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ABSTRACT: Cobalamin-dependent methionine synthase (MetH)\JslVed in the process of tumor cell
growth and survival. In this study, a novel serigfs N>-electrophilic substituted tetrahydropteroate
analogues without glutamate residue were desigsedoa-classical antifolates and evaluated for their
inhibitory activities against MetH. In addition, ethcytotoxicity of target compounds was evaluated in
human tumor cell lines. WitiN>-chloracetyl as the optimum group, further struetuesearch on the
benzene substituent and on the 2,4-diamino groupale performed. Compoursd, with ICsq value of
12.1uM against MetH and 0.16-6.12 against five cancer cells, acted as competititbitor of MetH.
Flow cytometry studies indicated that compo@odrrested HL-60 cells in the;phase and then inducted
late apoptosis. The molecular docking further exld the structure-activity relationship.
Keywords: pyrido[3,2d]pyrimidine, methionine synthase, antifolate, intdh anticancer
1. INTRODUCTION

Cobalamin-dependent methionine synthase (MetH)inmgoortant regulator of folate metabolism [1],
catalyzes the transfer of methyl groups from thiacor methyltetrahydrofolate (MTHF) to homocysein
(Hcy) to produce tetrahydrofolate (THF) and metiienMet) [2].The cobalamin cofactor of MetH plays
crucial role in catalytigeaction which circulates between +1 and +3 oxifastates as methyl acceptor
and methyl donor. During MetH reaction cycle trensfer of methyl group from MTHF to Met is in two
stepsby two nucleophilic substitution reactions. Firstilye methyl group is transferred from MTHF to
cofactor cob(l)alamin (Cbl(l)) to generate methy@t)alamin. Secondly, the methylcob(lll)alamin is

demethylated by Hcy to form cob(l)alamin agdug(re 1) [3-5].
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Figure 1. The cobalamin-dependent methionine synthase ogacti

Both cobalamin-dependent and cobalamin-indeperfdemis of methionine synthase could be found in
microorganisms, while the former in mammalian tessand the latter in higher plant [6-8]. In humahes,
primary circulating folate is MTHF, witBufficient physiological concentrations of ~5-30 mithe blood
[9]. It is well known that MetH is the only human enzythat metabolizes MTHF to regenerate the active
form THF.Therefore, it is essential in many important bioolwl pathways, including folate cycles and
one-carbon methionine transmethylation [10, 11]follate cycles, THFRs transformed to other bioactive
folates that provide one-carbon units for puring g@grimidine synthesis [12, 13Met, a nutritionally
essential amino acid and component of proteins,beatransformed to the active s-adenosyl methionine
(SAM) which is an important methyl donor involvadhiologically methylations of DNA, RNA, proteins,
lipids and polyamine [14, 15]. Thus, impaired fuowtof MetH couldprovide a valuable target for
chemotherapeutic intervention in cancer [16].

Although it is recognized that MetH is an excellarget for rational drug desigtinere area few studies
on MetH inhibitors for anticancer. It was reportedttisame non-drug like inhibitors, including nitrous
oxide (NO) [17], nitric oxide (NO) [18, 19], sodium nitragsside [20] and ethanol [21], inhibitede
enzyme through oxidation of the cobalamin cofadWethylmercury [22]and cobalamin analogs [23-25]

were reported as non-drug like inhibitors too. Hegrethere is less study on drug-like MetH inhiksto
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Figure 2. Structures of recently published MetH inhibitors.

Recently, novel benzothiadiazol#),(benzimidazole2), quinoxaline 8) and analogues of quinazoline
derivatives 4) were designed to mimic the substructure of MTéatkel evaluated for their activities against
purified rat liver MetH Figure 2) [26-28]. N°-substituted 8-deazatetrahydrofolatés @nd aziridine
tetrahydrofolate analogs$)(were designed and synthesized in our previoukwshich could bind to
MetH in place of MTHF by the formation of covaldsdands with the nucleophilic Cbl(l) cofactor andrthe
inhibit methyl transfer [29, 30]. Though exhibiticgrtain inhibitory activities against MetH of HI3@ells,
these compounds share the shortcomings of classitdblates because of their folate-like structure
including the glutamic acid side chain. Classicatifalates, such as methotrexate (MTX), raltitrexed
(RTX), pemetrexed (PMX) and pralatrexak@dure 3) can’t passively diffuse across cell membranes and
must be actively transported using folate recepi®Rs:, FRS, FRy), reduced folate carrier (RFC), or the
proton-coupled folate transporters (PCFT) [31-34hd, N°-substituted 8-deazatetrahydrofolates and
aziridine tetrahydrofolate analogs [29, 30] undetije same intracellular metabolic processing, where
folylpolyglutamate synthase (FPGS)-mediated polgghylation is a crucial determinant of their
intracellular retention and pharmacological aci\85]. The impairment of the destroyed transpord a
polyglutamation mechanisms through genetic mutatian cause the resistance, which is the obvious

shortcoming of classical anfitolates [36].
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Figure 3. Structures of classical and nonclassical antiéslat

In contrast, nonclassical antifolates without ghiita acid moiety can penetrate cells through passive

diffusion and act with no need of polyglutamylatidhus can overcome resistance of classical aatés!

Lipophilic nonclassical antifolates [37, 38], suas piritrexim and trimetrexatéFigure 3), have

demonstrated significant growth inhibition of tumoell. There has been a continuing effort in our

laboratory to develop novel nonclassical

MetH

iftoib based on N°-position  substituted

8-deazatetrahydrofolates. The aim of the presamtystvas to design and synthesize more lipophilic

derivatives that lack a glutamate tail and to eselstructure-activity relationships within a serigfs

N°-position substituted tetrahydropyrido[3ffpyrimidines and different substituents of benzeirg

(Figure 4).
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2. RESULTSAND DISCUSSION
2.1 Design and synthesis of N°-substituted compounds in series 1.

Among theN>-substituted tetrahydropteroate analogues, compowith dibromopropyl and formyl
groups onN° position showed the greatest activities againstH\igith 1Cso0f 1.43-8.11uM (Figure 4)
[29]. So, more electrophilic groups, such as forragryloyl, isopropanecarbonyl, chloroacetyl, chithyl,
3-chloropropionyl, 3-chloropropyl and bromoacetybigps, were designed oif-position to research the
influence of electrophilicity, size and steric hiadce of substituents besides truncation of théaglate
tail present in classical antifolates. Considetiing potential flexibility and better lipid soluliifj a C-C
bridge between pyridopyrimidine and aryl ring iscessary compared with C-N bridge [39-42], thus

leading to our first design of the compound seti€Sigure 4).
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Scheme 1. Reagents and conditions: (@}oluenesulfonamidel,N-dimethylacetamide, 16%C, 36 h; (b)
POCE, EtN, reflux, 8 h; (c) saturated NHn dry methanol, 156C, 8 h; (d) Pd/C, ethanol, rt, 12 h; (e)
PtO, , ethanol, 0.5 mol/L HCI, rt, 12 h; (f) P{Q ethanol, 2 mol/L HCI, rt, 12 h; (cfa;;: HCOOH,
(CH3CO),0, CHCI,; 6ay, 6as, 6a4, 6as, 6a;, 6ao,: acryloyl chloride,allyl bromide, isopropanecarbonyl
chloride, chloroacetyl chlorid&-chloropropionyl chloridebromoacetyl chloride, respectively, anhydrous
DMF, rt; (h) BHs-THF, THF, rt.

Target compound8a;-6ag were prepared via the synthetic route outlineSdmeme 1. Using the Skraup
reaction previously described, 5-aminouracil andtamr aldehyde were cyclized in 20% HCI to give

2,4-dihydroxy-6-methylpyrido[3,2]pyrimidine (1) in good yield [43]. Then alkenylation of compouhd
5



with p-methyl benzaldehyde armitoluenesulfonamide via $pC-H bond activation in DMAC achieved
(E)-6-(4-methylstyryl)pyrido[3,A]pyrimidine-2,4(1H,3H)-dione J) in one-step in 91% vyield [44].
Treatment of compoun®with a large excess of PO@roduced 2,4-dichloride derivativ8)(in 65% yield.
Then compoun@® was reacted directly with a saturated solutioarafmonia in methanol in a sealed vessel
at 150 °C for 8 h to give a light yellow solida) in 95% yield [45]. Hydrogenation of the carborrkman
double bonds and pyridine ring in compourds with PtO, and 0.5 mol/L HCI in ethanol at room
temperature gave compoubd in excellent yields. When 2 mol/L HCI was usedéaction, cyclohexyl
productd4a-2 was produced. But when Pd/C was used as catafhygtitee double bond was reduced to give
4a-1. With the reduction produda in hand, treatment with a mixture of acetic anigeliand formic acid
gave theN>-formyl derivative6a, directly. TheN>-chloracetyl and bromoacetyl derivativéas, 6a, were
obtained in good yields by chloroacetylation andnwacetylation oba. Similarly, compoundba was
acylated by 3-chloropropionyl chloride to gi%-3-chloropropionyl derivativesa;. The N°-chlorinated
acyl derivativesBas and 6a; were then converted tw°-2-chloroethyl derivativebas and 3-chloropropyl
derivative6ag by BHs;-THF in THF. Othe\®-acyl and allyl derivative§a,-6a, were obtained by acylation
and allylation ofba in good yields.

2.2 Preliminary Evaluation of Compounds 6a;-6ay.

Table 1 Chemical structures and in vitro inhibitory adii®s against tumor cells and MetH of the
N°-position substituted pyrido[3,@pyrimidines in series 1.

1 CH;
NH, R
N
‘ ~
HZN)\N
6a;-6a
Tumor cells (IGg, uM)® MetH (ICs,
Compounds & R
H1299 A549 HL-60 Hela HT29 )
6a; CHO >100 74.6£1.1 24.7+0.6 >100 >100 10°8%
6a, COCH=CH 18.5+1.3 59.9+1.8 9.93+0.24 27.1+4.1 46.3+0.8 13.4%
6a CH,CH=CH, 9.75+0.37 9.52+0.31 1.65+0.24 12.940.1 26.2+0.6 6%t
(o]
6ay hﬂw >100 >100 12.2+1.1 65.8+4.4 72.5+2.7 22°0%
6ag COCHXCI 0.21+0.02 1.97+0.03 0.39+0.06 1.46+0.07 4.74+0.435.66+0.49
6ag CH,CH,CI 17.7+1.6 18.1+0.6 2.38+0.05 21.4+0.9 20.7+0.6 537 .



6a; COCH,CH,CI 85.3+5.5 >100 21.8+1.5 69.5+6.3 >100 46.99%

6ag CH,CH,CH,CI 15.9+2.8 25.1+2.6 1.04+0.10 22.8+1.2 20.7+1.8 036.
6a9 COCH,Br 0.99+0.19 ND 1.60+0.16 ND 6.14+0.84  48.0+2.9
MTX / 0.072+0.001 0.014+0.002 0.023+0.001 >100 >100 4ND

2 Not tested® Indicates the average value of three independegrererents® Inhibition% at 10QuM.

TheN°-electrophilic substituted compounds then wereete$or their antiproliferative activities against
MetH and five human tumor cell lines. Besides HL{B@man promyelocytic leukemia), A549 (human
lung) and H1299 (human lung) based on the clingffdct of antifolates MTX and Pemetrexed, HelLa
(cervix) and HT29 (colon cancer) were also chossgabse of their relative high incidence [46i§le 1).
Among the five cell lines, HL-60 cell lines were sh@ensitive to the cytotoxic effects of target poomds
with the 1Ggs of 0.39-25uM. While big difference of H1299, A549, HelLa and 28T cell inhibition
between6a;-6a, was observedéas and6ay, with the N>-chloracetyl and bromoacetyl group respectively,
exhibited the notable activities against the tugglls as 1Gs of 0.2-4.7uM and 1.0-6.1uM. The result is
consistent with what had been observed in the ittiibagainst MetH, in which 163 values of6as and6ag
(ICs values 5.6M and 48.0uM respectively) were more potent than othergdMalues >10@QM).

It was apparent that the chloracetyl and bromoagetyps atN>-position were associated with stronger
inhibition against MetH than other subtitutents.eytshowed excellent activities compared to the MetH
inhibitors reported in literatures such as benzatisizoles with 16 >95 uM [26], benzimidazole with
ICs0>50 uM besides two derivatives with §gvalue of about 18M ,quinoxalines with 1G, .70 uM
besides only one derivative withdgralue of 9uM and quinazolines with inhibition of 60% at 11 [27,
28].The significant difference of biochemical aittas betweer6as (N>-chloroacetyl group, 5.66M), and
6as (N°-chloroethyl group, >10QuM) and 6a; (N°-chloropropionyl group, >10QM) illustrated the
necessity of the carbonyl agechloride groups iN® substituent. Compounghs with 5-chloracetyl group
were approximately 10-fold more potent than 5-bracetyl compound6a,. The corresponding
N°-chloroethyl compoundas was less potent thaX’-chloracetyl compoun@as whether against tumor
cells (9.0-87.31M verse 0.2-4. M) or MetH (>100uM verse 5.6G6:M).

The results of compoundsy, 6as, 6as, 6a; and6ag indicated that both carbonyl and halogen atontsat i
B-position onN>-position were necessary for activities againstH&the function of carbonyl group will

be studied further in the molecular modeling secto understand the binding activity to active sife
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MetH.

2.3 Sructure-Activity Relation Research Based on Lead Compound 6as.

oH CHO OH N, Cl = 2 g2
NN N CHs N -R N sk
)I\ . | X a N X X X b 1\{ NS c
= = - | —
HO N \ HO )\N/ _— Cl)\N 2

RZ
1 1b-1j 2b-2j 3b-3j
=
NH, 1R NH; =~ AR
A A
A~ P |
HN" N HN~ "N HZN)\

4b-4j 5b-5j

b R>=4-H d R?=4-CH(CH;), f R>=4-F h R?>=4-OCH; j R?=2-OCH;,
¢ R=4"-C,H; ¢ R>=4-C(CH,); g R>=4-Cl i R>=3-OCH,

Scheme 2. Reagents and conditions: @joluenesulfonamide\,N-dimethylacetamide, 16T, 36 h; (b)
POCE, EN, reflux, 8 h; (c) saturated NHin dry methanol, 1560C, 8 h; (d) Pt@, 0.5 mol/L HCI, ethanol,
rt; (e) acetyl chloride, anhydrous DMF, rt.

In view of the structural novelty witi\>- electrophilic groups, we selected compoisad as lead
inhibitor for further structural optimization. Tdentify the structure activity relationships of stituents on
benzene, electron-donating groups (ethyl, isoprapyl t-butyl) were chosen as rsubstitution based on
the methyl group ofas. Methoxyl group was also selectived as electroration substitutent, and attached
at different positions on the benzene ring a5 m and p-position. Beyond that, halogen
electron-withdrawing groups such as fluorine anldrite were attached @tposition of benzene ring too.
Compounds6b-6] of series 2 were designed and successfully symamsScheme 2). The target
compounds were tested for their inhibitory activagainst MetH of HL-60, and the half-inhibitory

concentrations (I§3s) are presented ifable 2.

Table 2 Chemical structures and in vitro inhibitory adii®s against tumor cells and MetH of the
N°-chloroacetyl pyrido[3,2f]pyrimidines in series 2

Cl
NH? Z N s
O R
NN N
A,
H,N~ "N
6b-6j
Tumor cells (IGy, uM)? MetH
Compounds R?
H1299 A549 HL-60 HelLa HT29 (ICsq, uM)?
6b H 0.44+0.06 4.42+0.45 0.63+0.05 1.82+0.60 3.43+0.54 45.8%



6¢ 4-C,Hs 0.16+0.01 6.12+0.38 0.53+0.01 0.85+0.16 3.02+0.18 12.1+1.0

6d 4-CH(CHy), 0.093+0.018 3.13+0.30 0.32+0.01 2.16%0.79 3.43240.5 45.9+3.6
6e 4-C(CHy)s 0.049+0.007 3.13+0.30 0.20+0.01 0.44+0.16 1.1430.0 13.5+1.8
6f 4-F 0.23+0.05 1.16+0.04 0.79+0.03 0.96+0.20 2.9620.2 4.99+0.85
69 4-Cl 0.12+0.02 4.35+0.40 0.46+0.01 1.52+0.51 3.4920.0 14.9+0.78
6h 4-OCH;, 0.57+0.16 6.16+0.33 0.63+0.05 2.71+0.12 5.62+0.69 46.1%

6i 3-OCH, 0.24+0.07 1.51+0.13 0.34+0.01 1.64+0.06 5.55+0.52 42.69%

6j 2-OCH;, 0.66+0.02 2.31+0.06 0.95+0.05 5.25+0.78 4.83+0.06 51.5+4.5

?|ndicates the average value of three independererements® Inhibition% at 100LM.

Compared with the analogues of series kG.21- >100uM) in Table 1, 6b-6j, with N>-chloracetyl
substituent, exhibited more potent inhibitory aitié against all five tumor cells (§-0.049-6.16uM).
Besides6b, 6h and 6i, all N>-chloracetyl compoundsTéble 2) showed better activities against MetH
compared with the analogues excéaf and6ag in Table 1. Among them6d and6j exhibited activities
with ICgo of about 51uM, and 6c, 6e, 6f, 6g with ICsos below 20uM. The results indicated that the
N°-chloroacetyl group in series 2 could increaserthébition against both tumor cells and MetH.

Contrasted tdb without substituent on benzene ring, alkyl subtiducompound$as, 6¢, 6d and 6e
showed more potent activities. They inhibited Meg#dtivities in the following order of potency
(substituents on benzene moiety are noted in gdaeses)6as (5.66 uM, methyl group) >6¢ (12.1 uM,
ethyl group) >6e (13.5uM, tert-butyl group) >6d (46.9 uM, isopropyl group)6f and6g with halogens
substituted on thp-position of benzene maintained the potent intohitas 1G, values 4.99M and 14.9
uM. But the methoxyl group, whether i, m-position or p-position €j, 6i, 6h), didn’t cause any
significant increase of potency @&values as >100M, >100uM and 51.5uM).

Though with chloracetyl group d¥° position, compoundsb, 6h and6i didn’t show MetH inhibition.
Their normal inhibitory activity against the fivenhor cells revealed that they might act on foliedac
metabolizing enzyme such as DHFR or thymidylatdtsstase based their folate-like structure of sabestr
[47]. Or theirN>-chloroacetamido group might afford certain effsiatilar with biological alkylating agent

[48].



2.4 Synthesis and in vitro Inhibitory Activities of Series 3.

OCH;

4j2 Siz

‘e
NH NH
BN b B ¢ NH?%T)
NS - . N - . N
P OCH,4 P OCH, NTS
H;CO™ N H;C0” N )\N/ OCH,
4j3

) HyCO )
Sis 6j3

Scheme 3. Reagents and conditions: (a) §&MNa, CHOH, reflux, 8 h; (b)0.4 MPaH,, Pt0,, 0.5 mol/L
HCI, ethanol, rt; (c) acetyl chloride, anhydrous BMt; (d) saturated NHin dry methanol, rt, 12 h; (e)
CH3;ONa, CHOH, reflux, 5 h.

The study of structure-activity relationship ralel the importance ®>-chloracetyl and the substitution
of benzene in target compounds for the activitigairesst MetH. To test the indispensability of theirzon
groups at 2 and 4 position for the inhibition of tMeactivities, amino group was replaced by chloride
methoxyl group as in series 3. The synthetic rawge outlined irScheme 3. With compoundj in hand as
in series 2, methoxylation of 2,4-chloride groughasodium methoxide in methanol gave dimethoxylated
compounddj,in 72% vyield. Selectively amination on 4-chlorideogp of compoundj gave4j, in good
yield which was then methoxylated on the 2-chlotiol@fford4js; in 70% yield. Compoundsj4, 5j, and
5j3 were then prepared thydrogenation of the carbon-carbon double bondspgmidine ring of4j, 4j,
and4j; with H, and PtQ in excellent yield, followed biX*-chloroacetylation to gefij, 6j, and6js.

The 1Gesof 6j1, 6, and 6j; against MetH were all above 104, which proved that 2,4-diamino of
N°-chloracetyl derivatives was the necessary grouginfubition of MetH. The further research was firet
molecular modeling section. It is noticed that comnmpdse6j;-6j; exhibited good inhibition effect against
H1299, A549, HL-60, HeLa and HT29 tumor cells. 8e action ofN°>-chloroacetyl group it6j1, 6j, and
6z as possible alkylation agent or on folate metabaizymes besides MetH will be explored in the futur

[47, 48].
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Table 3 Chemical structures @&f:-6j3 and in vitro inhibitory activities against tumoriseand MetH

Cl
Rzoﬁ)
N
RlJI\N/ OCHj4
6j1-6j3
Compounds R! R? Tumor cells (1Go kM) MetH®
H1299 A549 HL-60 HelLa HT29
6], OCH; OCH; 0.47+0.03 >10 3.41+0.16 6.80+0.50 4.54+0.30 5.69%
6] Cl NH, 0.32+0.07 3.35+0.41 0.24+0.02 0.94+0.19 2.52+0.2145.6%
6j3 OCH; NH, 0.41+0.08 ND 0.51+0.02 1.83+0.48 4.82+0.70 31.5%

2 Not tested® Indicates the average value of three independgrgrents® Inhibition% at 100uM.

2.5 Action Mechanism of the MetH Inhibition.

We next studied the preliminary mechanism ofcactf the MetH inhibition by compourt via three

different concentrations of the substrate MTHF &kad concentration of Hcy (500M) and cell lysates.

As illustrated inFigure 5, inhibition of MetH by6c decreased with increasing concentrations of MTHF.

When addition of MTHF at 63iM, ICso value of 6c was 4.46uM. And when addition with higher

concentration of MTHF at 126 and 25R1, lower inhibition of6¢c was detected with kg values as 7.64

and 12.1uM, respectively. At high substrate concentratidresaction o6c was overcome which indicated

that compoundc was a competitive inhibitor to MetH.
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Figure 5. Effect of compoundc on MetH activity of HL-60 at MTHF concentration$ @3, 126 and 252
puM.

2.6 Dose-response Curves of 6¢ and 6as.

Cell proliferation inhibition of compound& and6as was measured over 0.3125, 0.625, 1.25, 2.5, 5 and
10uM in 24 h, 48 h and 72 h. When at 0.3125 and 08@56c caused growth inhibition of cancer cells
below 50% even after 72 h. Whéawas 1.25M, the inhibition was below 50% after 48 h, and @th@6%
after 72 h. Whersc was 2.5uM and above, the inhibition was about 95% everr &&h. Compoun®as
of 1.25uM exhibited the inhibition below 50% after 48 h aadsbut 65% after 72 h. Compou6a; of 1. 25,

2.5, 5 and 1QM did not show the activities as good@xts but the effect of concentration and time were

consistent with what had been observed in compdandrhey exhibited a dose-response curve and a

time—response curve.

1010
90.00
7900

0/ HOTIAIMUTL

Figure 6 Dose-dependent effects @&t were incubated for 24, 48 and 72 h. A549 cell litzds (densities)

were determined by MTS assay. Each data point septe the average value from three independent
experiments.

2.7 Céll cycle assay of 6¢c on HL-60 cells.

The effects ofbc on the cell-cycle progression in HL-60 cells wareestigated as well. After 24 h
treatment with HL-60 cells, 0.5M and 0.75uM of 6¢c was found to significantly arrest cell cycle
progression at ¢cells in a dose-dependent manner (36.99 and &&13ts 32.08% in controllF(gure7) .
And a decrease in the amount of @ cells (5.69, and 0.34 versus 11.21% in contwad} observed too.

The results suggested that compowrdinduced a G cell cycle block, which could slow down the
12



proliferation of HL-60 cells. The data of the cejicle assay indicated that compowguinhibited HL-60

proliferation in the same way as the classic intbiisiof MetH [29, 49].

0 i O Deb
A: ] E;er:g”es B 1 E g;ggjga(es g E »['-)\eg:?:ga(es
1 Aol 1 ip G1 ] Dip G1
] H o ] { M opG2 1 M oj
a] control Hue 4 0.5uM gxe 4 0.75uM qas
2]
v
£
=z ]
£y
2]

20 2 20 100 120

40 &0 80
Channels (FL2-A)

Cell cycledistribution

o =1
0.75 uM 37.69 [Dle1
6197
5,60
05uM 57.33
36.99
11.21 [
DMSO 56.72
32.08
0O 10 2 3 4 5 6 7 8
DMSO 05uM  0.75uM
G; 32.08% 36.99% 61.97%
S 56.72% 57.33% 37.69%
G, 11.21% 5.69% 0.34%

Figure 7. Cell cycle assay. Cell cycle distribution was d&td by flow cytometryA) DMSO; B)
Compoundbée (0.5uM); C) Compoundse (0.75uM); D) The percentage of cells in different phase of cel
cycle.

2.8 Apoptosis analysis.

HL-60 cells were treated with compougd (0.5 uM and 0.75uM) for 48 h to assess its effect on
induction of apoptosis. The fraction of cells itelapoptosis was 2.35%, 2.18%, and 70.04% for abntr
cells, cells treated with compougd (0.5uM), and cells treated with compoufid (0.75uM), respectively
(Figure 8). The corresponding fractions of cells in earlypijosis were 2.32%, 3.97%, and 8.71%. These

results indicated that higher concentrations of poumd6¢ induced more apoptosis, especially in the in
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late apoptosis which was 30-fold after being exgdse0.75uM of 6¢. The data suggested thaat blocked

HL-60 cells at of @ phase and then induced the late apoptosis whistalaut the anti-proliferative effect.

A% B C%
E control . 0.5uMm . 0.75uM
S 21 21
Feu T oy
Yo 22 2= T
& @ &)\
‘35 = ° e q .
o & v T 4 (R ° ’t l £
10 10! Fgei 100 w0f F0 o FL,I',L 100 o T 1e® o FL‘?: 0 10?
D 100 . UL
UR
90 LL
LR
80
70
60
50
40
30
20
10
0
DM SO 0.5puM 0.75 pM
Compound Concentratiop¢l) UL UR LL LR
DMSO 053 235 9481 232
6c 0.5 0.67 2.18 93.17 3.97
6c 0.75 0.49 70.04 20.76 8.71

Figure 8. Analysis of apoptosis by Annexin V-FITC/PI staigiand flow cytometry is shown for HL-60
cells treated with compouret along with untreated controh) DMSO; B) Compoundéc (0.5 uM); C)
Compoundse (0.75uM); D) UL: dead cells; UR: late apoptosis cells; LL:h&cells; LR: early apoptosis
cells.

2.9 Molecular Modeling.
In order to investigate the binding mode of theibithrs to MetH, compoundc was selected for
molecular docking experiments as it showed goodgtin inhibitory activity against MetH and tumorlkse

It was performed using MTHF-binding pocket of a lmdogy model of the human MetH with the ligand
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minimization of Discovery Studio 2.5. As shownRigure 9. A, compoundsc (black) bound to MetH in
the same pocket and in same extended mode as MilH&),(except the difference of molecular length.
This results was consistent with our biologicalagssf compoundbc, which acted as MetH competitive
inhibitor. Besides the hydrogen bonds formed by F2-Nvith residues Asp 525 and Asn 527, the
N°-carbonyl oxygen could afford another one withdasi Asn 367. This modeling result revealed that the
N°-chloracetyl on the\>-position was conducive to binding position anddiiig mode too, which was
important for the potency of MetH inhibition.

Compoundsc, 6] and 6as, all with N°>-chloracetyl groupdiffer only in the substituent of benzene
(p-methyl in6c, o-methoxyl group ir6j andp-ehthyl group iréas). 6¢ (black,Figure9. B) and6as (yellow,
Figure 9. D) were able to establish same hydrogen bamitls the side chain of Asp-525, Asn-527 and
Asn-367. Unlike the binding mode of compourtitsand 6as, backbone ofj (deep redfFigure 9. C)
rotated and formed hydrogen bonds in differentrdation because of themethoxyl group, which was
consistent with the reduced activity. More detaiése provided in the Supplementary Materib(re 10).
Compared wittéc and6j respectivelybas (green,Figure 9. E) with chloroethyl on thé&®-position andsj,
(red, Figure 9. F) with chloride substitution in 2-position couldtaslish only one hydrogen bond
interaction each with backbone residue. AccordinGlys of 6a; and6j, against MetH were over 1G0M.
The observation could explain the reason for highleibition on MetH of6c and the significant activity

difference between compounds with various substtsienN>-position, 2,4-position and benzene ring.
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Figure 9. The homology model of the human MetH based on ty&tal structure oThermotoga maritime
(PDB: 1Q8J)A) Overlay of the docked pose of compowud(black) with MTHF (blue) in the homology
model of the human MetH active sitB) Docked pose of compourgt (black). C) Docked pose of
compoundb] (deep red)D) Docked pose of compour@hs (yellow). E) Docked pose of compourGhg
(green).F) Docked pose of compouréd, (red).

3 CONCLUSION

MetH inhibitors represent a kind of new and prongsthemotherapeutic agents. Based on the action
mechanism of MetH and the previously reported iitib of theN°-substituted tetrahydrofolate analogs, a
novel series of\°-substituted-6-substituted pyrido[3¢Bpyrimidine antifolates as nonclassic antifolates
were designed and tested for MetH inhibitory antit@mor activity. The structure-activity relatioriptor
these compounds was summarized. We found Nahloracetyl substitution compounds of substituted
tetrahydrofolate analogs showed higher in vitrapmoliferative activity than others toward five téhes
including HL-60, HelLa, A549, H1299 and HT29 and pomunds6as, 6f, and 6c showed the highest
activity against MetH (16 5.66 uM, 4.99 uM and 12.1uM, respectively). The cell cycle distribution
assay displayed that compou6d could increase the accumulation of-@hase cells. And compourtt
showed highly potency in induction of apoptosis. |&talar modeling indicated that carbonyl of
chloracetyl group played an important role in irtidm of MetH, which could interact with amino-acid
residue Asn 367. This study revealed a new geoerafi lead compounds that could help in the design
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clinically useful MetH inhibitors with potential s#ibancer activity.

As the substrates for folate-dependent enzymedydimg DHFR, TS, and MetH, shared a similar
scaffold, antifolates always exhibited multi-tagpgbteffects currently. And a sub-structure of thesies
were evaluated and revealed several compound $haepossess the 2,4-diaminopyrido[8]@yrimidine
substructure that inhibit, with varying potenciB${FR. As a consequence, off-target activity, paftédy
those associated with antifolate, will be monitomedhe future development of this compound clétsis.
foreseen that with further optimization, the Metttibitors will become novel antifolates to treahcar.

4 EXPERIMENTAL SECTION
4.1. Chemistry

Reagents and solvents were purchased from commomercial suppliers and were used without
further purification. The melting points of the flyesized compounds were determined with a SGW® X4
apparatus'H NMR spectra were recorded at 400 MHz, &*@ NMR were recorded at 100 MHz on a
Bruker NMR spectrometer instrument. Tetramethyfglavas used as an internal standard to express the
chemical shift in ppm: s, singlet; d, doublet;riplet; g, quartet; quin, quintet; m, multiplet;dabs, broad
singlet. Mass spectra were recorded on Waters X2/Q-TOF mass spectrometer or Quattro Micro 2000.
All target compounds were assessed for purity bifeig Technologies 1260 Infinity HPLC system with
an Extend-C18 column (4.6 mm x 150 mm, 3M). HPLC condition: methanol (CI0H): water (HO)
=70: 30; flow rate, 1.0 mL/min; UV detection, fra210 to 280 nm; temperature, X5; injection volume,

20 puL. The purities of target compounds were confirmedhe>95%. Thin-layer chromatography (TLC)
was performed on silica-gel F254 plates. Compoulsddj were synthesized as previously reported [44,
45].

4.1.1 General procedure for the synthesis of intermediates 5a-5j.

A solution of4a (100 mg, 0.36 mmol) and P£@L0%) in ethanol (30 mL) was added to 1 mL 0.5/mol
HCI in an autoclave. The autoclave was evacuatéedbaikfilled with H three times, pressurized to 0.4
Mpa, and stirred at room temperature for 12 h. Téection mixture was filtered and the filtrate was
adjusted to pH 7-8 with a saturated NaHCQ®Ilution, and evaporated to dryness under redpoeskure.
The resulting residue was purified by using a ailiel column (eluent: Gi€l,/ CH;OH, 9/1) to obtairba
as a white solid.
4.1.1.1 6-(4-methyl phenethyl)-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (5a).
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Yield 92%, mp: 211-213 °CH NMR (400 MHz, DMSO#dg) d: 7.10 (q,J = 7.9 Hz, 4H), 6.06 (s, 2H),
5.20 (s, 2H), 3.69 (s, 1H), 2.95 (@= 5.7 Hz, 1H), 2.86-2.58 (m, 2H), 2.51-2.30 (m,)2B.26 (s, 3H),
1.94-1.84 (m, 1H), 1.76-1.61 (m, 2H), 1.49-1.45 @h]); *C NMR (100 MHz, DMSOde) J: 156.14,
155.53, 149.47, 145.63, 144.81, 139.57, 135.49,9934129.44, 129.31, 128.62, 122.84, 116.07, 111.94
110.00, 106.68, 51.43, 37.89, 31.41, 28.45, 282198; ESI-TOF-MS: m/z calcd for;gH2Ns [(M+H) ],
284.18; found, 284.23.
4.1.1.2 6-phenethyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (5b).

Yield 92%, mp: 183-184 °CH NMR (400 MHz, DMSOds) d: 7.50-7.00 (m, 5H), 6.00 (s, 2H), 5.16 (s,
2H), 3.69 (s, 1H), 2.97 (d = 6.3 Hz, 1H), 2.87-2.63 (m, 2H), 2.50-2.27 (m,)2BR.00-1.86 (m, 1H),
1.82-1.63 (m, 2H), 1.52-1.45 (m, 1HIC NMR (100 MHz, DMSQd) 6: 156.20, 155.52, 145.85, 142.75,
128.74, 126.10, 116.04, 51.48, 37.83, 31.87, 2828®1; HRMS (TOF ES: m/z calcd for GsHxoNs
[((M+H)"], 270.1719, found, 270.1714.
4.1.1.3 6-(4-ethylphenethyl)-5,6,7,8-tetrahydr opyrido[ 3,2-d] pyrimidine-2,4-diamine (5¢).

Yield 90%, mp: 182-183 °CH NMR (400 MHz, DMSOsd) &: 7.13 (q,J = 8.2 Hz, 4H), 6.19 (s, 2H),
5.32 (s, 2H), 3.76 (s, 1H), 2.96 @= 6.9 Hz, 1H), 2.80-2.64 (m, 2H), 2.56 (= 7.6 Hz, 2H), 2.48-2.32
(m, 2H), 1.94-1.85 (m, 1H), 1.84 -1.62 (m, 2H),25E38 (m, 1H), 1.16 (f] = 7.6 Hz, 3H)*C NMR (100
MHz, DMSOd) d: 155.81, 155.71, 144.65, 141.38, 139.84, 128.88,11, 116.12, 51.38, 37.84, 31.42,
28.24, 28.11, 28.06, 16.18.
4.1.1.4 6-(4-isopropyl phenethyl)-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (5d).

Yield 94%, mp: 186-188 °CH NMR (400 MHz, CDC}) §: 7.26 -7.06 (m, 4H), 4.85 (s, 2H), 4.53 (s,
2H), 3.07 (dJ = 6.1 Hz, 1H), 2.99-2.84 (m, 1H), 2.77 It 7.2 Hz, 2H), 2.64 (s, 2H), 2.16-2.02 (m, 2H),
1.85 (d,J = 6.7 Hz, 2H), 1.65-1.50 (m, 1H), 1.25 @= 6.7 Hz, 6H);°C NMR (100 MHz, CDG)) :
157.13, 156.86, 151.04, 146.56, 139.19, 128.32,5126.15.95, 52.24, 37.46, 33.70, 32.16, 28.8%48.
24.07; ESI-TOF-MS: m/z calcd for,@,6Ns [(M+H) ], 312.22; found, 312.27.
4.1.1.5 6-(4-(tert-butyl) phenethyl)-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (5€).

Yield 93%, mp: 247-249 °CH NMR (400 MHz, DMSOds) d: 7.30 (d,J = 8.3 Hz, 2H), 7.16 (d] = 8.2
Hz, 2H), 6.53 (s, 2H), 5.63 (s, 2H), 3.92 (s, 1438 (d,J = 6.9 Hz, 1H), 2.90-2.62 (m, 2H), 2.59-2.35 (m,

2H), 2.47-2.36 (m, 1H), 2.01-1.84 (m, 1H), 1.8511(6n, 2H), 1.59-1.39 (m, 1H), 1.26 (s, LT NMR
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(100 MHz, DMSO€) d: 156.24, 155.14, 148.34, 144.71, 139.52, 128.25,4b, 116.25, 51.24, 37.63,
34.51, 31.69, 31.24, 27.66, 27.11.
4.1.1.6 6-(4-fluorophenethyl)-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (5f).

Yield 90%, mp: 215-217 °CH NMR (400 MHz, DMSOds)  7.27 (dd,J = 8.1, 5.9 Hz, 2H), 7.10 (4,
= 8.8 Hz, 2H), 6.03 (s, 2H), 5.18 (s, 2H), 3.67 IB8l), 2.96 (d,J = 5.8 Hz, 1H), 2.86-2.63 (m, 2H),
2.50-2.30 (m, 2H), 1.89 (m, 1H), 1.71 (m, 2H), 1(48 1H):"*C NMR (100 MHz, DMSOde) J: 162.19,
159.80, 156.25, 155.59, 145.94, 138.82, 130.46,3830116.00, 115.47, 115.26, 51.38, 30.97, 28.49,
28.22.
4.1.1.7 6-(4-chlorophenethyl)-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (5g).

Yield 94%, mp: 172-174 °CH NMR (400 MHz, DMSOdg) d: 7.34 (d,J = 8 Hz, 2H), 7.27 (d) = 8.0
Hz, 2H), 6.26 (s, 2H), 5.40 (s, 2H), 3.78 (s, 196 (d,J = 5.9 Hz, 1H), 2.87-2.66 (m, 2H), 2.51-2.32 (m,
2H), 1.89 (dJ = 12.4 Hz, 1H), 1.81-1.63 (m, 2H), 1.48 (s, 115 NMR (100 MHz, DMSQdy) J: 155.91,
155.63, 141.76, 130.69, 130.65, 128.75, 128.66,084161.26, 37.52, 31.08, 27.96, 27.86; HRMS (TOF
ES): m/z calcd for GsH1oCINs [(M+H)™], 304.1329; found, 304.1325.
4.1.1.8 6-(4-methoxyphenethyl)-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (5h).

Yield 92%, mp: 186-188 °CH NMR (400 MHz, DMSOds) d: 7.15 (d,J = 8.6 Hz, 2H), 6.85 (d] = 8.6
Hz, 2H), 6.66 (s, 2H), 6.01 (s, 2H), 3.72 (s, 381p2-2.92 (m, 1H), 2.83-2.57 (m, 2H), 2.50-2.37 (i),
1.87 (s, 3H), 1.80-1.55 (m, 2H), 1.54-1.35 (m, 1¥3; NMR (100 MHz, DMSQdy) §: 157.82, 156.53,
154.59, 140.64, 134.44, 129.64, 116.20, 114.18{5%1.18, 37.81, 30.85, 27.50, 26.60; ESI-TOF-MS:
m/z calcd for GgHNsO [(M+H)'], 300.18; found, 300.19.
4.1.1.9 6-(3-methoxyphenethyl)-5,6,7,8-tetrahydr opyrido[ 3,2-d] pyrimidine-2,4-diamine (5i).

Yield 90%, mp: 196-198 °CH NMR (400 MHz, DMSOdg) d: 7.19 (t,J = 8.0 Hz, 1H), 6.81 (d] = 6.3
Hz, 2H), 6.74 (dJ = 8.4 Hz, 1H), 5.97 (s, 2H), 5.12 (s, 2H), 3.733{d), 3.65 (s, 1H), 2.96 (d,= 5.4 Hz,
1H), 2.84-2.63 (m, 2H), 2.49-2.31 (m, 2H), 1.90J¢; 12.8 Hz, 1H), 1.83-1.61 (m, 2H), 1.61-1.42 (iH):1
*C NMR (100 MHz, DMSQdg) d: 159.76, 156.38, 155.44, 146.36, 144.38, 129.72,011, 116.02, 114.43,
111.51, 55.34, 51.51, 37.71, 31.93, 28.68, 28. MBS (TOF ES): m/z calcd for GeHoNsO [(M+H)'],
300.1824; found, 300.1820.
4.1.1.10 6-(2-methoxyphenethyl)-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (5j)

Yield 92%, mp: 189-191 °éH NMR (400 MHz, DMSOd) d: 7.17 (d,J = 5.7 Hz, 2H), 6.94 (d] = 8.4
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Hz, 1H), 6.87 (tJ = 7.3 Hz, 1H), 6.29 (s, 2H), 5.72 (s, 2H), 4.2114d), 3.78 (s, 3H), 2.96 (d,= 7.1 Hz,
1H), 2.80-2.60 (m, 2H), 2.50-2.31 (m, 2H), 1.989L (&, 1H), 1.79-1.56 (m, 2H), 1.55-1.40 (s, 1Hg
NMR (100 MHz, DMSO)3 157.51, 130.39, 129.91, 127.55, 120.71, 116.11,0B1 63.40, 55.66, 51.53,
36.00, 27.76, 27.51, 26.39; ESI-TOF-MS: m/z catmdG;gH,:NsO [(M+H)'], 300.18; found, 300.29.

4.1.2 General procedure for the synthesis of title compounds 6as, 6b-6] & 6j1-6js.

A solution of5a (100 mg, 0.35 mmol) in anhydrous DMF (3 mL) in aa bath for 30 min was added to
chloroacetyl chloride (104L, 1.26 mmol) and the reaction mixture was stifi@dabout 30 min. Then the
mixture was extracted with GBl,. The organic layers were combined, washed withrated NaHC®
and water, dried over anhydrous,N@), filtered, and concentrated. The residue was pdrifig column
chromatography over silica geluting with CHCI,/CH;OH (30/1), to givebas as a white solid.
4.1.2.1 6-(4-methyl phenethyl)-5-chloracetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (6as).

Yield 64%, mp: 159-160 °CH NMR (400 MHz, DMSOdg) d 7.06 (s, 4H), 6.56 (s, 2H), 6.05 (s, 2H),
4.87-4.54 (m, 1H), 4.33-3.94 (m, 2H), 2.71-2.45 pH), 2.44-2.11 (m, 6H), 1.52-1.43 (m, 2H), 1.3811.
(m, 1H);°C NMR (100 MHz, DMSQds) & 167.04, 164.98, 161.54, 159.19, 139.40, 129.28, 612
105.60, 52.31, 43.58, 36.95, 31.82, 29.58, 28.210® HRMS (TOF EY: m/z calcd for GgH,3CINsO
[(M+H)"], 360.1591; found, 360.1582.
4.1.2.2 6-phenethyl-5-chloracetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (6b).

Yield 63%, mp: 166-168 °CH NMR (400 MHz, DMSOdg) d: 7.25 (t,J = 7.3 Hz, 2H), 7.21-7.12 (m,
3H), 6.57 (s, 2H), 6.05 (s, 2H), 4.87-4.63 (m, 1423-4.11 (m, 2H), 2.72-2.54 (m, 2H), 2.28-2.23 8i),
1.65-1.45 (m, 2H), 1.34-1.28 (m, 1HC NMR (100 MHz, DMSQd) 6: 167.07, 165.64, 164.98, 162.63,
161.54, 160.81, 159.20, 150.86, 142.56, 140.48,7628.28.68, 128.14, 126.11, 124.16, 105.59, 52.35,
43.59, 36.89, 32.28, 29.60, 28.31; HRMS (TOF)E®&/z calcd for GH,,CINsO [(M+H)], 346.1435;
found, 346.1435.
4.1.2.3 6-(4-ethylphenethyl)-5-chloracetyl-5,6,7,8-tetrahydr opyrido[ 3,2-d] pyrimidine-2,4-diamine (6c).

Yield 65%, mp: 137-138 °CH NMR (400 MHz, DMSOds) d: 7.08 (s, 4H), 6.57 (s, 2H), 6.06 (s, 2H),
4.80-4.65 (m, 1H), 4.21-4.13 (m, 2H), 3.39-3.34 {iH), 2.72-2.51 (m, 4H), 2.35-2.15 (m, 2H), 1.523L.
(m, 3H), 1.16-1.09 (m, 3H)¥*C NMR (100 MHz, DMSOdg) d: 167.06, 164.92, 161.52, 159.21, 141.40,
139.69, 128.68, 128.06, 105.61, 65.39, 52.32, 423692, 31.85, 29.57, 28.23, 16.18; HRMS (TOF)ES
m/z calcd for GgHosCINsO [(M+H)™], 374.1748; found, 374.1745.
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4124 6-(4-isopropyl phenethyl)-5-chloracetyl-5,6,7,8-tetrahydr opyrido[ 3,2-d] pyrimidine-2,4-diamine
(6d).

Yield 63%, mp: 152-154 °CH NMR (400 MHz, DMSOds) d: 7.10 (s, 4H), 6.56 (s, 2H), 6.05 (s, 2H),
4.72 (s, 1H), 4.33-4.02 (m, 2H), 2.95-2.70 (m, 14539 (s, 2H), 2.26 (s, 3H), 1.64-1.24 (m, 3H),71(d,J
= 6.4 Hz, 6H)**C NMR (101 MHz, DMSQd) J: 167.06, 161.19, 159.22, 145.96, 140.18, 128.86,55,
52.34, 43.59, 36.88, 33.49, 31.83, 29.54, 28.04£24HRMS (TOF EY: m/z calcd for GgH,7CINsO
[(M+H)™], 388.1904; found, 388.1900.

4125  6-(4-(tert-butyl)phenethyl)-5-chloracetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine
(66e).

Yield 63%, mp: 151-153 °&4 NMR (400 MHz, DMSOdg) 6: 7.26 (d,J = 7.7 Hz, 2H), 7.10 (d] = 7.9
Hz, 2H), 6.56 (s, 2H), 6.05 (s, 2H), 4.85-4.60 (), 4.25-4.06 (m, 2H), 2.72-2.52 (m, 2H), 2.402(fn,
3H), 1.67-1.28 (m, 3H), 1.25 (s, 9HIC NMR (100 MHz, DMSQdy) 6: 167.07, 164.88, 161.50, 159.22,
148.32, 139.43, 128.39, 125.39, 105.61, 52.32,9436.82, 34.49, 31.68, 29.55, 28.24; HRMS (TOF)ES
m/z calcd for GH,CINsO [(M+H)"], 402.2061; found, 402.2058.
4.1.2.6 6-(4-fluorophenethyl)-5-chloracetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (6f).

Yield 64%, mp: 181-183 °CH NMR (400 MHz, DMSOdg) d: 7.38-7.14 (m, 2H), 7.07 (§,= 8.6 Hz,
2H), 6.58 (s, 2H), 6.06 (s, 2H), 4.85-4.58 (m, 14P8-3.98 (m, 2H), 2.74-2.51 (m, 2H), 2.35-2.16 8ir),
1.52-1.43 (m, 2H), 1.41-1.21 (m, 1HJC NMR (100 MHz, DMSQdg) 6: 167.09, 165.00, 161.53, 159.19,
138.63, 130.52, 130.44, 115.42, 115.21, 105.523%243.59, 36.96, 31.35, 29.61, 28.31; HRMS (TOF
ES): m/z calcd for GH,CIFNsO [(M+H)'], 364.1340; found, 364.1331.
4.1.2.7 6-(4-chlorophenethyl)-5-chloracetyl-5,6,7,8-tetrahydr opyrido[ 3,2-d] pyrimidine-2,4-diamine (6g).

Yield 62%, mp: 172-174 °CH NMR (400 MHz, DMSOds) d: 7.31 (d,J = 7.9 Hz, 2H), 7.22 (d] = 8.1
Hz, 2H), 6.57 (s, 2H), 6.05 (s, 2H), 4.83-4.65 (H), 4.25-4.10 (m, 2H), 2.75-2.54 (m, 2H), 2.2634),
1.56-1.41 (m, 2H), 1.36-1.25 (s, 1K} NMR (100 MHz, DMSOdg) d: 165.30, 161.56, 160.49, 159.18,
151.45, 141.58, 130.68, 128.60, 105.53, 52.22,9436.68, 31.48, 29.62, 28.31; HRMS (TOF E®n/z
caled for G/H,oCloNsO [(M+H) '], 380.1045; found, 380.1039.
4.1.2.8 6-(4-methoxyphenethyl)-5-chloracetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (6h).

Yield 65%, mp: 144-145 °CH NMR (400 MHz, DMSOds) d: 7.09 (d,J = 7.8 Hz, 2H), 6.81 (d] = 7.9
Hz, 2H), 6.66 (s, 2H), 6.14 (s, 2H), 4.90-4.50 (H), 4.32-3.96 (m, 2H), 3.70 (s, 3H), 2.80-2.41 8H),
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2.40-2.09 (m, 2H), 1.85-1.20 (m, 3HJC NMR (100 MHz, DMSQd) 5: 167.07, 161.06, 159.32, 157.81,
134.36, 129.67, 129.59, 114.11, 105.73, 55.41 %22.59, 36.97, 31.32, 29.44, 27.98; HRMS (TOF)ES
m/z calcd for GgH»2CINsO, [(M+H)*], 376.1540; found, 376.1538.

4.1.2.9 6-(3-methoxyphenethyl)-5-chloracetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (6i).

Yield 60%, mp: 161-162 °CH NMR (400 MHz, DMSOd) 6: 7.16 (t,J = 7.7 Hz, 1H), 6.76-6.71 (m,
3H), 6.58 (s, 2H), 6.06 (s, 2H), 4.87-4.62 (m, 1¥R1-4.13 (m, 2H), 3.72 (s, 3H), 2.70-2.52 (m, 2H)
2.39-2.13 (m, 3H), 1.53-1.45 (m, 2H), 1.34-1.29 (tH); °C NMR (100 MHz, DMSQds) &: 167.09,
165.01, 163.80, 161.52, 161.36, 159.70, 159.57,215944.17, 129.66, 121.00, 114.45, 112.10, 111.58
105.59, 55.33, 52.31, 43.59, 36.78, 32.31, 29.86@L HRMS (TOF EY: m/z calcd for GgH23CINsO,
[(M+H)"], 376.1540; found, 376.15389
4.1.2.10 6-(2-methoxyphenethyl)-5-chl oracetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine
(6)).

Yield 59%, mp: 147-149 °CH NMR (400 MHz, DMSOdj) &: 7.20-7.09 (m, 2H), 6.91 (d,= 8.0 Hz,
1H), 6.83 (tJ = 7.4 Hz, 1H), 6.54 (s, 2H), 6.06 (s, 2H), 4.8654(m, 1H), 4.31-4.05 (m, 2H), 3.74 (s, 3H),
2.62-2.49 (m, 2H), 2.38-2.15 (m, 3H), 1.70-1.21 @hi); °C NMR (100 MHz, DMSQds) &: 167.05,
164.76, 161.49, 159.23, 157.44, 130.19, 130.08592120.64, 111.01, 105.69, 55.63, 52.49, 43.8853
29.48, 28.21, 26.99; HRMS (TOF BS m/z calcd for GgH2sCINsO, [(M+H)"], 376.1540; found,
376.1538.

41211 2,4-dimethoxy-6-(2-methoxyphenethyl)-5-chloracetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine
(6]1).

Yield 82%;'H NMR (400 MHz, CDC}) d: 7.16 (t,J = 7.6 Hz, 1H), 7.12-7.00 (m, 1H), 6.86 Jt= 7.4
Hz, 1H), 6.80 (dJ = 8.1 Hz, 1H), 4.98 (s, 1H), 4.17-3.96 (m, 8H)7&B(s, 3H), 2.79-2.67 (m, 2H),
2.66-2.52 (m, 2H), 2.47-2.30 (m, 1H), 1.82-1.47 &H);*C NMR (100 MHz, CDGJ) ¢: 166.82, 166.086,
164.42, 162.28, 157.30, 129.85, 127.23, 120.44,781210.20, 55.12, 54.49, 52.43, 42.38, 33.315%8.
27.89, 26.98, 14.43; HRMS (TOF BS m/z calcd for GgH2sCIN3O, [(M+H)'], 406.1534; found,
406.1534.

41212

2-chloro-4-amino-6-(2-methoxyphenethyl)-5-chloracetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine (6j,).
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Yield 63%, mp: 143-145 °C'H NMR (400 MHz, CDC)) d: 7.26-7.03 (m, 2H), 6.96-6.79 (m, 2H),
5.82-5.46 (d, 2H), 4.26-3.91 (m, 3H), 3.78 (s, 3BiP4-2.50 (m, 4H), 2.36 (d,= 5.4 Hz, 1H), 2.13-1.46
(m, 3H); **C NMR (100 MHz, CDG)) §: 165.26, 161.64, 159.78, 157.23, 156.64, 129.88,17, 127.89,
120.81, 115.08, 110.66, 55.32, 54.49, 41.58, 32327, 26.71, 26.20; HRMS (TOF BSm/z calcd for
Ci1gH21CILN4O; [(M+H)™], 395.1042; found, 395.1041.
4.1.2.13
2-methoxy-4-amino-6-(2-methoxyphenethyl )-5-chloracetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine (6j3).

Yield 60%, mp: 46-48 °C*H NMR (400 MHz, CDC}) §: 7.26-7.01 (m, 2H), 7.01-6.65 (m, 2H), 5.31 (s,
1H), 5.07-4.72 (m, 1H), 4.39-3.52 (m, 7H), 2.972(f, 5H), 2.02-1.29 (m, 4H}’C NMR (100 MHz,
CDCly) ¢0: 132.36, 130.93, 129.88, 128.85, 127.77, 127.20,78, 110.55, 110.47, 71.81, 55.27, 54.67,
53.53, 42.44, 41.76, 34.40, 31.51, 30.71, 29.745228.24, 27.72, 27.48, 26.80, 26.22; HRMS (TOF
ES): m/z calcd for GgH»4CIN,O;5 [(M+H)™], 391.1537; found, 391.1540.

4.1.3 6-(4-methyl phenethyl)-5-formyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (6a,).

A solution of5a (50 mg, 0.17 mmol) in 10 mL GEIl, was added formic acid (0.5 mL) and the
mixture was at room temperature stirred for 1 hermtacetic anhydride (0.5 mL) was added and the
resulting solution was stirred for 0.5 h. The mietwas adjusted to pH 7 with a saturated NaklCO
solution and extracted with GBI,. The organic layer was separated, dried over ankgdidaSO,,
filtered, and concentrated. The residue was pdrifig column chromatography over silica gel, elutivith
CH,CI,/CH;OH (9/1), to giveba, as a white solid. Yield 91%, mp: 150-152 &t NMR (400 MHz,
DMSO-ds) 6: 8.20&8.07 (s, 1H), 7.11-6.99 (m, 4H), 6.45 (s))16191 (s, 3H), 4.62-4.49&4.05-3.91 (m,
1H), 2.64-2.40 (m, 3H), 2.41-2.30 (m, 1H), 2.243K), 2.16-1.96 (m, 1H), 1.83-1.48 (m, 3K NMR
(100 MHz, DMSO¢) ¢: 161.47, 161.11, 160.67, 160.53, 159.18, 158.98,94, 141.57, 141.42, 139.60,
139.10, 128.72, 128.63, 128.18, 128.06, 53.66,9482.24, 33.53, 31.74, 31.67, 28.47, 28.22, 27.87,
27.03, 26.51, 21.55, 16.16; ESI-TOF-MS: m/z catmdd;H,,NsO [(M+H)'], 312.18; found, 312.28.

4.1.4 6-(4-methyl phenethyl)-5-acryloyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (6ay).

A solution of5a (100 mg, 0.35 mmol) and 20 mg NaHED anhydrous DMF (3 mL) was added to
acryloyl chloride (10QuL, 1.24 mmol) and the reaction mixture was at rademperature stirred for about
30 min. Then the mixture was extracted with CH. The organic layers were combined, washed with
saturated NaHC®and water, dried over anhydrous,N@), filtered, and concentrated. The residue was
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purified by column chromatography over silica ggiyting with CHCI,/CH;OH (30/1), to giveba, as a
white solid. Yield 58%, mp: 207-209 °@4 NMR (400 MHz, DMSOdg) ¢6: 7.12-7.01 (m, 4H), 6.38 (s,
2H), 6.31-6.14 (m, 2H), 6.00 (s, 2H), 5.70-5.57 (H), 5.06-4.60 (m, 1H), 2.66-2.48 (m, 2H), 2.362.
(m, 6H), 1.68-1.33 (m, 3H)C NMR (100 MHz, DMSQdy) J: 165.68, 163.45, 161.28, 159.69, 139.49,
134.89, 129.79, 129.22, 128.68, 127.93, 106.2B6,136.62, 31.88, 29.47, 28.09, 21.08; HRMS (TOF
ES): m/z calcd for GoH»NsO [(M+H)'], 338.1981; found, 338.1988.

4.1.5 6-(4-methyl phenethyl)-5-allyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (6as).

A solution of5a (100 mg, 0.35 mmol) and 111 mg®O; in anhydrous DMF (5 mL) was added to allyl
bromide (70uL, 1.04 mmol) and the reaction mixture was at rdemperature stirred for 48 h. Then the
mixture was extracted with GBI,. The organic layers were combined, washed witresvatried over
anhydrous NgB50,, filtered, and concentrated. The residue was ipdriby column chromatography over
silica gel, eluting with CBCI/CH;OH (30/1), to givebas as a white solid. Yield 60%, mp: 69-7C; *H
NMR (400 MHz, DMSOe) 6: 7.03 (s, 4H), 6.16-5.99 (m, 1H), 5.90 (s, 2H}15(s, 2H), 5.21 (d) = 17.1
Hz, 1H), 5.10 (dJ = 10.1 Hz, 1H), 3.39-3.31 (m, 1H), 3.18-3.05 (h{)12.91 (d,J = 2.9 Hz, 1H),
2.74-2.61 (m, 1H), 2.56-2.45 (m, 1H), 2.47 (s, 1RI}0-2.26 (m, 2H), 2.23 (s, 3H), 2.15-1.99 (m, ,1H)
1.53-1.34 (m, 3H)*C NMR (100 MHz, DMSQdy) 4: 160.37, 158.76, 153.93, 139.79, 137.76, 134.77,
129.19, 128.63, 117.15, 116.20, 56.25, 52.44, 3B38.8, 24.98, 21.06, 19.79; HRMS (TOF'ESn/z
caled for GgHoNs [(M+H) '], 324.2188; found, 324.2184.

4.1.6 6-(4-methyl phenethyl)-5-cyclopropionyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine
(6as).

A solution oba (100 mg, 0.35 mmol) and 16 mg,®O; in anhydrous DMF (3 mL) was added to
isopropanecarbonyl chloride (1QQ, 1.10 mmol) and the reaction mixture was at rdemperature stirred
for 30 min. Then the mixture was extracted with,CH. The organic layers were combined, washed with
saturated NaHC®and water, dried over anhydrous,N@), filtered, and concentrated. The residue was
purified by column chromatography over silica ggiyting with CHCI,/CH;OH (30/1), to giveba, as a
white solid. Yield 63%, mp: 90-92 °G4 NMR (400 MHz, DMSOsd) d: 7.05 (s, 4H), 6.38 (s, 2H), 5.97 (s,
2H), 4.87-4.66 (m, 1H), 2.64-2.50 (m, 2H), 2.332(In, 5H), 2.20-2.09 (m, 1H), 1.65-1.30 (m, 4H),

0.98-0.87 (m, 1H), 0.80-0.51 (m, 3HJC NMR (100 MHz, DMSOde) J: 173.86, 163.14, 161.18, 159.99,
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139.50, 134.87, 129.21, 128.66, 107.09, 51.20,13@%5.99, 29.40, 28.00, 21.08, 12.44, 8.49, 8.33\I3
(TOF ES): m/z calcd for GgH2eNsO [(M+H)'], 352.2137; found, 352.2139.

4.1.7 6-(4-methyl phenethyl)-5-(2-chlor oethyl)-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine
(63c).

A solution of6ag (50 mg, 0.14 mmol) and BHITHF (1 mL, 1 mol/L) in anhydrous THF (1 mL) was at
room temperature stirred overnight. The mixture added 20% HCI and stirred for 1 h. Then the mixtur
was adjusted to pH 7 with a saturated NaH&@Qution, and evaporated to dryness under redpicessure.
The residue was purified by column chromatograpler silica gel, eluting with CKCI,/CH;OH (30/1), to
give 635 as a white solid. Yield 75%, mp: 152-154 ¢ NMR (400 MHz, DMSOds) J: 7.22-6.87 (m, 4H),
6.32 (s, 2H), 5.84 (s, 2H), 4.02-3.89 (m, 1H), 33824 (m, 1H), 3.09-2.81 (m, 3H), 2.78-2.63 (m, 1H)
2.63-2.50 (M, 1H), 2.42-2.29 (m, 2H), 2.24 (s, 3M)4-2.01 (m, 1H), 1.57-1.40 (m, 3HIC NMR (100
MHz, DMSO4dg) J: 160.57, 157.94, 139.72, 134.87, 129.30, 128.95,6l7, 54.45, 52.76, 43.79, 33.22,
32.18, 29.67, 24.24, 21.06. HRMS (TOFESm/z calcd for GgHosCINs [(M+H)?], 346.1798; found,
346.1796.

4.1.8 6-(4-methylphenethyl)-5-(3-chloropropionyl)-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine
(6a7).

A solution of5a (100 mg, 0.35 mmol) in anhydrous DMF (3 mL) wasexitb bromoacetyl bromide
(100 pL, 1.15 mmol) and the reaction mixture was at roemperature stirred for 30 min. Then the
mixture was extracted with GBl,. The organic layers were combined, washed witbratd NaHC®
and water, dried over anhydrous,88), filtered, and concentrated. The residue was igdriby column
chromatography over silica gel, eluting with §&HLY/CH;OH (30/1), to giveba; as a white solid. Yield 51%,
mp: 151-153 °C;H NMR (400 MHz, CDC}) 6: 7.20-7.01 (m, 4H), 5.20-4.90 (m, 3H), 4.73 (s,),1H
3.98-3.67 (m, 2H), 3.07-2.12 (m, 11H), 1.98-1.54 8i); °C NMR (100 MHz, CDGJ) §: 171.20, 129.40,
129.16, 128.24, 52.58, 40.32, 36.62, 32.58, 312882, 28.30, 20.98; HRMS (TOF BSm/z calcd for
C1gH25CINsO [(M+H)™], 374.1748; found, 374.1749.

4.1.9 6-(4-methylphenethyl)-5-(3-chloropropyl)-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine
(6ag).

A procedure similar to the preparation6a was followed to preparéa; from 3ag. The yield was 73%
as a colorless oitH NMR (400 MHz, DMSOds) &: 7.05 (s, 4H), 6.68 (s, 2H), 6.35 (s, 2H), 3.7613(m,
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2H), 3.43-3.30 (m, 3H), 2.99 (s, 1H), 2.84-2.53 4iH), 2.47-2.34 (s, 2H), 2.24 (s, 3H), 2.23-1.81 8H).
%C NMR (100 MHz, DMSOds) d: 161.47, 156.39, 156.01, 139.62, 134.86, 129.28 .61, 116.69, 61.19,
52.55, 50.67, 44.04, 33.31, 32.09, 31.33, 29.66021IHRMS (TOF EY: m/z calcd for GoH»/CINs
[(M+H)"], 360.1955; found, 360.1961.

4.1.10 6-(4-methyl phenethyl)-5-bromoacetyl-5,6,7,8-tetrahydropyrido[ 3,2-d] pyrimidine-2,4-diamine (6ay).

A solution of5a (100 mg, 0.35 mmol) in anhydrous DMF (3 mL) was exdldo bromoacetyl bromide
(100pL, 1.15 mmol) and the reaction mixture was stirfi@dabout 30 min. Then the mixture was extracted
with CH,Cl,. The organic layers were combined, washed withrated NaHC® and water, dried over
anhydrous NgB50,, filtered, and concentrated. The residue was ipdriby column chromatography over
silica gel, eluting with CBCl,/CH;OH (30/1), to givesa, as a white solid. Yield 49%, mp: 196-198 °8;
NMR (400 MHz, DMSO#dg) d: 7.33-6.90 (m, 6H), 4.90-4.55 (m, 1H), 4.33-3.76 @H), 2.77-2.52 (m,
2H), 2.45-2.35 (dyJ = 6.5 Hz, 1H), 2.25 (s, 3H), 2.24-1.90 (m, 2HB32.40 (m, 3H)*C NMR (100
MHz, DMSO<) d: 160.05, 153.57, 138.60, 135.13, 129.30, 129.2B,64, 128.55, 47.68, 31.95, 31.42,
30.13, 28.83, 26.42, 21.08. HRMS (TOF'E$n/z calcd for GgH»3BrNsO [(M+H)*], 404.1086, 406.1066;
found, 404.1089, 406.1070.

4.2 Evaluation of Cell Viability.

The 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethymhenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay was used to determine the in vitro antignatfve effect of the compounds. HL-60, HelLa, A549,
H1299 and HT29 cells were cultured in 96-well plat an initial density of 1xfccells/well, 1x18
cells/well, 2x18 cells/well, 1x16 cells/well and 3x1dcells/well in RPMI-1640 supplemented with 10%
fetal bovine serum, penicillinestreptomycin solatiat 37°C with 5% CQ. Cells were grown for 12 h and
then treated with compounds at concentrations ngnfyjom 0.0078:M to 100uM and incubated for 24,
48 or 72 h in 20@lL media. MTS reagent (20L) in phosphate buffer solution was added to eaeth and
incubated further for 3-4 h. A490 nm was measursiigua 96-well plate spectrophotometer (BioRad
Benchmark plus). Three individual experiments weeeformed to obtain mean cell viability. MTX was
used as positive controls.

4.3 MetH activity assay.

HL-60 cells at the density of 1xi@ells/well (900uL) in 24-well plates were cultured overnight before

treating with various concentrations of test comutsu(100uL) for 3 h. Then the cells were harvested
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(1,000 rmp, 10 min) and lysed with lysis buffer @4d.). After centrifugation (10,000 rpm, 10 min, at 4
°C), the supernatants were assayed in EP tubes étif Mctivity. The assay solution contained |83
deionized water, 2@L 1 mol/L PBS (pH 7.2), JuL 1 mol/L DTT, 5uL 0.76 mmol/L SAM, 5uL 20
mmol/L Hcy, 20uL 0.5 mmol/L OH-Cbl. After adding 4QL cell lysates into the mixture, it was
preincubated at 37C for 5 min immediately. Then the reaction wasiamétd by mixing with 12uL 4.2
mmol/L MTHF and incubated 3C for 10 min. The reaction was terminated by thaitaah of 50uL stop
buffer (5 mmol/L HCI+51% formic acid) and incubatatd80°C for 10 min. After cooling, 20QI mixture
was transferred to 96-well microplates. Then thateplwas read at 350 nm by using a 96-well plate
spectrophotometer (BioRad Benchmark plus).

4.4 Cell Cycle Assay.

HL-60 cells at a density of 0.8x36ells per well were cultured in 60 mm petri diskemight, then they
were harvested and washed twice with ice-cold PS8 &eating with compounéc (0.5 uM and 0.75uM)
or 0.1% DMSO for 24 h. Then, these cells were fixed0% cooled ethanol at 4 °C overnight, untinigei
washing with PBS just before analysis by flow cy&tm. 0.5 mL PBS within 10 mg/mL RNase A was
added to the fixed cells and incubated af@G7or 30 min in the dark. After this, 10 propidium iodide
(Pl) was added to the cells. The DNA contents wagtermined by a flow cytometry using the BD
FACSCalibur flow cytometer.

4.5 Apoptosis Analysis.

HL-60 cells at a density of 0.5x36ells per well were cultured in 60 mm petri diskemight, then they
were harvested and washed twice with ice-cold PS8 &eating with compounéc (0.5 uM and 0.75uM)
or 0.1% DMSO for 48 h. 40QL BindingBuffer with 5uL AnnexinV-FITC was add to the cells and
incubated for 15 min at room temperature in thek.dAfter this, 10uL Pl was added to the cells and
incubated for 5 min. Cells were assayed for apaptmg flow cytometry using the BD FACSCalibur flow
cytometer.

4.6 Molecular Modeling Computational Studies.

Multiple sequences of human, rat, arteermotoga maritime methionine synthases (MS) were used in
the alignment process. The multiple sequence akgrobtained in the previous step was used together
with the crystal structure ofhermotoga maritime MS (PDB: 1Q8J) as an input for the building of the
homologymodel of the human MetH using Accelrys Discoverydsi client 2.5 (DS 2.5) software. The
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protonation state of the proteins and the ligandsevealculated using the default settings. Watdeoutes

in the active site were removed. The active site defined by a sphere of 10.0 A from the nativariigjin
the homology model of the human MetH. The CDocketqzol was used to score the docked poses.
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Highlight

A series of N°-substituted tetrahydropteroate analogs were efficiently synthesized.
Compounds were evaluated for in vitro MetH inhibition and antitumor activity.
Compound 6as, 6¢, 6e, 6f and 6g showed good MetH inhibition activity.

Compound 6c arrested tumor cell in G; phase and induced cell apoptosis.
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