 > 30
3k 4'-FGHs 18.89+ 0.56 28.6% 2.81
3l 2'-FGH,4 > 30 29.66+ 1.36
3m 2',4'-diFGH; 16.22+ 0.57 > 30
3n 4'-CNGH,4 4,78+ 0.12 22.59 + 0.52
30 4'-NO,CgH4 12.30+ 0.24 20.1% 2.14
3p Thiophen-2-yl 22.96+ 0.91 27.841.70
3q Furan-2-yl > 30 29.84+ 3.43
3r Pyridin-3-yl 5.79+ 0.49 9.30t 1.03
3s Pyridin-4-yl 7.43+0.27 14.1G 2.45
5-FU 3.52+ 0.46 5.53 0.90

% 1Cso: The concentration that causes 50% inhibitionedff groliferation. Data are expressed as the mesB

from triplicate determination from three independexperiments.
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Resear ch highlights

*  Two series of dithiocarbamate derivatives of thieno[2,3-d] pyrimidine were synthesized.

»  3n was most cytotoxic against A549 cells, inducing G2/M phase arrest and activating the SAC.

*  3ninhibited tubulin polymerization in vitro in a dose-dependent manner.

*  Probe 10 (biotinylated 3n) was synthesized to identify binding proteins by biotin-streptavidin
affinity purification and MS analysis.

e Tubulin wasthe only identified protein related to the SAC that directly binds to probe 10.

»  3n competes with taxol in binding to tubulin, exerting cytotoxicity toward taxol-resistant cancer
cells.



