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Twenty-four out of twenty-nine quinoxalines were selected at the National Cancer Institute, Bethesda, Md, USA, for in vitro anticancer 
screening. Among these, 10 derivatives exhibited high values of percent tumor growth inhibition at a concentration of 10m4 M in all cancer 
cell lines. Four of these compounds maintained these values at 10V5 M, whereas a certain number exhibited significant values of percent 
inhibition at the most diluted concentrations ( 1O-8-1O-6 M) . Inhibitory activity against dihydrofolate reductase (DHFR) (bovine and rat 
liver) was determined for the most active compounds. This test showed that this type of quinoxaline exhibited an appreciable activity in 
comparison with the previously described aza analogues. In the other test (Lactobacillus casei, thymidylate synthase (TS) , human FITS) no 
or poor activity was detected in both series of compounds. 0 1998 Elsevier Science S.A. All rights reserved. 
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1. Introduction 

In our research program on quinoxaline derivatives acting 
as in vitro anticancer compounds, we have described so far 
more than 120 compounds referring to the series of both 
classical and non-classical antifolate analogous agents of for- 
mulasl [1,2],2 [3],and3 [4] (Fig. 1). 

The basis of this project was to establish that the quinox- 
aline ring might replace the pteridine nucleus in methotrexate 
(MTX) or quinazoline analogues of trimetrexate (TMT) and 
58dideazafolic acids on the grounds that the pyrimidine 
moiety may be substituted with a benzene ring bearing a 
trifluoromethyl or an amino group, or both, able to increase 
the affinity for dihydrofolate reductase (DHFR) or tbymi- 
dylate synthase (TS) enzymes. Moreover, the pyrazine 

* Corresponding author. Tel.: + 39 79-22 87 19; fax: + 39 79-22 87 20; 
e-mail: chimfaxm@ssmaiu.uniss.it 

moiety could allocate hindering groups (methyl, phenyl, 
ethoxycarbonyl) at position 3 and in C-2 a substituted aniline 
1, a substituted benzylamine 2 or p-aminobenzoylglutamate 
3 to modulate biological interaction. On the other hand, by 
reversing these subs&rents on position 6 of the quinoxaline 
ring, we could obtain quinoxaline isosteric analogues of TMT 
and Wklideazafolic acids. In these cases we have examined 
either tbe methylanilino derivatives (4, 5; Z = NH, N-pro- 
pargyl) [ 51 or the phenoxymethyl derivatives (4,5; Z = 0) 
[ 61 (Fig. 1) and we have found a great number of derivatives 
endowed with tumor cell-line sensitivity and percent tumor 
growth inhibition activity between concentrations of lop4 
and lo-’ M. Examples of 2arylquinoxalines supportingtheir 
employment in the treatment of tumors were recently 
described in a patent [7]. Our results of in vitro anticancer 
activity were very encouraging but no evidence of the sug- 
gested antifolate activity had so far been established. Thus 
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we have preliminarily investigated the inhibition of the 
above-mentioned enzymes from the previously described 
compounds a-i (Table 1) and the results seem now to con- 
firm the grounds for our original assumption. 

This prompted us to continue this investigation and in the 
present paper we have further considered the effect of iso- 
steric replacement of the NH group with oxygen in compounds 

The preparation of the desired compounds was accom- 
plished according to the reactions depicted in Scheme 1. 

The chloroquinoxalines 35a-c and bromomethylquinoxa- 
line 35d were reacted with the substituted phenols 36 in DMF 
to give compounds 6-26 in good yields. The acid 27 was 
obtained in 82% yield on saponification of the ester 26. On 
the contrary, the attempts at saponification of the ester 17 
produced quinoxalinone 38 (50% yield) accompanied by its 

Table 1 
Enzymatic inhibition shown by compounds a-i against LcTS, HTS and DHFR at the indicated concentration 

620 and in some homologues (21-27) as well as in those 
with both 0-benzoylglutamate (28-32) and methyl-o-ben- 
zoylglutamate (33-34) in C-2 depicted in Fig. 2. 

2. Chemistry 

Comp. 
[Ref.] 

X R R’ R2 R’ Cont. ’ 
(cLM) 

LcTS HTS DHFR 
(bovine) 
Go 

a 111 
b [II 
c [31 
d [41 

e [41 
fi41 

82 [41 
h [41 

i [41 

NH Ph 
NH Ph 
NH-CH2 Ph 
NH H 

6-CF, 
6-CF, 
6-CF, 
6-CF, 

NH H 6-CF3 
NH CO?Et H 

NH COzH H 
NH CO,Et I-CF3 

NH COzH 7-CF, 

H 
NH, 
H 
H 

H 
H 

H 
H 

H 

3’,4’,5’-trimethoxyphenyl 
3’,4’,5’-tknethoxyphenyl 
3’,4’,5’-trimethoxyphenyl 
p-benzoylglutamate 
diethyl ester 
p-benzoylglutamic acid 
p-benzoylglutamate 
diethyl ester 
p-benzoylglutamic acid 
p-benzoylglutamate 
diethyl ester 
p-benzoylglutamic acid 

32.8 Nl M NI 
10 Nl NI NI 
6.83 Nl NI NI 

10 NI NI NI 

300 NI Nl 151 
114.23 

93.8 
108.4 

- 95.5 

a Maximal concentration used corresponding to the solubility limit. 
NI, no inhibition; -, not determined. 
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13 0 6-CF; H OMe H OMe 
14 0 6-CF3 H H OMe H 
15. 0 6-CF3 H H CN H 
16 0 6-cF-a H H F H 

Fig. 2. 

2-ethoxy derivative 39 (45% yield), thus indicating a dis- 
placement of the substituted phenol moiety. Reaction of the 
intermediates 35a,b,c with the purposely prepared p-hydroxy- 
benzoylglutamate diethyl ester 37 gave the expected esters 
28,29 and 31 in good yield (Table 2), whereas to obtain the 
ester 33 we submitted compound 27 to reaction with diethyl 
L-glutamate hydrochloride in dimethylformamide and in the 
presence of diethylcyanophosphonate at room temperature. 
Saponification of the esters 28, 31 and 33 gave the corre- 
sponding acids 30,32 and 34, while in the case of compound 
29 displacement of p-hydroxybenzoylglutamate took place, 
giving rise to the above-mentioned compound 38 (20% 
yield), whereas compound 39 (74% yield) was dominant. 
According to the different results obtained during saponifi- 

cation of compounds 26,28 and 33 in comparison with those 
coming from compounds 17 and 29, it is reasonable to think 
that the trifluoromethyl group in position 6 plays a certain 
role in activating the nucleophilic displacement of the phenol 
derivative at position 2 since in the case of compounds 26, 
28 and 33 this behaviour was not observed. An explanation 
for this can be supported by an additional elimination mech- 
anism of both the ethoxide and hydroxylic anions at C-2 that 
rather resembles a cyclic iminoether easily undergoing 
hydrolysis, whereas an attack on the ester carbonyl is disfa- 
voured (Scheme 2)) the influence of the trifluoromethyl 
group being without effect when a concomitant NH, substit- 
uent was present at position 8 or when the phenol moiety was 
bound to a methylene bridge. In contrast, as the reaction was 
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Scheme 1. i: DMF, CsC03, 7O”C, 6 or 13 h; ii: DMF, CsHC03, 70°C. 2 h; iii: EtOH, 1 M NaOH, iv: DMF, (EtO),POCN, TEA, r.t., 2 h. 

carried out only in aqueous alkaline medium, we recovered 
the starting material. 

The bromomethylquinoxaline 35d is a new compound and 
it has been obtained by bromination in acetic acid of the 
known quinoxaline 40 [ 81 along with 10% of the dibromo 
derivative 41 according to Scheme 3. 

3. Experimental 

3.1. Chemistry 

Melting points are uncorrected and were recorded on a 
Kofler or an electrothermal melting point apparatus. UV spec- 
tra are qualitative and were recorded in nm for solutions in 
ethanol with a Perkin-Elmer Lambda 5 spectrophotometer. 
IR spectra are for nujol mulls and were recorded on Perkin- 
Elmer 781 instruments. ‘H NMR spectra were recorded at 
200 MHz with a Varian XL-200 instrument using TMS as 
internal standard. Elemental analyses were performed at the 
Laboratorio di Microanalisi, Dipartimento di Scienze Far- 
maceutiche, University of Padua, Italy. The analytical results 
for C, H, and N were within f 0.4% of the theoretical values. 

3.1.1. Intermediates 
The chloroquinoxalines 35b,c have been prepared as pre- 

viously described in a recent paper [ 1 I. The chloroquinoxa- 
line 35a [ 93 and p-hydroxybenzoylglutamate 37 [ lo] were 
prepared according to the procedures described in the litera- 
ture cited. The monobromo 35d and dibromomethylquinox- 
aline 41 are new compounds and are reported for the first 
time as described below. 

3.1.1.1. 3-Phenyl-7-trifluoromethyl-2-bromomethyl- 
quinoxaline 35d and 41 

Bromine ( 1.1 g, 6.9 mmol) in acetic acid (4 ml) was added 
dropwise ( 10 min) , at 20°C to a vigorously stirred mixture 
of 3-phenyl-7-trifluoromethyl-2-methylquinoxaline 40, pre- 
pared as described [ 81 (2 g, 6.9 mmol), and 0.48 g of sodium 
acetate in acetic acid (40 ml). Then the mixture was heated 
at 100°C for an additional 30 ruin under stirring. After cooling 
the resulting solution was evaporated in vacua and the red- 
orange oily residue was taken up with chloroform. An inor- 
ganic product was removed by filtration and the mother liq- 
uors, dried over anhydrous sodium sulfate, were evaporated 
to dryness. The solid residue was purified by flash chroma- 
tography on a silica gel column eluting with a mixture of 
ethyl acetate/petrol ether (b.p. 40-6O’C) in the ratio 98:2. 
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17.29 _OR y?qp$?3 __c +=$ + 38 + 39 

R4 R4 

Scheme 2. 

36 @-R-+-a; R3=CO+k) 
37@=R~w, R3-&1-Et) 

Scheme 3. i: Br,, CH,COOH, CH,COONa, 30 min, 100°C. 

The most mobile fraction gave on evaporation compound 41 
(0.3 g, 10% yield), m.p. 121-122°C. 

Anal. (C,,H&,F,N,) C, H, N; UV: 332, 243, 205. ‘H 
NMR (CDCl,): 68.62 ( 1H,d,J8,,= l.SHz,H-8), 8.28 (lH, 
d, J5,e=9.0 Hz, H-5), 8.10 (lH, dd, Je,s=9.0 and Js,s= 1.8 
Hz, H-6), 7.76-7.68 (2H, m, H-2’,6’), 7.68-7.58 (3H, m, 
H-3’,4’,5’), 6.97 (lH, s, CHBr,). 

The successive fractions gave an evaporation compound 
35d (1.65 g, 65% yield), m.p. 131-133°C from ethanol. 

Anal. (C1&11J3rF3N2) C, H, N; UV: 328, 241, 206. ‘H 
NMR (CDCl,): 68.46 (lH,d, J8,7= 1.8Hz,H-8),8.26 (lH, 
d, Js,e = 8.8 Hz, H-5), 7.96 ( lH, dd, Js,5 = 8.8 and J6,8 = 1.8 
Hz, H-6), 7.82-7.77 (2H, m, H-2’,6’), 7.63-7.54 (3H, m, 
H-3’,4’,5’), 4.77 (2H, s, CH,Br). 

3. I .2. General procedure for preparation of the 2-phenoxy 
and 2-phenoxymethylquinoxalines 6-26 

A mixture of equimolar amounts ( 1 mmol) of 2-chloro- 
quinoxalines 35a-c or 2-bromoethylquinoxaline 35d and the 
corresponding substituted phenol (Fig. 2) in anhydrous DMF 
( 15 ml) in the presence of one mole equivalent of caesium 
carbonate was stirred at 70°C for 13 h (6-20) or 6 h (21- 
25). In the case of compound 26, caesium hydrogencarbonate 
was used and the mixture heated at 70°C for 2 h. After cooling, 
water was added to complete precipitation of solids (6-18, 
20, 23) which were collected and washed with water and 
eventually dried. Compounds 19,21,22 and 24-26 separated 
as oils and were extracted with ether or chloroform. The 
organic phase, dried over anhydrous sodium sulfate andevap- 
orated in vacua, gave solid compounds. Purification methods, 
yields, melting points, analytical and spectroscopic data are 
reported in Table 2. 

3.1.3. 4-(3-Phenyl-7-trtjuoromethylquinoxalin-2-yl) 
methoxybenzoic acid 27 

A suspension of the ester 26 (0.44 g, 1 mmol) in a mixture 
of ethanol ( 12 ml) and 1 M NaOH aqueous solution (6 ml), 
was stirred at 70°C for 4 h. The clear solution which formed 
after evaporation of the solvent was diluted with water and 
made acidic with 2 M HCl aqueous solution. A cream col- 
oured solid precipitated which was first washed with water, 

then recrystallized from ethanol. Yields, melting points, ana- 
lytical and spectroscopic data are reported in Table 2. 

3.1.4. Attempts at saponification of the esters 17 and29, 
formation of 2-ethoxy-3-phenyl-6-trt@oromethyl- 
quinoxaline 39 and 3-phenyl-6-triJluoromethyl- 
quinoxalinyl-lH-2-one 38 

(i) A suspension of the ester 17 (0.6 g, 1.4 mmol) in a 
mixture of EtOH (30 ml), water (20 ml) and 1 M NaOH 
aqueous solution (6 ml) was heated at 70-75°C under stirring 
for 24 h. On cooling, a white product was filtered off and 
thoroughly washed with water to give compound 39 (0.2 g, 
45% yield), m.p. 114-l 16°C. 

Anal. (Cr7H13F3N20) C, H, N; UV: 338,288,238,212, 
205.‘HNMR(CDC13): 68.37(1H,s,H-5),8.17-8.12(2H, 
m, H-2’,6’) 7.93 (lH, d, J=8.6 Hz, H-8), 7.82 (lH, dd, 
J= 8.6 and 1.8 Hz, H-7), 7.54-7.50 (3H, m, H-3’,4’,5’), 
4.66 (2H, q, CH,--CH,), 1.52 (3H, t, CH,-CH,). 

The mother liquor, on acidification with 1 M HCl aqueous 
solution, formed a precipitate which after filtration gave com- 
pound 38 (0.29 g, 50% yield), identical with an authentic 
specimen previously described [ lo]. 

(ii) A suspension of the ester 29 (0.25 g) was treated with 
a mixture of EtOH (4 ml) and 1 M NaOH aqueous solution 
(3 ml) at room temperature for 10 h. The work-up of the 
mixture gave compounds 39 (0.1 g, 74% yield) and 38 (0.03 
g, 20% yield), identical with the above-described samples. 

3.15 General procedure for preparation of compounds 28, 
29,31 and 33 

(i) A mixture of equimolar amounts ( 1 mmol) of 35a,b,c 
and diethyl 4-hydroxy-benzoyl-L-glutamate, dissolved in 
anhydrous DMF ( 10-15 ml) and in the presence of one mole 
equivalent of caesium carbonate, was stirred at room tem- 
perature for 13 h. Then it was diluted with water and the 
precipitates which formed were collected and washed with 
water. The white products (28,29,31) were further purified 
by recrystallization from ethanol. Yields, melting points, ana- 
lytical and spectroscopic data are reported in Table 2. 

(ii) Diethyl cyanophosphonate (0.125 g, 0.77 mmol) in 
DMF(3ml) andTEA(O.l5g, 1.48mmol) inDMF(3ml) 
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were added under a continuous stream of nitrogen to a mixture 
of 27 (0.3 g, 0.71 mmol) and diethyl-L-glutamate hydro- 
chloride (0.185 g, 0.77 mmol) in DMF ( 12 ml). The mixture 
was stirred for 4 h and then poured onto a mixture (3: 1 ratio) 
of ethyl acetate and benzene (40 ml). The organic phase was 
washed, in order, with water (50 ml), saturated sodium car- 
bonate solution (60 ml), water ( 50 ml), and saturated sodium 
chloride solution (60 ml) and eventually dried over anhy- 

drous sodium sulfate. On evaporation, compound 33 was 
obtained as a solid and purified as indicated in Table 2, which 
also reports yields, melting points, analytical and spectro- 
scopic data. 

3.1.6. General procedure for preparation of the acids 30, 
32,34 

A suspension of ester (28,31,33) (0.8 mmol) in a mixture 
of ethanol (8 ml) and 1 M NaOH aqueous solution (5 ml) 
was stirred at room temperature for 5 h. On evaporation of 
the solvent, the mixture was taken up with water and made 
acidic with 2 M HCl aqueous solution. The pale yellow solids 
formed (30,32, 34) were collected and washed with water 
then recrystallized by the solvent indicated in Table 2, which 
also reports yields, melting points, analytical and spectro- 
scopic data. 

3.2. Pharmacology 

Evaluation of anticancer and anti-HIV activity was per- 
formed on 24 out of the 29 compounds referring to structures 
9,10,12-31,33,34 of Fig. 2 and Scheme 1 at the National 
Cancer Institute (NCI), Bethesda, Md, USA, following the 
well-known [ 111 in vitro disease-oriented antitumor screen- 
ing program against a panel of 60 human tumor cell lines and 
the anti-HIV drug testing system [ 121. No compounds exhib- 
ited anti-HIV activity. The anticancer activity of each com- 
pound is deduced from dose-response curves and is presented 
in three different tables according to the data provided by 
NCl. In Table 3 the response parameters GIs,,, TGI and LCsa 
refer to the concentration of the agents in the assay that pro- 
duced 50% growth inhibition, total growth inhibition, and 
50% cytotoxicity, respectively, and are expressed as mean 
graph midpoints. In Table 4 we report the activities of those 
compounds which showed a percent growth inhibition greater 
than 40% on subpanel cell lines at a concentration of low4 
M. In Table 5 we report the activities of those compounds 
which showed a percent growth inhibition greater than 40% 
on subpanel cell lines at 10F5 M. 

3.2.1. Results of the in vitro pharmacological anticancer 
assays 

The data of in vitro anticancer activity reported in Table 3 
established that the average sensitivity of all cell lines towards 
the tested agent, represented as mean graph midpoints, falls 
in the concentration range 10-5.53-10-4 M. A good corre- 
lation exists between the values of - log G&a, - log TG and 
-log LCSOr although the most active compound (18) was 

Table 3 
- log,clGI,,, -log,,TGI, -log,&& mean graph midpoints a of the in 
vitro inhibitory activity tests for compounds 9, 10, 12-31, 33 and 34 and 
against human tumor cell lines b 

Comp. - log,,GI,, - log,,TGI -log&& 

9 4.00 4.00 4.00 
10 4.06 4.00 4.00 
12 4.59 4.15 4.03 
13 4.02 4.00 4.00 
14 4.20 4.00 4.00 
15 4.74 4.40 4.12 
16 4.21 4.01 4.00 
17 4.04 4.00 4.00 
18 5.53 4.44 4.04 
19 4.41 4.07 4.00 
20 4.58 4.18 4.04 
21 4.15 4.00 4.00 
22 4.07 4.00 4.00 
23 4.03 4.00 4.00 
24 4.09 4.00 4.00 
25 4.28 4.02 4.00 
26 4.01 4.00 4.00 
27 4.36 4.03 4.01 
28 4.68 4.25 4.08 
29 4.59 4.09 4.01 
30 4.00 4.00 4.00 
31 5.01 4.18 4.01 
33 4.26 4.04 4.01 
34 4.01 4.00 4.00 

a Mean graph midpoints ( MG-MTDs) , the average sensitivity of all cell lines 
toward the test agent. 
’ From NCI. 

not the most cytotoxic. A survey of Table 4 better indicates 
the highest activities recorded on all the panel cell lines for 
the compounds 12,15,16,18,19,20,27,28,29,31 and 33, 
while a few compounds (10,14,21,25) exhibited a moderate 
range of both cell sensitivity and percent tumor growth inhi- 
bition, the remaining compounds (9,13,17,22,23,24,26, 
34) exhibiting only random cell sensitivity and moderate or 
no tumor growth inhibition activity. Among the derivatives 
of the first group compound, 18 maintained high values of 
percent tumor growth inhibition on all cell lines at 10e5 M, 
followed to a lesser extent by compound 31> 28 2 29. A few 
random cell line sensitivities were recorded for the other 
compounds at this concentration. Interestingly, a large num- 
ber of derivatives (10,13,14,16,18,19,21,22,23,24,25, 
27,31,33) exhibited very significant percent tumor growth 
inhibition activities between lo-’ and lop6 M (Table 6). 
Among these compounds 18 and 31 were the most active. 

3.3. Enzymology 

3.3.1. Materials and methods 
Thymidylate synthase fromkzctobacillus casei and human 

thymidylate synthase were purposefully prepared as reported 
below. Dihydrofolate reductase (DHFR) from bovine liver 
and rat liver was available from SIGMA as a suspension in 
3.6 M ammonium sulfate solution at pH 8 and a suspension 
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Table 4 
Percent tumor growth inhibition recorded on subpanel cell lines at 10m4 M of compounds 9,10,12-29.31.33 and 34 

P8Iuuctll-Lines 9 10 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 31 33 3-l 

Leukemia 
CCRF-CEM 75 - 50 151 nt - nt nt 64 50 - - - - 57 105 - 72 - - - 60 - 
HL-6O(TH) - 80 81 - 81 146 54 43 95 128 60 50 43 - 90 109 49 95 - - 57 46 - 
K-562 - 46 71 - 53 131 nt 61 130 137 - 55 - 40 56 118 56 84 - - nt 60 - 
MOLT4 _ - nt - 56 153 81 55 90 105 76 62 - - 53 119 42 nt 44 - - 74 42 
R.fMI-8226 55 66 59 90 nt nt 63 98 108 61 64 - - - 46 76 - nt nt nt - 64 nt 
SR - 66 66 - 83 191 116 51 87 107 86 52 45 nt 56 82 73 94 93 - nt 72 70 

Non Small Ceil Lung Cancer 
A549lATCC nt nt 133 - nt 167 81 - 80 nt nt 68 - - - 45 - 86 66 67 91 46 - 

- - 83 - - 169 - 63 73 90 176 51 89 - 58 56 49 66 69 106 84 40 - EKVX 
HOP-62 
HOP-V2 
NCEH226 
NCI-23 
NCIH322M 
NCLH460 
NCEHS22 
Colon Cancer 
COLO 205 
HCC-2998 
HCT-116 
HCT-15 
HT29 
KM12 
SW-620 
SNC Cancer 
SF-268 
SF-295 
SF-539 
SNH-19 
SNH-75 
U251 
Melanoma 
LOX IMVI 
MALME3M 
Ml4 
SK-MEL-2 
SK-MEL-28 
SK-MEL-5 
UACC-257 
UACC-62 

- 52 129 - - 189 VV - 93 40 145 nt - - - - - 56 137 104 nt nt - 
- 56 134 - 67 183 nt - 73 - 84 49 - - - 97 - 92 187 56 60 54 - 
- - 83 - - nt nt - 58 69 147 - 51 - nt nt - 53 189 176 81 79 50 
- 66 87 - 94 186 55 - 92 51 71 52 - - - 40 - 86 143 100 139 53 - 
--ntnt- 177 - nt 65 48 76 60 nt - - - - 61 56 58 70 43 - 
- - 70 - 42 200 58 55 99 98 128 45 - - - 47 50 91 - 59 74 61 - 
- 56 94 - - 178 48 51 115 nt nt nt - nt 70 86 - 60 136 94 119 - - 

- - 92 - - 139 - - 93 119 198 - - - - 44 - 175 - 49 - 196 - 
- - 72 - 93 188 158 49 82 100 74 - 40 - - 50 - 83 - - 60 nt - 
- - 154 45 43 200 54 45 87 94 83 51 43 - - 50 48 86 180 68 124 63 - 
- _ - - 41 200 40 - 89 126 78 - 49 - nt 66 - 88 -’ - 47 58 - 
- - 84 56 62 173 89 45 157 88 198 - 59 - 63 120 42 90 200 110 85 49 - 
_ _ 58 - - 142 - - 92 127 164 48 - - - 44 - 98 58 65 73 80 - 
- - nt - - 200 nt - - 70 81 67 - 40 - - 43 - 71 - - nt 42 

- - 102 - - 112 - - - 89 56 119 - - - - 42 - 79 i34 107 118 73 
- 50 159 - - 132 87 - 96 69 156 69 - - - - - 97 147 100 111 79 - 

nt nt 122 - nt 105 92 - 136 50 69 70 - - - 41 - 115 200 80 95 - - 
- - - - 45 nt nt - 170 54 nt 129 51 98 51 - - - 53 62 122 VV 116 

nt nt 180 - nt 169 89 - 103 66 154 50 - - - 40 - 100 193 168 123 116 - 
64 180 - - 200 nt - 66 71 92 73 - - - 40 - 78 103 72 nt - - - 

88 - 104 50 - 80 148 128 44 - - - - - 79 75 67 43 49 - _ _ - 
- - - 53 - - 142 99 - 145 nt nt 40 - - 43 63 nt nt 160 127 104 55 

nt nt nt In nt 200 74 nt 88 70 139 68 - - - 52 - 56 69 51 - 54 - 
--utnt- 178 60 d 124 129 190 - - - - - - 77 100 144 143 134 - 
- - 68 - - 200 72 - 60 59 53 60 - - - - - 62 80 47 nt - - 
* * 135 - - 145 62 - 114 74 78 85 nt - 42. nt nt 77 139 nt 
_ _ 65 - - 133 69 - 110 55 76 - 50 - - 

z g 9” 
- 62 nt 59 - 

_ _ 54 _ _ 89 80 - 145 46 90 57 - - - 49 - 90 78 84 79 66 - 
Ovarian Cancer 
IGROVl - - 67 - - 
OVCAR-3 - - 101 - - 
ovcAR-4 - 80 153 - - 
OVCARJ - - - - - 
ovcAR-8 nt nt 72 - nt 
SK-GV-3 _ - 155 - - 
Renal Cancer 
786-O - 55 175 - - 
A498 _ _ 98 _ _ 
ACHN _ _ 136 - - 
CAKI-1 _ - 200 - - 
RXF 393 - 90 128 - 62 
SNl2C - _ 88 _ _ 
TK-10 - - 122 - - 
uG-3 1 - - 41 - 69 
Prostate Cancer 
PC-3 _ _ 84 _ _ 
DU-145 - - _ - _ 
Brtast Cancer 
MCF7 - - 90 48 56 
MCFNADR-RES m nt 41 - at 
MDA-hfm3VATfX 41 _ 76 _ 41 
I-IS 57ST 49 52 97 - - 
MDA-MH435 - - 70 - 40 
HT-549 - 51 128 - 75 
T-47D nt nt 61 65 nt 
MDA-N - _ 70 47 - 

156 
156 
lS2 
200 
164 
186 

200 
189 
200 
160 
112 
165 
200 
139 

200 
183 

153 
163 
153 
152 
183 
97 
157 
130 

* * 146 VV 136 49 67 nt - - - 68 95 85 89 54 - 
- - 135 nt nt 41 - - - - - 79 140 98 146 54 - 

68 47 nt 54 42 51 - 40 - 51 - nt 106 91 80 146 - 
40 - 51 nt nt - - - - 42 - 45 80 - 71 - - 
43 - 150 68 97 58 - - - - - 77 200 153 90 50 - 
53 - 77 71 135 50 - - nt at nt nt 151 142 135 - - 

63 - 88 65 128 51 - - - - - 50 200 124 174 49 - 
at - 104 - 143 40 nt 51 - - - 48 98 96 - - - 
78 61 118 100 93 43 - - - 42 - 125 121 87 112 51 - 
118 - 151 99 159 46 - - - - - 189 143 171 151 59 67 
62 56 112 85 191 117 - - nt nt - 89 123 104 168 53 - 
46 - 78 nt nt nt - - - 42 - 65 tn 79 55 46 - 
71 - 58 60 81 56 - - - 100 - 60 140 65 72 nt - 
74 - 66 42 64 43 - - 41 44 - 185 82 84 65 78 - 

41 - 119 85 124 50 - - - - - 70 50 70 107 67 - 
_ _ 65 nt nt 52 - - - - - 63 78 - 56 53 - 

99 72 93 100 200 58 - - 50 60 - 84 nt 41 73 197 - 
- - 87 62 nt 55 - - - - - 78 m nt 98 61 Id 
* * 77 101 100 42 52 64 55 - - 67 nt 127 76 - - 

100 - nt 55 144 64 61 - 40 56 - 77 at nt 114 87 ttt 
58 - 82 112 70 43 - - - 70 - 68 81 - ti 54 - 
- - 124 44 74 46 44 - - 99 - 57 nt nt 104 63 nt 

50 60 83 125 162 77 56 100 46 59 44 70 119 85 71 86 - 
50 - 115 at tu - - - - -49 - n 113 49 57 73 - 

-, below 40% growth inhibition; nt, not tested at this molar concentration. 
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Table 5 
Percent tumor growth inhibition recorded on subpauel cell lines at 10m5 M of compounds 10.1214,1S-30,31,33 and 34 

PaneUCetl-Ltnes 10 12 13 
Leukemia 
CCRF-CEM - - - 
HMO(TB) 45 - - 
K-562 - - - 
MOLT-4 - - - 
RPMI-8226 - - - 
SR - - - 
Non Small Cell Lung Cancer 
A549lATCC m 
HOP-62 
HOP-92 
NC&H226 
NCI-23 
NCI-H322M 
NC&H460 
NC&H522 
Colon Cancer 
COLO 205 
HCC-2998 
HCT-I 16 
HCT-15 
H-l-29 
KM12 
SW-620 
SNC Cancer 
SF-268 
SF-29 
SF-539 
SNB-19 
mm-75 
u251 
Melanoma 
LOX IMVI 
MALME3M 
Ml4 
SK-MEI/ 
SK-MEL-5 
UACC-257 
UACCd2 

47 

nt 

” 

41 

47 
- 

m 

nt 

51 

nt 
52 

nt nt 
nt 

45 
Ovarian Cancer 
IGROVl 
OVCAR3 
ovcAR-4 
OVCAR-5 
OVCAR-8 . m 
SK-OV3 - 
Renal Cancer 
786-O 
A498 
ACHN 
CAKI-1 
RXF 393 
SNl2C - 
TK-10 
uo-3 1 
Prostate Cancer 
PC-3 
DU-145 
Btwast Cancer 
MCF7 
MCF7/ADR-RES m 
MDA-MB-UlIAnx _ 
HS 57ST 
MDA-MB-435 - 
BT-549 - 
T-47D m 
MDA-N 

- 

44 
69 
47 

53 

- 

” 

m 

m 

m 
m 

” 

” 

40 

54 

. 

. 

I 

. 

” 

” 

I 

” 

. 

14 18 19 20 21 22 23 24 25 26 27 28 29 30 31 33 34 

- 5644 
- 85 - 
- 112 64 
- 76 51 

57 71 - 
46 86 47 

. ” . 

” ” 

- 
51 
47 

67 

40 
46 

79 
62 
- 

m 

m 
m 
m 

” . 

_ _ 

m m 
51 - 

- . - 
- - - 
-mm 
- I - 
nt 42 - 
48 m 44 

m 
so 

nt 62 nt 
- 64 - 
- - - 

nt 
nt 
40 - 

- . - 
113 65 - 
- 51 - 
- 77 - 
- 75 nt 

42 
- 

m 

nt 

- 

m 

m 

- 61 - 
- 54 - 
- 66 - 
- 75 - 
- 146 41 
- 84 - 
- 55 - 

m 

” 

” 

53 

m 

- 
46 - _ 

- - - 90 - 
- 66 - m m 

71 46 . . - 
52 60 - 62 46 
41 - - 54 - 
- - - - . 
- - - - - 

45 51 - 63 - 

45 42 55 

- 
- 

. - 
- - 

49 - 
- - 

122 70 
- 51 
- . 

- - - 
- - - 
- 111 - 
- - - 
- 59 - 
- 44 - 
- m 

- 71 - 
- S‘i - 
nt 68 - 
- 73 - 

nt 69 - 
- 50 - 

- _ 

56 55 
- - 

141 88 
- 47 

57 42 
54 48 

- 56 - 
- 7s - 
- 153 - 
- - - 
- 52 60 
- m - 

- 64 - 
- 116 nt 
nt53- 
- S4 - 
- 69 - 
- 64 - 
- 77 - 

m m 

m 
_ 
ot 

57 

m 
_ 
. 

* 
. 

- - 
43 - 
- - 
- - 

m m 
- - 
_ _ 

- 42 - 
- 49 - 
- 44 - 
- 103 - 

m 47 - 
- 55 - 
- - - 

- 110 - 
-88nt 
- nt - 
- - rlt 
nt nt - 
- 56 - 

- 65 - 
- 54 - 
- 66 - 
- 77 - 
- 54 - 
-4816 
- - - 

57 44 - 

- 82 - 
-46nt 

- 77 52 
nt 70 nt 
- 44 - 
- 68 - 
- 75 46 

113 52 - 
at 53 106 
- 106 nt 

72 m - _ _ 
m 
- 

m 
- 

_ 

m m 

- 
- 

m 

m 

m 

_ - 
65 58 
_ - 
86 42 
- - 

- . - 
- 102 - 
- 57 - 
- 93 - 
- 7s - 
- 59 - 

m 

40 
m 

- 

m 
m 

- 

m 
- 

82 

108 71 
- - 

61 68 
- 82 
- - 

m - 
58 51 
- - 

- 134 - 
- - - 
- 74 - 
- 113 - 
- 82 - 
- - - 
- 58 m 
- - - 

m 
- - 
- - 

m - 
m - 
m 63 
m m 
- - 

m m 
52 - 
- - 

- 74 - 
- 41 - _ 

40 
m 
- 
- 
- 
- 

!53 
m 

- 
- 

42 
48 

._ 

45 

” 

” 

43 

- 

- - 61 
mlls- 
- - - 

m62- 
- m - 
m - - 
- - - 

_ 
m 
_ 

m 

nt 

. - - 

-, below 40% growth inhibition; nt, not tested at this molar concentration. 
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Table 6 
Comparison of the. inhibitory activity of compounds on some cell lines at 
the most diluted concentrations 

Cell line Comp. Percent tumor growth 
inhibition at indicated molar 
concentration (M) 

low lo-’ lo-* 

Leukemia 
HL-6O(TB) 
HL-6O(TB) 
K-562 
K-562 
K-562 
MOLT-4 
SR 
SR 
SR 
Non small cell lung cnacer 
A5491 ATCC 
HOP-62 
HOP-62 
NC1 H226 
NC1 H226 
NC&H23 
NCI-H522 
Colon cancer 
HCC-2998 
HCT-116 
HCT-116 
HT-29 
HT-29 
KM-12 
CNS 
SF-295 
SF-539 
SNB-75 
SNB-75 
SNB-75 
Melanoma 
MALME-3M 
ovarian cancer 
IGROV 1 
IGROV 1 
OVCAR-5 
Renal cancer 
A498 
RXF-393 
SN12C 
TK-10 
uo-31 
Prostate caucer 
Breast cancer 
NCI/ADR-Rl?S 
MCF7/ADR-RES 
MDA-MB-435 
BT-549 
BT-549 
MDA-N 

10 
18 
19 
24 
25 
21 
14 
18 
28 

27 
50 
39 

89 
30 
29 
66 
36 

31 21 
26 25 
27 28 
31 47 
33 47 
14 47 
2s 32 

24 
14 
21 
33 
31 
26 
9 
44 
24 

30 
24 

26 

16 36 
18 30 
31 55 
18 50 
31 61 
18 40 

28 28 

48 
25 

14 
31 
18 
27 
33 

38 
56 
27 
35 

27 
33 

18 80 15 

18 67 22 
22 53 24 
31 35 26 

23 35 
31 60 
13 37 
25 56 
14 41 
18 40 

37 
35 
17 

31 
24 
18 
10 
14 
18 

81 61 
38 

58 

77 
78 

25 45 
16 18 

20 
nt 

54 

23 
18 
16 
32 

29 
24 
22 

21 

37 

16 

in glycerol, 5%, 0.7 M ammonium sulfate, pH 6.5, respec- 
tively. The enzymatic assays have been run on a UV-Vis 
spectrophotometer, Beckman DU 640, equipped with a ther- 
mostated circulating bath, HAAKEF3C. 

3.3.2. Experimental 
Plasmids that express L. casei TS (TS, EC 2.1.1.45 ) in the 

Thy-Escherichia coli strain X29 13 have been described [ 13 I . 
The enzyme was purified by a column chromatography 
method using phosphocellulose ( Pl 1, Biorad) and hydroxy- 
apatite (HAP, Biorad) resin, with phosphate buffer as eluant 
[ 141. Human thymidylate synthase (HTS) was purified as 
reported using affinity column chromatography [ 151. The 
enzyme preparations were > 95% homogeneous, as shown 
by sodium dodecyl sulfate-polyacrylamide gel electropho- 
resis. The LcTS purified enzyme was stored at - 80°C in 10 
mM phosphate buffer, pH 7.0,O. 1 mM EDTA until use. HTS 
was used immediately after purification. The activity of TS 
was determined by steady-state kinetic analysis, spectropho- 
tometrically, by following the increasing absorbance at 340 
nm due to the oxidation reaction of NS,NlO-methylene tetra- 
hydrofolate to dihydrofolate at the 5,6 bond [ 161. Assays 
were performed at 20°C in the standard assay buffer which 
contained 50 mM iV-tri( hydroxymethyl-2aminoethane) 
(TES) at pH 7.4, 25 mM MgCl*, 6.5 mM formaldehyde, 
1 mM EDTA and 75 mM 2-mercaptoethanol. 1 ml of reac- 
tion mixture is formed by the standard TES buffer, pH 7.4, 
dUMP 120 n&I, 6- (R,S) - 1-CH,CH,-folate 180 mM, enzyme 
0.07 mM. 

The stock solutions of the inhibitors were prepared in 
DMSO with a concentration of about 2 mM and kept at 
- 20°C. Control reactions were run in order to measure the 
effect of DMSO on enzyme activity. DMSO never exceeded 
5% in the enzyme assay mixture [ 171. 

TS inhibition studies were run under the general conditions 
of standard TS assays with the exception of the folate con- 
centration which was kept at 100 mM. The assay conditions 
are those of the standard TS assay. DHFR (DHFB, EC 
1.5.1.3) catalyses the NADPH dependent reduction of di- 
hydrofolate (H,folate) to tetrahydrofolate (H,folate) . The 
assays were run spectrophotometrically by measuring the 
decrease in absorbance at 340 nm upon NADPH reduction at 
25°C. One unit of enzyme is defined as one run01 of H,folate 
reduced per minute. 

The reaction mixture was formed by 50 mM TES, pH 7.0, 
EDTA 1 mM, 75 mM 1-mercaptoethanol, 100 mM NADPH, 
58.03 mM H,folate [ 181. 

All the experiments were repeated at least three times and 
the standard errors from non-linear least-square fits of the 
experimental data are less than 20% for all the values. 

I&, values (inhibitor concentration that inhibits the 
enzyme activity at 50% of the control) were measured when 
the solubility of the compound allowed the experimental 
measures. In all the other cases only the percentage of inhi- 
bition at a fixed concentration was measured and calculated 
values of IC,, (IC,,, where c is for calculated) were deter- 
mined from the dependence of the initial rates on the inhibitor 
concentration using the equation Vi/V, = ( 1 - CiIICso) , 
where Vi and V, are the initial rates in the presence and 
absence of inhibitor, and Ci is the concentration of inhibitor 
1191. 
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Table I 
Inhibitory activity of compounds 12,15,18,19,27,29,31 and 33 against LcTS, HTS and DIWR at the indicated concentration ($vl) 

Comp. Bovine liver DHFR 

1% (at fixed cont. ) IGo’ (FM) 

Rat liver DHFR 

1% (at fixed cont.) 

LcTS HTS 

IC,, a (PM) 

12 NI (28.95) 
15 46.2 (I&,) 
18 88.9 (IQ,) 
19 30.4 (14.25) 22 (IC,,) 
27 186 (IC,,) 
29 7.9 (11.1) 129.7 (I&)) 
31 18.45 (IC,,) 
33 33.6 (9.78) 38.6 (I&,,) 

NI (28.95) 
70.5 (IC,,) Nl(200) 

25.7 (28.3) 81.8 (IC,,) NI (100) 
33 (14.25) 28.84 (IC,,) NI (14.25) 
39.4 (67) 103.1 (IC,,) NI (200) 

NI (11.1) 
18.7 (7.8) 36.3 (IC,,) NI (31.2) 
17.2 (9.78) 42.7 (IC,,) NI (9.78) 

NI (28.95) 

NI (2W 
NI (1W 
NI (14.25) 
NI (200) 
NI (11.1) 
NI (31.2) 
NI (9.78) 

NI, no inhibition at the indicated concentrations in parentheses corresponding to the solubility limit. 
a Experimental I&, or I& (c for calculated) as reported in Section 3. 

3.3.3. Results of inhibitory enzymatic assays 
The data of Table 1 refer to compounds previously 

described in other papers as cited. From these it appears 
evident that no type of quinoxaline tested was active against 
LcTS and HTS, whereas in some cases (e-i), water solubility 
permitting a certain inhibitory activity against bovine DHFR 
was detected. The structure of the compounds represented in 
Table 1 belongs to both the non-classical (a-c) and classical 
(d-i) folate analogue series. It is important to note that in 
this test only classical folate analogues showed some inhibi- 
tory activity. 

Among the novel compounds described here, only 12,15, 
l&19,27,29,31 and 33, corresponding to those endowed 
with the highest percent growth inhibition activity, have been 
assayed against both bovine and rat liver DHFR enzymes, 
which are considered a good model for mammalian enzymes 
[ 201, as well as against LcTS and HTS (Table 7). Compar- 
ison of the data of Table 1 with those of Table 7 clearly 
showed that compounds with an ether bridge (12,1&l& 19, 
27, 29, 31, 33) exhibited the highest inhibitory activity 
against DHFR from bovine liver with respect to compounds 
a-i listed in Table 1. No compound of this type was active 
against both LcTS and I-ITS. Interestingly, compounds exhib- 
iting some inhibitory activity (Table 7) against bovine DHFR 
showed more or less comparable inhibitory activity against 
rat liver DHFR, indicating that no selectivity can be observed 
between the two species. Owing to the poor water solubility 
of most compounds, only the percent inhibition or calculated 
ICso (I&,) could be determined. I(& was measured only 
for compounds l&19,27,29,31 and 33 (Table 7). 

4. Discussion and conclusions 

All the classical and non-classical folate analogues are 
active anticancer agents, but they did not show TS inhibitory 
activity, indicating that TS is not the target for these com- 
pounds inside the cell. In compounds of the previous series 
(e-i) bearing an NH bridge with a glutamate moiety in the 
side chain a moderate inhibitory activity was observed against 

bovine DHFR, where compound f ( ICso = 114.23 ~_LM) was 
as active as its trifluoromethyl analogue h (I(&= 108.4 
p,M). The results obtained from either in vitro anticancer or 
DHFR evaluation for compounds with an ether bridge seem 
to indicate an increase of inhibitory activity against DHFR, 
suggesting that this enzyme can be the main target inside the 
cell; the only exception was compound 12 which was inactive 
at 28.95 p,M against DHFR from bovine liver. Compounds 
1518 19,27,29,31 and 33 were endowed either with high 
percent tumor growth inhibition activity at 10e4 M (Table 
4) or with moderate to high inhibitory activity against DHFR 
enzymes (Table 7). Compound 18 was the most active in the 
anticancer test, while compound 31 was the most active 
against DHFR in the enzymatic assay. 

Structure-activity relationships show that the most active 
compound 18 in the anticancer test is a non-classical folate 
analogue, where the presence of an amino group in position 
8 increases the activity, expressed as mean graph midpoints 
(Table 3), in comparison with compound 12. This behaviour 
is much more marked in the DHFR assay since compound 
12 is inactive, while 18 is active (ICsO = 88.9 PM). It is 
interesting to note that compound 29 exhibited poor inhibition 
activity against DHFR from bovine liver (I& = 129.7 PM) 
in comparison with compound 31 (I& = 18.4 ~.LM), which 
instead differs from it by the presence of the 8-amino group, 
as in compounds 18 and 12 in the same assay were the most 
active of the classical series, thus suggesting that this group 
may increase affinity for the enzyme. The deletion of one 
methoxy group from 18 in the benzene ring increases its 
inhibitory activity (I(&,= 88.9 PM) almost three times 
against 19 (I& = 33 PM), while this compound in the 
anticancer test was less active. Comparing compounds 15 and 
12, the cyan0 group on the benzene moiety gives an IGo of 
46.2 PM, against the inactivity of 12. Considering the clas- 
sical folate analogue series the introduction of the glutamate 
moiety in compound 33 compared to 27 increases the inhib- 
itory activity against bovine liver DHFR ( ICsoc = 38.6 FM 
and ICSo = 186 p,M, respectively) about four times. The same 
trend can be observed against rat liver DHFR ( ICSW ~47.2 
and 103 ~_LM, respectively), while their behaviour in the anti- 
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cancer test show that their activities are of the same order of 
magnitude (Tables 3 and 4). Compound 31 has both the 
modifications of the amino group at position 8 and the glu- 
tamate moiety and showed the highest inhibitory activity 
against DHFR, which was in line with the high percent tumor 
growth inhibition recorded. At this stage it seems reasonable 
to conclude that DHFR enzymes are the target of the com- 
pounds described and that isosteric replacement of the NH 
with the 0 bridge is profitable for both anticancer and anti- 
DHFR activity. 
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