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Inhibitors of Multiple Mutants of Plasmodium falciparum Dihydrofolate
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Novel analogues of pyrimethamine (Pyr) and cycloguanil (Cyc) have been synthesized and
tested as inhibitors of Plasmodium falciparum dihydrofolate reductase carrying triple
(N511+C59R+S108N, C59R+S108N+1164L) and quadruple (N511+C59R+S108N-+1164L)
mutations responsible for antifolate resistance. The inhibitors were designed to avoid steric
clash of the p-ClI group of the inhibitors with the side chain of Asn108, augmented by additional
mutations of the resistant mutants. Cycloguanil derivatives were also designed to avoid steric
clash with the side chain of VVal16 in the A16V+S108T mutant. Many compounds have inhibition
constants (K;) at the low nanomolar level against the mutant enzymes and a number have
good antimalarial activities against resistant P. falciparum parasites bearing multiple
mutations in the S108N series and A16V+S108T mutant enzymes. These compounds in the
Pyr and Cyc series exhibit low and moderate cytotoxicity to nontumor (Vero) and tumor (KB,
BC) cell lines. Some of these inhibitors are therefore potential candidates for further

development as antimalarials.

Introduction

Resistance of Plasmodium falciparum (Pf) to anti-
folates is an important problem in antimalarial chemo-
therapy!? and has been shown to be associated with
mutations in the dihydrofolate reductase (DHFR) do-
main of the bifunctional dihydrofolate reductase-
thymidylate synthase (DHFR-TS).2* The level of re-
sistance generally becomes higher as the number of
mutations increases.>~7 A moderate level of resistance
found with parasites carrying the single S108N muta-
tion contrasts with higher levels of resistance in
parasites carrying the C59R-+S108N (double) and
N5114+C59R+S108N and C59R+S108N+1164L (triple)
mutations and still higher levels in parasites with the
N511+C59R+S108N+1164L (quadruple) mutant en-
zyme.5~7 Another double mutant, A16V+S108T, is as-
sociated with only cycloguanil (Cyc) resistance.> Such
mutation-based resistance raises serious questions on
the possibility of developing new antifolates with pro-
longed useful therapeutic life, since new mutations could
conceivably arise to compromise the new antifolates.
However, the parasites do not have unlimited muta-
tional possibilities, since they need to maintain a
functional DHFR.18 Hence, it may be possible to develop
inhibitors against which mutations would not be pos-
sible, since they would also lead to nonfunctional
enzymes.
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On the basis of modeling of the wild-type and mutant
PfDHFRs, we designed and synthesized a number of
Cyc-derived inhibitors effective against both the wild-
type and the A16V+S108T mutant®® and pyri-
methamine- (Pyr) and Cyc-derived inhibitors effective
against S108N and C59R+S108N mutants.!! The main
strategy for obtaining Cyc-derived inhibitors effective
against the A16V+S108T mutant PfDHFR was to avoid
the steric clash between one of the two 2,2-dimethyl
groups and the side chain of Val16.919 Likewise, the
main strategy for designing effective Pyr- and Cyc-
derived inhibitors against the S108N and C59R+S108N
mutant PFDHFRs was to avoid the steric clash between
the Cl atom of the p-chlorophenyl group of inhibitors
and the Asn108 side chain, as previously observed by
McKie et al.’2 However, it is not known whether Cyc-
derived inhibitors designed against the A16V+S108T
mutant would be effective against DHFR mutants in
the S108N series, and vice versa, and whether new
inhibitors can be designed to avoid steric conflicts
resulting from mutations in both series. Effective in-
hibitors against various mutant DHFRs in both series
and against resistant parasites harboring those DHFRs
would obviously be desirable as lead antimalarial
compounds. In this paper, we show that by employing
the strategy of avoiding steric clashes around both
residues 16 and 108, a number of Cyc-derived inhibitors
can be obtained and shown to be effective against both
the A16V+S108T mutant and also multiple mutant
PfDHFRs in the S108N series. Pyr-derived inhibitors
effective against multiple mutant DHFRs can also
likewise be obtained. A number of these inhibitors are
shown to have good antimalarial activities against P.

10.1021/jm030165t CCC: $27.50 © 2004 American Chemical Society
Published on Web 12/23/2003



674 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 3

Scheme 1. General Procedure for Synthesis of Pyr
Analogues
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Scheme 2. General Procedure for Synthesis of Cyc
Analogues
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falciparum bearing mutant DHFRs with low cytotoxicity
to mammalian cells. From our results, the general
characteristics of such effective inhibitors with less
toxicity can be derived, which might be used for further
development of new effective inhibitors.

Results and Discussion

Chemical Syntheses. Syntheses of 2,4-diamino-
pyrimidine analogues (1) were described elsewhere.11.13
Syntheses of N-1-aryl-4,6-diamino-1,2-dihydro-1,3,5-tri-
azines (I1) were achieved by a one-step acid-catalyzed
cyclocondensation between an aromatic amine, dicyan-
diamide, and a carbonyl compound (3-component syn-
theses)'* or in two steps between the preformed aryl-
biguanide and a carbonyl compound (two-component
syntheses).1516 General procedures for synthesis of Pyr
(Scheme 1) and Cyc (Scheme 2) are as outlined.

Strategies for Development of Inhibitors of
Multiple Mutant PfDHFRs. As previously observed,
the S108N mutation probably decreases the affinity
of Pyr binding to the enzyme through the steric interac-
tion of the p-Cl group with the larger side chain of
Asn108.11.1217 Modeling studies,1%12 supported by X-ray
diffraction of wild-type and mutant enzymes,'® showed
that both Pyr and Cyc derivatives are locked in the
active site with the p-Cl group in steric conflict with
the Asn108 side chain. Additional mutations, namely
N511, C59R, and 1164L, reduce the binding further
through unfavorable interaction of the enzyme with
other parts of the inhibitor.1%2® However, the fact that
S108N mutation was the first to arise through Pyr and
Cyc selection, followed by additional mutations,'’ indi-
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cates that these additional mutations cooperate with the
S108N mutation to reduce inhibitor binding through
enhanced steric constraint at this site. Removal of the
p-Cl or shifting it to another position should result in
inhibitors that retain the binding affinities with the
PfDHFR despite multiple mutations. This was shown
for the double (C59R+S108N) mutant DHFR.11.12

A series of Pyr analogues, some of which have
previously been reported to be effective against the
C59R+S108N mutant,* were examined for their inhibi-
tory effect against multiple mutant enzymes. Table 1
shows that the ratios of Kj(mutant) to Kj(wild-type) for
various Pyr derivatives with p-Cl (Pyr, 6, 9) or other
bulky groups in the p-position (1, 3) tend to be higher
with additional mutation, from N511+C59R+S108N
and C59R+S108N+1164L to N511+C59R+S108N+
1164L, whereas these ratios are not greatly affected by
additional mutations for compounds without the sub-
stituent (4, 7, 10, 12) or those with m-Cl substituent
(5, 8, 11, 13, 15, 17, 19—22), indicating the retention of
their affinities for the parasite mutant enzymes. In
comparing derivatives with similar substituents at C-6,
moving the p-Cl group (Pyr, 6, 9) to the m-position (5,
8, 11) resulted in drastic improvement (85—133-fold) in
K values of the inhibitors against the quadruple mutant
and to a much greater extent than observed for single
or double mutants,'2 while removing the Cl group (4,
7, 10) improved K; against the same mutant by 12—36
times. In general, m-Cl derivatives are about 10-fold
more effective than their corresponding unsubstituted
compounds. Pyr analogue 2, with two Cl substitutions,
at m- and p-positions, had 3—21-fold better binding
affinities than Pyr, implying that the m-Cl group may
interact favorably with the enzyme active site to en-
hance the binding and help to reduce the deleterious
effect of the p-Cl group. The effect is however poorer
with the increasing mutations of PIfDHFR, probably
owing to increased steric constraint imposed by the p-Cl
group.

The effect of moving the CI of Cyc derivatives from
the p- to the m-position of the N-1 phenyl substituent
on binding to the A16V+S108T mutant DHFR is sum-
marized in Table 2. Shifting the p-Cl group of Cyc, 26,
24, 28, and 30 to the m-position, giving 23, 25, 27, 29,
and 31, resulted in reduction of the K; values by a factor
of 4—95, while removing one methyl group at C-2 of Cyc
(giving 30) reduces the K; value by a factor of 10 as
compared to Cyc. Simultaneous removal of one of the
C-2 methyl groups and shifting the chloro group at the
N-1 from the p- to the m-position resulted in an
analogue (31) with a K; value 30 times lower than Cyc.
Moving the p-Cl group to the m-position improved the
binding affinities to the A16V+S108T mutant of other
Cyc derivatives with only one substituent at the C-2
position to various extents (32—46), with smaller effects
for derivatives already exhibiting good binding at low
nanomolar concentrations (34—46).

From our results, we can conclude that the binding
environments around residues 16 and 108 both contrib-
ute to the decrease in the affinities of the mutant
enzyme for Cyc, and combined mutations contribute
more than the sum of component mutations. As Table
3 shows, relief of the steric effects around both regions
contributed to binding enhancement of the derivatives,
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Table 1. Inhibition Constants (K;) of 2,4-Diaminopyrimidine Derivatives with Various C-5 and C-6 Substituents for Binding with
Triple (N511+C59R+S108N and C59R+S108N+1164L) and Quadruple (N511+C59R+S108N+1164L) Mutant PfDHFRs

X
Y
NH,
N7 |
HZNJ\\N R
N511+C59R+S108N C59R+S108N+1164L N511+C59R+S108N+1164L
substituents Kiwt)®  Ki(mut)®  Kimut) Kimut) Kimut)/ Ki(mut) Ki(mut)/
compd X Y R (nM) (nM) Ki(wt) (nM) Ki(wt) (nM) Ki(wt)

Pyr (P1) H Cl Et 0.6+0.22 67.1+4.2 111.8 112 + 17 186.7 385 + 163 641.7
1(P17) H Me Et 044002 69+17 17.2 88 + 22 220.0 284 + 121 710.0
2(P13) cl Cl Et 1.0+0.32 31+04 3.1 4147 41.0 53410 53.0
3(P15) —OCH,0— Et 1.1+03* 83418 7.5 121 +£13 110.0 269 + 36 244.5
4(P20) H H Et 234032 3.0+04 1.3 25+5 10.9 32+8 13.9
5(P30) ClI H Et 08+0.12 21402 2.6 27+04 3.4 3.3+04 4.1
6 (P16) H Cl (CH2)3COOMe 0.3+£0.02 29.3+1.9 97.7 145 + 33 483.3 360 + 100 1200.0
7(P26) H H (CH,)3;COOMe 0.64+0.02 3.3+0.6 55 15+ 3 25.0 24 +£2 40.0
8(P29) clI H (CH,)3COOMe 0.5+0.02 0.774+0.2 1.5 1.8+04 3.6 27+12 5.4
9(P12) H Cl (CHy)sPh 0.7+0.12 151406 216 63+78 90.0 170 + 33 242.9
10 (P33) H H (CHy)sPh 05+002 11401 22 19401 3.8 47409 9.4
11 (P31) ClI H (CHj)sPh 1.2+022 2040.2 1.7 22403 1.8 20+0.8 1.7
12 (P45) H H (CH,):0H 85+28 585+13 0.7 121420 1.4 549 + 12 6.5
13 (P41) ClI H (CH2)s0H 92+13 23+03 025 29+0.7 3.2 57 + 11 6.1
14 (P46) H H (CH,)30COCH; 106 +2.2 50408 0.5 18+ 3.6 1.7 237 +2.4 22.3
15 (P42) ClI H (CH,)3;0COCH; 31+07 18402 06 32400 1.0 31.4+41 10.1
16 (P47) H H (CH2)30COC¢Hs 34+04 07+01 0.2 2.7+04 0.8 14.0 + 1.4 4.1
17 (P43) CI H (CH2)30COCsHs 15+04 08+0.2 0.5 0.8+£0.0 0.5 3.6 +£0.3 2.4
18 (P39) H H nCeHis 0.34+0.12 0.440.02 1.3 07402 2.3 1.44+05 4.7
19 (P44) ClI H (CH2)30COOCH,CeHs 1.24+0.1 1.1+4+0.2 09 08402 0.7 3.6+0.2 3.0
20 (P38) ClI H Me 1.9+05 65+1.3 34 98428 5.2 144+1.3 7.4
21 (P32) ClI H (CH2)3CeHas-(p-OMe) 2.2+0.62 1.34+0.1 0.6 29403 1.3 20+04 0.9
22 (P40) ClI H (CH2)20(CH2);0Ph 0.4+0.22 07+0.1 1.7 1.3+04 3.2 17402 4.2

a Data from ref 11. b Kj(wt) is the K; value for the wild-type PFDHFR, and Kj(mut) is the K; value for the mutant.

Table 2. Inhibition Constants (K;) for Binding with Wild-Type and Mutant (A16V+S108T) PfDHFR of 1,3,5-Dihydrotriazine
Derivatives with Various N-1 (X, Y) and C-2 (R%, R?) Substituents

X
Y
NHo
N)\N }
PP
H,N”~ °N” SR?
Ki(wt)* Ki(mut)*
compd X Y R! R2 (nM) (nM) Ki(mut)/K;(wt)
CycP (C21) H Cl Me Me 1.5+0.3 1314 + 165 876
23 (C97) Cl H Me Me 3.0£0.2 308 £ 53 103
24 (C66) H Cl Me nPr 35+04 9229 + 547 2637
25 (C433) Cl H Me iPr 255+28 2177 + 348 85
26 (C22) H Cl Me iPr 365+4.1 44791 + 5872 1227
27 (C434) Cl H Me nPr 4.6+ 0.4 471 £+ 95 102
28 (C71) H Cl Me nHex 06+0.1 955 + 77 1592
29 (C435) Cl H Me nHex 24+£0.2 101 +9 41.9
30 (C17) H Cl H Me 414+0.0 127 + 14 31.0
31b (C248) Cl H H Me 10.2 + 0.6 39+29 3.8
320 (C53) H Cl H CeHs 45+0.2 49.3+ 3.3 11.0
330 (C96) Cl H H CeHs 11.7+ 25 105+ 74 0.9
34 (C121) H Cl H 4-CeHs0CsH4 04 +0.0 3.8+04 9.5
35 (C138) Cl H H 4-CeHs0CsH4 0.7+0.0 27+04 3.9
36 (C133) H Cl H 3-CeHs0CeH4 0.5+0.0 27+03 5.4
37 (C110) Cl H H 3-CsHs0CeH4 1.1+01 25+03 2.3
38 (C111) H Cl H 3-CsHsCH,0CsH4 0.7+0.0 6.2+ 0.5 8.9
39 (C185) Cl H H 3-CsHsCH20CeH4 23+05 3.2+03 1.4
40 (C188) H Cl H 3-(4-CICgH40)CeHa 1.4+0.3 75+0.5 5.4
41 (C143) Cl H H 3-(4-CICgH40)CeH4 1.3+ 0.0 35+05 2.7
42 (C372) cl H H NCsHis 27+01 38+0.1 1.4
43 (C229) Cl H H 4-PrOCsHgy 3.3+04 9.3+0.6 2.8
44 (C186) Cl H H 3-(3,5-Cl,CsH30)CsHa4 1.8+ 0.6 4.7+04 2.6
45 (C313) Cl H H 3-[2,4,5-Cl3CeH,0(CH3)30]CsH4 4.0+ 2.2 26 +0.1 0.7
46 (C299) cl H H 3-(3-CF3CsH40)CeHa 27406 6.5+ 05 2.4

a Kj(wt) is the K; value for the wild-type PfDHFR, and Kj(mut) is the K; value for the A16V+S108T mutant. P Data from ref 9.
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Table 3. Inhibition Constants (K;) of 1,3,5-Dihydrotriazine Derivatives in Binding with Wild-Type and Multiple Mutant PfDHFRs

N511+C59R +S108N

C59R+S108N+1164L

N511+C59R+S108N+1164L

Ki(wt)P Ki(mut)P Ki(mut)/ Ki(mut) Ki(mut)/ Ki(mut) Ki(mut)/
compd (nM) (nM) Ki(wt) (nM) Ki(wt) (nM) Ki(wt)
Cyc (C21) 15+0.3? 314+12 20.9 285 + 19 190 420 + 130 280
23 (C97) 3.0+0.28 22+0.2 0.7 14+1 4.7 25+5 8.3
24 (C66) 35+04 560 + 83.6 160 3654 + 1037 1044 4432 + 355 1266
25 (C433) 255+28 196 + 24.4 7.7 213 £ 22 8.4 472 + 41 18.1
26 (C22) 36.5+4.1 1367 + 381.3 375 4622 + 1065 127 >10000 >274
27 (C434) 46+04 9.7+1.2 2.1 33.1+27 7.2 39.4+ 4.6 8.53
28 (C71) 0.6+0.1 11.3+ 254 18.8 418+ 7.3 69.6 69.2 + 11.7 115
29 (C435) 24+0.2 55+ 04 2.3 12.1+0.8 5.0 159+ 1.0 6.58
30 (C17) 4.1 +0.02 134 +£13.5 32.7 1582 + 556 386 2427 + 201 592
31 (C248) 10.2 +£ 0.62 42+0.6 0.4 9.9+33 1.0 143+ 4.6 14
32 (C53) 45+0.22 196 + 30 435 1866 + 231 415 2436 + 1257 541
33 (C96) 11.7 + 2.52 111 + 32 9.5 217 +£ 39 18.5 984 + 139 84.1
34 (C121) 0.4+0.0 29.3+4.6 73.1 145 + 19 363 222 + 112 555
35 (C138) 0.7+0.0 09+0.2 1.2 0.3+ 0.03 0.5 1.3+ 0.05 1.9
36 (C133) 0.5+ 0.0 236+79 47.1 132 £ 23 264 239 + 26 478
37 (C110) 1.1+01 25+0.5 2.3 3+1 2.7 58+ 1.8 5.3
38 (C111) 0.7+£0.0 220 + 23 315 771+ 11 1101 638 + 139 911
39 (C185) 23+05 32+04 1.4 36+10 1.6 7.7+28 33
40 (C188) 14+03 85.5 +12 61.1 151 +31 108 121 +£13 86.4
41 (C143) 1.3+0.0 19+0.3 15 51+05 3.9 8+2 6.1
42 (C372) 27+0.1 1.0+0.1 0.4 0.3+0.0 0.1 0.8+0.0 0.3
43 (C229) 33+04 21+0.6 0.6 05+0.1 0.2 27+0.2 0.8
44 (C186) 1.8+0.6 1.0+01 0.6 0.6 +0.2 0.3 27+04 15
45 (C313) 40422 20+0.2 0.5 22+0.2 0.6 45+ 0.5 11
46 (C299) 27+06 20+0.2 0.7 0.6 +£0.0 0.2 48+04 1.8

a Data from ref 9. ® Kj(wt) is the K;j value for the wild-type PfDHFR, and Kij(mut) is the K; value for the mutant.

although the combined effects also include further
contribution to binding of the C-2 -substituents to the
mutant enzyme, complicating the synergy between the
two sites. Table 3 shows drastic changes in K; values
for the triple and quadruple mutants of DHFR in the
series of cycloguanil derivatives, where moving the p-Cl
group to the m-position caused 15—170-fold decreases
in the K; to the quadruple mutant (Cyc, 23—41). The
binding affinity for the quadruple mutant enzyme was
marginally improved when only one Me substituent was
present at the 2-position of the dihydrotriazine ring
(compound 31 compared to 23), indicating that the
linkage between the steric constraints around residue
108 and residue 16 may not be as strong in these
multiple mutant DHFRs as in the A16V+S108T mu-
tant. This result is not surprising, considering that
residue 16 in these mutants is still the original Ala, with
a relatively small side chain. Indeed, the C-2-mono-
substituted derivatives with the N-1-p-chlorophenyl
group (30, 32, 34, 36, 38, 40) have poorer or only
marginally better binding with the mutiple mutant
enzymes than Cyc, while the C-2-monosubstituted
analogues with the N-1-m-chlorophenyl group (31, 33,
35, 37, 39, 41-46) were very effective against these
multiple mutants, with K; values in the low nanomolar
region for both the triple and quadruple mutant en-
zymes. The strong affinities of these derivatives for the
mutant enzymes in the S108N series are probably due
to the contributions of the C-2-substituents, as observed
for the A16V+S108T mutant.

In Vitro Antiplasmodial Activity. The effective-
ness of Pyr and Cyc analogues against multiple mutant
PfDHFRs was determined against P. falciparum car-
rying the corresponding mutant enzymes. The data in
Table 4 (Pyr series) show that some of the compounds
have good in vitro antiplasmodial activities (1Cso values)
against resistant strains of P. falciparum. Most of these
inhibitors have been shown to be effective against

Table 4. Antiplasmodial Activities (I1Cso) of
2,4-Diaminopyrimidine Inhibitors against P. falciparum with
Wild-Type (TM4/8.2) and the Mutant Enzymes:
N5114+C59R+S108N (W2), C59R+S108N+1164L (Csl-2), and
N511+C59R+S108N+1164L (V1/S)

1Cs0 (uM)

compd TM4/8.2 w2 Csl-2 V1/S
Pyr (P1) 0.08+0.012 735+85 41.7+14.8 >100
5 (P30) 0.42 +0.12 39+0.8 25+04 9.1+28
10 (P33) 0.21+0.062 2.7+0.6 27+£0.7 86+24
11 (P31) 0.67 +£0.062 4.3+0.7 36+04 57+25
13 (P41) 11+02 45+1.7 1.9+0.7 6.2+1.0
15 (P42) 1.6+0.7 21+04 1.8+0.3 53+1.0
17 (P43) 21+1.0 20+0.6 1.9+04 75+1.1
18 (P39) 0.06 +£0.022 2.3+0.7 30+£1.1 6.4+29
19 (P44) 1.9+07 41+20 1.9+0.8 59+1.2
21(P32) 0.41+0.052 4.0+0.3 27+03 47+0.6
22 (P40) 0.35+0.082 45+04 29+04 46+0.2

2 Data from ref 11.

double mutants with low toxicity to mammalian cell
lines.'! Pyr analogues bearing a m-Cl-phenyl (5, 11, 13,
15, 17, 19, 21, 22) and an unsubstituted C-5-phenyl
group (4, 7, 10, 16, 18) exhibit ICsy values at the low
micromolar level against the resistant parasite carrying
DHFR with triple (W2 and Csl-2) and quadruple (V1/
S) mutations, which are about 10—25 times more
effective than their parent compound. The ICsp ratios
for the resistant strains to the wild-type (TM4/8.2)
parasite are also far lower than the parent compounds.

All Cyc analogues with monosubstitution at the C-2-
position of the dihydrotriazine ring, especially designed
for the A16V+S108T mutant, were highly effective
against the T9/94RC17 parasite carrying A16V+S108T
DHFR mutant with ICsq values in the nanomolar levels
(Table 5). These C-2-monosubstituted Cyc derivatives
with a m-chlorophenyl group at N-1 were also effective
against the malaria parasites with triple and quadruple
mutations at low micromolar level. Surprisingly, some
N-1-p-chlorophenyl derivatives (28, 34, 36, 40) also have
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Table 5. Antiplasmodial Activities (ICsg) of Cyc and Its Analogues against P. falciparum with Wild-Type (TM4/8.2) and the Mutant
DHFR Enzymes: T9/94RC17 (A16V+S108T), C59R+S108N (K1CB1), N511+C59R+S108N (W2), C59R+S108N+1164L (Csl-2), and

N511+C59R+S108N+1164L (V1/S)

ICso (M)

compd TM4/8.2 T9/94RC17 K1CB1 w2 Csl-2 V1/s
Cyc (C21) 0.04 + 0.012 3.7+1.72 24+1.1 5.8+ 1.9 37.9+146 >100
23 (C97) 0.05 + 0.012 0.33 +0.12 0.22 +0.05 0.22 + 0.05 0.52+0.17 1.3+05
27 (C434) 0.18 + 0.05 NDP 0.18 + 0.06 0.28 4 0.09 0.29 + 0.05 1.1+04
28 (C71) 0.02 + 0.006 1.9+05 2.4+0.9 3.3+1.0 41407 6.4+0.7
29 (C435) 0.06 + 0.02 NDP 0.48 + 0.22 0.51+0.27 0.49 +0.17 32+11
33 (C96) 0.56 + 0.06 0.02 + 0.007 0.31 +0.09 0.20 + 0.05 0.25 + 0.07 0.80 + 0.1
34 (C121) 0.12 +0.05 0.04 4 0.01 3.1+0.9 3.2+1.1 48406 6.9+2.3
35 (C138) 0.65 + 0.30 0.004 + 0.002 3.1+0.7 0.74 £ 0.2 3.3+04 3.3+04
37 (C110) 22407 0.06 + 0.02 27401 35+11 34403 3.6+04
39 (C185) 4.0+1.0 0.19 +0.08 4.9+ 1.7 3.3+1.1 7.5+3.3 8.2+35
40 (C188) 2.8+ 1.0 0.42 4 0.02 33405 40421 40403 3.8+0.1
41 (C143) 39+11 0.39+0.15 2.6+06 20407 31404 32404
42 (C372) 0.04 + 0.01 0.004 + 0.002 0.26 + 0.1 0.33 + 0.04 0.14 + 0.07 25+ 1.1
43 (C229) 0.25 + 0.1 0.004 + 0.001 1.0+ 0.4 0.38+0.2 2.9+09 29+1.2
44 (C186) 5.5+ 2.7 0.05 + 0.02 3.1+0.2 344009 3.9+01 3.9+009
45 (C313) 3.0+0.9 0.37 +£0.08 74+41 32409 52429 8.6+21
46 (C299) 32404 0.18 + 0.08 2.8+08 2.8+05 34+01 3.2+04

a Data from ref 9.  Not determined.

Table 6. Cytotoxicity and Safety Ratio of Some Pyr and Cyc Analogues to Mammalian Cells

cytotoxicity to Vero cells

cytotoxicity to KB cells

cytotoxicity to BC cells

safety ratio®

safety ratio? safety ratio?

compd ICs0 M) TM4/8.2  Csl-2 V1/S  I1Cso uM) TM4/8.2 Csl-2 V1/S ICs (M) TM4/8.2 Csl-2  V1/S
Pyrimethamine Analogues
Pyr 32b 400 0.8 <0.3 109 1362 2.6 <11 40 500 1.0 <04
10 (P33) >50b >238 >18.5 >5.8 150 714 55.6 17.4 250 1191 92.6 29.1
11 (P31) 21 3.1 0.6 0.4 1.6 24 0.4 0.3 1.6 2.4 0.4 0.3
13 (P41) 22.3 20.3 11.7 3.6 10.1 9.2 53 1.6 15 13.6 7.9 2.4
15 (P42) 50 31.3 27.8 9.4 17 10.6 9.4 3.2 10 6.3 5.6 1.9
17 (P43) 61 29.0 32.1 8.1 8.4 4.0 4.4 1.1 9.5 45 5.0 1.3
18 (P39) 55P 917 18.3 8.6 113° 1883 377 177 268° 4467 89.3 419
19 (P44) 5.2 2.7 2.7 0.9 1.6 0.8 0.8 0.3 3.6 1.9 1.9 0.6
21 (P32) 3b 7.3 11 0.6 15b 36.6 5.6 3.2 3 7.3 1.1 0.6
22 (P40) 15P 42.9 5.2 3.3 6.4 18.3 2.2 1.4 4.9 14 1.7 11
Cycloguanil Analogues

Cyc >50 >1250 >1.3 - 41 1025.0 1.1 <0.4 >50 >1250 >1.3 -
23 (C97) 49 980 94.2 37.7 4 80.0 7.7 3.1 8.9 178 17.1 6.8
27 (C434) >500 >2778 >1724 454 110 611 379 1.1 64 356 221 58.2
29 (C435) 230 3833 469 71.9 4 66.7 8.2 1.3 2.2 36.7 4.5 0.7
33 (C96) 250 446 1000 312 87 155 348 109 168 300 672 210
34 (C121) >50 >417 >10.4 >7.2 7 58.3 1.5 1.0 8.6 71.7 1.8 1.2
35 (C138) >50 >76.9 >152 >152 4 6.2 1.2 1.2 5.3 8.2 1.6 1.6
37 (C110) >50 >22.7 >14.7 >13.9 4 1.8 1.2 1.1 8.4 3.8 25 2.3
39 (C185) >50 >12.5 >6.7 >6.1 8 2.0 1.1 1.0 22 55 29 2.7
40 (C188) 31 111 7.8 8.2 4 1.4 1.0 1.1 7 25 1.8 1.9
41 (C143) 31 7.9 10.0 9.7 7 1.8 2.3 2.2 10 2.6 3.2 3.1
42 (C372) >50 >1250 >357 >20 1 25 7.1 0.4 1.8 45 12.9 0.7
43 (C229) >50 >200 >17.2 >17.2 6 24 2.1 2.1 30 120 10.3 10.3
44 (C186) 28 51 7.2 7.2 6 1.1 1.5 1.5 10 1.8 2.6 2.6
45 (C313) 18 6.0 35 21 7 2.3 1.3 0.8 10 3.3 1.9 1.2
46 (C299) 30 9.4 8.8 9.4 6 1.9 1.8 1.9 6.4 2.0 1.9 2.0

a Cytotoxicity/antiplasmodial activity. ® Data from ref 11.

comparably good antimalarial activities, although not
as good as the corresponding m-derivatives, which may
be due to the favorable effect of substituents at the C-2
position.

The antiplasmodial activities of these compounds
against pyrimethamine-resistant parasites, while in line
with their high affinities for the mutant enzymes, are
generally poorer than expected from the K; values. This
may be due to a number of reasons, including the
possibility that the resistant parasites may have ad-
ditional mechanisms for resistance to mutations of the
DHFR-TS, such as increased drug efflux or increased
enzyme expression.

Cytotoxicity. Cytotoxicity of compounds in the Pyr
and Cyc series against three mammalian cell lines,
African green monkey kidney fibroblast (Vero cells),
human epidermoid carcinoma (KB), and human breast
cancer (BC), is shown in Table 6. Analogues 10, 18
(previously named as compounds 34 and 33 in ref 11),
and 33 have low cytotoxicity to these mammalian cells
with an acceptable safety index for the three mam-
malian cells. Analogues 10 and 18 are Pyr analogues
with no CI substitution on the N-1-phenyl, while 33 is
a N-1-m-chlorophenyl Cyc derivative. The safety ratios
to Vero cells of analogues 15 and 17 in the Pyr series
and those in the Cyc series in reference to quadruple
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Table 7. Data for Pyr Analogues

Kamchonwongpaisan et al.

X
Y
NH»
N ’
PNy
HoN" ©N
%
compd X Y R yield mp (°C) formula anal.
Pyr H (¢]] CH,CH3 94 235—236 C12H13CINy CHN
12 (P45) H H (CH)30H 55 168—170 C13H16N40-0.3H20 CHN
13 (P41) Cl H (CH3)30H 60 169-171 C13H15sN4OCI dec?
14 (P46) H H (CH2)3:0COCH3 38 151-153 C15H18N40,:0.15AcOH CHN
15 (P42) (¢]] H (CH2)3:0COCH3 60 153-155 C15H17N4O2CI CHN
16 (P47) H H (CH32)30COCgHs 31 155—-156 C20H20N40,+0.2CH30H CHN
17 (P43) Cl H (CH2)s0COCsHs 84 124-126 C20H19N4OCl CHN
19 (P44) Cl H (CH2)3OCOOCH205H5 57 dec 021H21N403C| dec

a Decomposed.

mutant parasite were in a satisfactory range (>10).
Some of the Cyc analogues were quite toxic to two
cancer cells, KB and BC cells. The effectiveness of these
Pyr and Cyc analogues against multiple mutants with
their selective toxicity to the antifolate-resistant ma-
larial parasites, based mainly on their C-6 and C-2
substitution, respectively, makes them worthy of further
development.

Conclusions

Steric constraints on inhibitor binding play a domi-
nant role in loss of affinity of mutant PFDHFRs for
antifolate drugs such as Pyr and Cyc, significantly
accounting for the parasite resistance to these drugs.®12
A major strategy for the development of new antifolates
effective against multiple mutant DHFRs is, therefore,
to avoid such steric constraints on binding with the
enzymes. The steric constraint caused by the S108N
mutation!?12 can be relieved by moving the ClI of p-Cl-
phenyl to the m-position. This strategy has been shown
here to be especially effective for multiple mutants
(Tables 1—3), in which the steric constraint around the
residue 108 side chain has been further augmented by
further mutations.

We have previously shown that steric constraint
around the side chain of residue 16 is a significant factor
in the loss of binding affinity of A16V+S108T PfDHFR
to Cyc, but not to Pyr.®1° Unlike Pyr, which has an
aromatic diaminopyrimidine ring and only one substitu-
ent at the equivalent position, Cyc has two Me substit-
uents at the tetrahedral 2-position. One of the methyl
groups is in steric conflict with the side chain of V16,
and as shown previously 210 and further in this paper
(Table 2), Cyc derivatives with only one 2-substituent
generally bind to A16V+S108T DHFR with higher
affinities than the disubstituted derivatives. Linkage
between the two subsites, around residue 16 and residue
108, is shown from the fact that Cyc derivatives with
only one C-2 -substituent bind with high affinities to
Al16V+S108T mutant enzyme, especially with m-Cl-
phenyl substituent at N-1 (Table 2). A major strategy
for developing new effective antifolates against multiple
mutant PfDHFRs is therefore to exploit the linkage
between binding environment at different subsites to
enable increased combined binding enhancements, re-

sulting in K; values in the low nanomolar range. This
strategy is in line with the previous finding that syn-
ergy often exists between the effects of combined mu-
tations in the reduction of binding affinities of inhibi-
tors.1®

In addition to avoidance of steric effects due to
mutations, we also employed substitutions that contrib-
uted further to the binding. Further modification of our
previously identified lead compound has led to a series
of Cyc analogues that is much more effective against
these multiple mutants®1! (Tables 1—3). As seen from
Tables 4—6, a number of the compounds synthesized
through this strategy show good antiplasmodial activi-
ties with relatively low toxicities. The high binding
affinities with multiple mutant PfDHFRs and the
antiplasmodial activities demonstrate the feasibility of
developing compounds directed against the mutated
targets and provide an impetus for a further search for
more active antifolate antimalarials.

Experimental Section

Methods and Materials. Chemicals and solvents were
purchased from Fluka AG, Aldrich Chemical Co., Rathburn
Chemicals Ltd., Avocado Research Chemicals Ltd., and Lan-
caster Synthesis Ltd. Deionized water was produced using a
linked Elgastat Prima (reverse osmosis) and Elga Maxima
(deionization) purification system. *H NMR spectra were
acquired on a Varian Gemini 200FT (200 MHz), Bruker
ACX200 (200 MHz), Bruker AM400 (400 MHz), or Bruker
AX500 (500 MHz) spectrometer, internally referenced to
standard residual protonated solvent references, and chemical
shifts are given in ppm quoted relative to tetramethylsilane.
Microanalysis was performed either at Chulalongkorn Re-
search Equipment Centre, the University of Oxford Inorganic
Chemistry Laboratory or by Elemental Microanalysis Limited
(Devon, UK). APCI mass spectra were obtained using a Fisons
Instruments VG Platform spectrometer. Mass spectra were
recorded on a Micromass LCT using the electrospray ionization
technique and a MALDI-TOF Bruker Biflex spectrometer at
the National Centre for Genetic Engineering and Biotechnol-
ogy and Chulalongkorn University.

Chemical Syntheses of Pyr Analogues. Synthesis
(Scheme 1) and chemical data of compounds 1—11, 18 and
20—22 have been previously described.'! Synthesis of com-
pounds 12—-17, 19 was accomplished using a variant of this
method.® See Table 7 for data for Pyr analogues.

Chemical Syntheses of Cyc Analogues. An ethanolic
suspension of arylbiguanide hydrochloride or a mixture of
aromatic amine and dicyandiamide was refluxed with an
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Table 8. Data for Cyc Analogues
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X
Y
’
&
NS
HoN™ N R?
%

compd X Y R R2 yield formula anal.
Cyc? (C21) H (¢]] Me Me 69 C11H15CIoNs CHN
232 (C97) Cl H Me Me 79 C11H15CI2N5+0.4H,0 CHN
24 (C66) H Cl Me nPr 68 C13H19CI2Ns CHN
25 (C433) Cl H Me iPr 55 C13H19C|2N5 CHN
26 (C22) H Cl Me iPr 38 C13H19CIoNs CHN
27 (C434) Cl H Me nPr 68 C13H19CI2Ns CHN
28 (C71) H Cl Me nHex 85 C15H25C|2N5 CHN
29 (C435) Cl H Me nHex 37 C16H25N5Cl CHN
302 (C17) H (¢]] H Me 49 C10H13CI2Ns CHN
312 (C248) Cl H H Me 76 C10H13CI2Ns CHN
32 (C53) H Cl H CeHs 85 C15H15CI2Ns CHN
33 (C96) Cl H H CsHs 99 C15H15CIoNs-H20 HNP
34 (C121) H Cl H 4-CgHs0CsHa4 31 C21H19Ns0Cl; CHN
35 (C138) Cl H H 4-CsHsOCsH4 24 C21H19N50Cl; CHN
36 (C133) H Cl H 3-CsHsO0CsH4 40 C21H19N50Cl» CHN
37 (C110) Cl H H 3-CsHs0CsH4 42 C21H19NsO0Cl, CHN
38 (C111) H Cl H 3-CsHsCH20CsH4 73 C22H21Ns0Cl; CHN
39 (C185) Cl H H 3-CeHsCH,0CsH4 19 C22H21Ns50Cl» CHN
40 (C188) H Cl H 3-(4-CICeH40)CeH4 53 C21H18Ns0Cl3 CHN
41 (C143) Cl H H 3-(4-CICgH40)CeH4 15 C21H1sNs0Cl3 CHN
42 (C372) Cl H H nC7His 39 C16H24CIN5+1.5HCI-1.5H,0 CHe
43 (C229) Cl H H 4-PrOCgHa4 8 C18H21N50Cl> CHN
44 (C186) Cl H H 3-(3,5-Cl,CeH30)CsHa4 4 C21H17Ns0Cl4 CHN
45 (C313) Cl H H 3-[2,4,5-Cl3CeH20(CH2)30]CeHa4 16 C24H2,ClIsNs0» CHN
46 (C299) Cl H H 3-(3-CF3CeH40)CsHa4 17 C22H18Ns50CI2F3-H20-0.5HCI CHN

a Data from ref 9. P Anal. Calcd for CysH15sCIoNs-H20: C, 46.4; H, 4.2; N, 18.0. Found: C, 46.9; H, 4.4; N, 18.0; HRMS Calcd for C1sH14CINs
+ H*: 300.1016. Found: 300.1006. ¢ Anal. Calcd for C16H24CINs-1.5HCI-1.5H,0: C, 47.62; H, 7.12; N, 17.35. Found: C, 47.23; H, 6.99;
N, 17.75; HRMS Calcd for C16H24CINs + HT: 322.1798. Found: 322.1792.

excess of carbonyl compound in the presence of concentrated
HCI, or optionally in the presence of triethyl orthoacetate as
a water scavenger according to the method previously de-
scribed (Scheme 2).14716 The products were isolated as hydro-
chloride salts and purified by recrystallization. See Table 8
for data for Cyc analogues.

Enzyme Preparation. The wild-type and mutant PfDHFR
enzymes were expressed in Escherichia coli BL21(DE3)pLysS
according to the procedure previously described.® After disrup-
tion of the bacterial cells by a French pressure cell at 18 000
psi, the crude extract in 20 mM potassium phosphate buffer
atpH 7.0, 0.1 mM EDTA, 10 mM DTT, 50 mM KCI, and 20%
v/v glycerol was applied to Methotrexate-Sepharose column,
and the PfDHFR was purified according to the procedure
described.!1:19.20

Enzyme Assays and Inhibition by Antifolates and
Derivatives. The methods used for determination of PFDHFR
activities and for the study of inhibition by antifolates and
derivatives were as previously described®!! Calculation of K;
values was based upon the assumption that the inhibitors
compete for substrate binding to the active site of the enzyme.

Parasite Culture and Antimalarial Testing in Vitro.
Six P. falciparum strains were used in this study. Strains TM4/
8.2 (wild-type DHFR), T9/94RC17 (A16V+S108T), and K1CB1
(C59R+S108N) were generous gifts from S. Thaithong, De-
partment of Biology, Faculty of Science, Chulalongkorn Uni-
versity; Csl-2 (C59R+S108N-+1164L) was from A. Cowman
WEHI, Australia; and W2 (N511+C59R+S108N) and V1/S
(N511+C59R+S108N-+1164L) were from D. Kyle through MR4.
These parasites were maintained continuously in human
erythrocytes at 37 °C under 3% CO; in RPMI 1640 culture
media supplemented with 25 mM HEPES, pH 7.4, 0.2%
NaHCO3, 40 ug/mL gentamicin, and 10% human serum.?! In
vitro antimalarial activity was determined by using the

[H]hypoxanthine incorporation method?? as described in detail
elsewhere.%1!

Cytotoxicity tests of selected analogues against African
green monkey kidney fibroblast (Vero cells), human epider-
moid carcinoma (KB) cells, and human breast cancer (BC) cells
were performed at the Bioassay Research Facility of the
BIOTEC Center, NSTDA, according to the protocol described
by Skehan et al.?
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