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Abstract

A series of dihydrofolate reductase (DHFR) inhibitors, where the methylenamino-bridge of non-classical inhibitors was replaced with an
ester function, have been prepared as potential soft drugs intended for inhalation Bgaingicystis carinii pneumonia (PCP). Several of
the new ester-based inhibitors that should serve as good substrates for the ubiquitous esterases and possibly constitute safer alternatives t
metabolically stable DHFR inhibitors administered orally, were found to be potent inhibitétscarfinii DHFR (pcDHFR). Although the
objectives of the present program is to achieve a favorable toxicity profile by applying the soft drug concept, a high preference for inhibition
of the fungal DHFR versus the mammalian DHFR is still desirable to suppress host toxicity at the site of administration. Compounds with a
slight preference for the fungal enzyme were identified. The selection of the target compounds for synthesis was partly guided by an automated
docking and scoring procedure as well as molecular dynamics simulations. The modest selectivity of the synthesized inhibitors was reasonably
well predicted, although a correct ranking of the relative affinities was not successful in all cases.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction cause of mortality among patients suffering from AIDS
(Kovacs et al.,, 1984; Mills, 1986; Glatt and Chirgwin,
The enhanced use of prophylaxis and highly active an- 1990; McKenzie et al., 1991; Miller and Mitchell, 1995
tiretroviral therapy (HAART) in patients known to be at Current treatment of PCP with trimethoprim (TMHg. 1),
risk for developing®neumocystis carinii pneumonia (PCP),  a nonclassical inhibitor of dihydrofolate reductase (DHFR),
has markedly decreased the incidence of PCP in patientsin combination with a sulfonamide (co-trimoxazole) is
with AIDS (Schliep and Yarrish, 1999; Kaplan et al., still the first-line therapy in clinic Fischl et al., 1988;
2000; Arozullah et al., 20Q0PCP is a serious pulmonary Walker and Masur, 1994; Miller and Mitchell, 1995;
disease caused by the fungBscarinii and is the major ~ Schliep and Yarrish, 1999 However, most often severe
side-effects associated with sulfa drugs lead to discontinu-
ation of therapy Gordin et al., 1984; Glatt and Chirgwin,
* Corresponding author. Tek:-46-18-471-4284; 1990; Masur, 1992; Roudier et al., 199Attempts have
fax: +46-18-471-4976. _ been made to use drugs locally to treat PCP. Thus, inhaled
et e e o e s 5, 2eTosoized pertamiine is used fo prophylaGoicen
SE-751 82 Uppsala, ‘Sweden. ' ' et al., 1989; Leoung et al., 1990;_ Monk and Ben_ﬂ(_ald, 1_990;
2 present address: EST Chemical Computing, AstraZeneca R&D Hirschel et al., 1991 although this route of administration
Mélndal, SE-431 83 Molndal, Sweden. is inadequate for treatment of the active infection. Systemic
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OCHjz We have now prepared a series of lipophilic esters antic-
NH, CHy OCHs NH, CH;  OCH, ipated to serve as substrates for the ubiquitously distributed
NZ N OCH; N N esterases. We herein report the impact of various aromatic
HZN/KN H S | N scaffolds on the inhibition of DHFR fror®. carinii DHFR
™Q prx OCH; (pcDHFR) and the corresponding mammalian enzyme (rID-
HFR). The selection of the target compounds for synthesis
NH; NH; 0 was partly guided by molecular dynamics simulation and
NS OCHs N)D/\O)‘\© the docking program AutoDock 3.0/prris et al., 1998
HZN)\N/ OCHj,4 HZN)\\N
T™P OCHj3

Mo 2. Materials and methods
Fig. 1. Chemical structures of compounds TMQ, PTX, TMP and MGN103.

2.1. Chemistry: general procedures
administration of pentamidine exhibits a considerable tox-
icity (Pearson and Hewlett, 1985; Monk and Benfield,
1990; Walker and Masur, 1994; Schliep and Yarrish, 3999
Trimetrexate (TMQ,Fig. 1) (Elslager and Davoll, 1974;
Elslager et al., 1983and piritrexim (PTX,Fig. 1) (Grivsky

IH and 13C NMR spectra were recorded on a JEOL
JNM-EX270 spectrometer at 270 and 67.8 MHz, respec-
tively, and a JEOL JNM-EX400 spectrometer at 400 and
100 MHz, respectively. Thin-layer chromatography (TLC)
et al., 1980, are two new lipophilic agents originally devel- was performed by using aluminium sheets precoated with
oped as anticancer agenBe(tino et al., 1979; Duch et al.,  silica gel 60 54 (0.2 mm) type E; Merck. Chromatographic
1982; Weir et al., 1982; Lin et al., 1987; Kovacs et al., spots were visualized by UV light. Column chromatography
1988. Recently, both drugs, TMQ in particular, have found was conducted on silica gel 60 (0.040-0.063 mm; Merck),
a place as second-line therapy in moderate to severe PCRinless otherwise noted. Melting points (uncorrected) were

(Anonymous, 1994 Although TMQ and PTX are potent
inhibitors of DHFR fromP. carinii, they are not selective
and inhibit the mammalian enzyme even more efficiently
(Allegra et al., 1987b; Broughton and Queener, )99he
clinical use of TMQ and PTX is therefore limited as a result

determined in open glass capillaries on an Electrothermal ap-
paratus. The Quest 210 organic synthesizer (Argonaut Tech-
nologies) was used in the syntheseset, 6-8, 12, 14-15.

In the syntheses df0 and 11 microwave heating was per-
formed in a Smith SynthesizEf single mode microwave

of their systemic host toxicity and an expensive co-therapy cavity producing continuous irradiation at 2450 MHz (Per-

with the rescue agent leucovorin (5-formyl-tetrahydrofolate)
is required Allegra et al., 1987a;bFalloon et al., 1990;
Sattler et al., 1990; Masur et al., 199€onsequently, ef-

sonal Chemistry AB, Uppsala, Sweden). The syntheses were
performed in heavy-walled glass Smith Process Vials sealed
with aluminum crimp caps fitted with a silicon septum. The

forts focus on finding more selective as well as more potent inner diameter of the vial filled to the height of 2cm was

antifolates.

1.3 cm. Reaction mixtures were stirred with a magnetic stir

The soft drug concept could serve as a new strategy bar during the irradiation. The temperature, pressure and ir-

in the search for safer DHFR inhibitors with potential

radiation power was monitored during the course of the reac-

use in the therapy against PCP. Soft drugs are activetion. The average pressure during the reaction was 3—4 bar.
isosteric—isoelectronic analogues of lead compounds that areAfter completed irradiation, the reaction tube was cooled
deactivated in a predictable and controllable way after ex- with high-pressure air until the temperature had fallen be-
erting their biological effectsBodor and Buchwald, 2000 low 39°C (ca. 2 min). The microwave irradiations were per-
These drugs are intended to undergo a fast metabolism toformed under controlled conditions that make the procedure
inactive and non-toxic metabolites. Soft drugs are often highly safe, reliable and reproducible. Single mode irradi-
used for local treatment and are, in general, administeredation with monitoring of temperature, pressure and irradia-
near the site of actionBpdor and Buchwald, 2000 The tion power versus time was used throughout. The reaction
concept has successfully been utilized, for example, in the temperature was kept constant throughout the reaction in the
design of the recently launched inhaled anti-asthma gluco- single mode cavity by an automatic power control. Caution!
corticosteroid budesonideClissold and Heel, 1984that, When carrying out reactions with microwave irradiation in
essentially, is devoid of systemic side effects in man due closed vessels, extra caution is advisable. In addition to the
to its rapid first pass metabolism in the livelopansson  high pressure generated by the vapor pressure of volatile
et al., 1982. Furthermore, in an initial report, we recently components, the metal catalysts might precipitate and cause
demonstrated with one example that a lipophilic ester acting a “thermal runaway”, increasing the pressure further. There-
as a DHFR inhibitor was rapidly inactivated after oral or fore, the use of special heavy-walled process vials is highly
intravenous administration in raG¢affner-Nordberg et al.,  recommended. SpeedVadlus SC250DDA (Savant) was
2000. We believe that the application of the soft drug con- used in the evaporations of DMF. The elemental analyses
cept should allow for identification of new DHFR inhibitors  were performed by Mikro Kemi AB, Uppsala, Sweden and
suitable for inhalation against PCP. were within+0.4% of the calculated values. The synthesis of
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2,4-diamino-6-bromomethylquinazoline has been describedthe crude ester was purified as described for compdund
elsewhereGraffner-Nordberg et al., 2000All commercial yielding 34 mg (22% over two steps¥ NMR (DMSO-d)

chemicals were used without further purification. 3 8.95-8.87 (m, 3H, Atl), 8.54 (s, 1H, AH), 8.19-8.16 (m,
3H, ArH), 7.56-7.68 (m, 4HH-7 + ArH), 7.35 (br s, 2H,

2.1.1. (2,4-Diaminoquinazoline-6-yl)methyl 1-naphthoate NH>), 7.25 (d,J = 8.58 Hz, 1H,H-8), 6.07 (br s, 2H, M),

(1) 5.46 (s, 2H, ®l,); 13C NMR (DMSO-d) § 166.84, 162.50,

A solution of 2,4-diamino-6-bromomethylquinazoline 161.13, 152.67, 133.23, 131.72, 131.40, 131.21, 130.05,
(0.53 mmol) in anhydrous DMF (2 ml) was added dropwise 129.54, 129.45, 128.18, 127.60, 127.51, 127.35, 127.08,
to a mixture of 1-naphthoic acid (272 mg, 1.58 mmol), and 125.99, 124.60, 124.32, 123.47, 123.00, 109.98, 67.07 (one
potassium carbonate (218 mg, 1.58 mmol) in DMF (total carbon missing). Anal. (&H18N4O2-1H,0) C, H, N.
amount: 5 ml). The reaction mixture was stirred under nitro-
gen at room temperature for 2 days before the crude product2.1.4. (2,4-Diaminoquinazoline-6-yl)methyl
was evaporated under reduced pressure on a small portior9-anthracencarboxylate (4)
of silica gel. The silica plug was loaded on the top of asilica Compound 4 was prepared as described f@r us-
column, previously packed with dichloromethane, and the ing the Quest 210 organic synthesizer starting with
crude ester was purified by repeated flash chromatography3-anthracenecarboxylic acid (351 mg, 1.58 mmol). The re-
[CH2Cl>:MeOH+NH3 (19:1 yielding 80 mg (44% over two  action was allowed to proceed for 2 days before it was
steps):*H NMR (DMF-dg) § 8.88-8.84 (app d, 1H, M), filtered and worked-up as described above Borield-
8.26 (d,J = 1.98Hz, 1H,H-5), 8.22-8.18 (m, 2H, Ad), ing 50mg (24% over two stepsfH NMR (DMSO-ds)
8.05-8.02 (m, 1H, Ad), 7.71 (dd,J = 8.58,1.98 Hz, 1H, 8 8.95-8.87 (m, 3H, A), 8.54 (s, 1H, AH), 8.19-8.16
H-7), 7.68-7.55 (m, 3H, Ad), 7.46 (br s, 2H, M), 7.28 (m, 3H, AH), 7.56-7.68 (m, 4HH-7 + ArH), 7.35 (br s,

(d, J = 858Hz, 1H,H-8), 6.12 (br s, 2H, M), 5.45 (s, 2H, NHy), 7.25 (d,J = 8.58 Hz, 1H,H-8), 6.07 (br s, 2H,
2H, CH,); 13C NMR (DMF-dg) § 167.61, 163.80, 162.90, NH>), 5.46 (s, 2H, El,); 13C NMR (DMSO-a;) § 168.62,
153.92, 134.60, 134.19, 133.78, 131.71, 130.90, 129.48,162.47, 161.12, 152.70, 133.56, 130.40, 129.21, 128.67
128.51, 128.44, 127.63, 127.07, 126.01, 125.76, 125.57,(2C), 127.42 (3C), 126.61, 125.78 (2C), 124.94, 124.54,
124.81, 111.01, 67.64. Anal. $gH16N402-0.4H,0) C, 124.43 (2C), 109.90, 67.78 (three carbons missing). Anal.

H, N. (C24H18N402-0.25H,0) C, H, N.
2.1.2. (2,4-Diaminoquinazoline-6-yl)methyl 2.1.5. (2,4-Diaminoquinazoline-6-yl)methyl
2-naphthoate (2) diphenylacetate (5)
Compound?2 was prepared as described farusing Compound5 was prepared as described farusing

2-naphthoic acid (272 mg, 1.58 mmol). The reaction was diphenylacetic acid (335 mg, 1.58 mmol). The reaction was
allowed to proceed for 2 days before it was filtered and allowed to proceed for 2 days before it was filtered and
worked-up as described above fbryielding 60mg (33%  worked-up as described above fbryielding 72 mg (36%
over two steps)H NMR (DMF-dg) § 8.68 (app s, 1H,  over two steps)*H NMR (DMF-dg) § 8.08 (d,J = 1.65Hz,
ArH), 8.24 (d,J = 1.65Hz, 1H, H-5), 8.14-8.11 (m, 1H,H-5), 7.45 (dd,J = 8.58,1.98 Hz, 1H,H-7), 7.41 (br s,
1H, ArH), 8.00-7.98 (m, 2H, A#), 7.70-7.57 (m, 4H,  2H, NHy), 7.37-7.19 (m, 10H, A4), 7.19 (d,J = 8.58 Hz,
H-7, ArH), 7.45 (br s, 2H, M), 7.27 (d,J = 8.58Hz, 1H, H-8), 6.16 (br s, 2H, M), 5.25 (s, 1H, E), 5.17 (s,
1H, H-8), 6.11 (br s, 2H, M>), 5.41 (s, 2H, El,); 1°C 2H, CHy); 3C NMR (DMF-dg) § 172.79, 163.73, 153.51,
NMR (DMF-dg) § 166.73, 163.80, 162.90, 153.88, 136.22, 140.07 (2C), 133.71, 129.25 (2C), 129.18 (2C), 128.21,
133.63, 133.20, 131.46, 130.08, 129.27, 129.09, 128.46,127.78 (2C), 125.44 (2C), 124.87, 110.78, 67.55, 56.93
128.14, 127.67, 125.75, 125.66, 124.62, 111.00, 67.55 (one(2C) (three carbons missing). Anal.4£E120N4052) C, H, N.
carbon missing). Anal. (&gH16N402-0.25H,0) C, H, N.
2.1.6. (2,4-Diaminoquinazoline-6-yl)methyl

2.1.3. (2,4-Diaminoquinazoline-6-yl)methyl 2'-benzylbenzoate (6)
9-phenanthrenecarboxylate (3) Compound6 was prepared as described fdusing the

Compound3 was prepared using the Quest 210 organic Quest 210 organic synthesizer starting with 2-benzylbenzoic
synthesizer starting with 2,4-diamino-6-bromomethylqui- acid (334mg, 1.58 mmol). The reaction was allowed to
nazoline (0.53mmol), ’9phenanthrenecarboxylic acid proceed for 2 days before it was filtered and worked-up
(351 mg, 1.58 mmol), and potassium carbonate (218 mg,as described above f@ yielding 53mg (26% over two
1.58 mmol) in DMF (total amount: 5ml). The reaction was steps):'H NMR (DMSO-ds) § 8.06 (d,/ = 1.65Hz, 1H,
allowed to proceed for 2 days before it was filtered and H-5), 7.83—-7.80 (m, 1H, Af), 7.54-7.04 (m, 12H, N>
rinsed with DMF. A small portion of silica gel was added to + ArH), 6.04 (br s, 2H, Mi2), 5.24 (s, 2H, Eiy), 4.28 (s,
the reaction mixture and the solvent was evaporated using2H, CH,); 13C NMR (DMSO-a) § 166.81, 162.26, 160.83,
SpeedVa®. The silica plug was loaded on the top of a sil- 152.27, 141.39, 140.59, 132.96, 132.01, 131.32, 130.03,
ica column, previously packed with dichloromethane, and 129.51, 128.36 (2C), 128.05 (2C), 126.85, 126.31, 125.66,
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124.28, 124.06, 109.65, 64.48 (one carbon missing). Anal. charged with compoun® (50 mg, 0.12mmol) in DMF

(C23H20N402) C, H, N. (800w.l), phenylboronic acid (72.5mg, 0.59mmol) in
DMF (200pl), PdChL(PPH)2 (0.8 mg, 1.2 mmol), and 2 M

2.1.7. (2,4-Diaminoquinazoline-6-yl)methyl NaCOs (150pl), in 2 ml of DME:H2O:EtOH (7:3:2). The

2 -phenylbenzoate (7) reaction mixture was exposed to microwave irradiation for

Compound7 was prepared as described fdusing the 120s at 150C. The mixture was filtered through a sy-
Quest 210 organic synthesizer starting with 2-phenylbenzoicringe equipped with a Titéh filter (pore size 0.4fm).
acid (313mg, 1.58mmol). The reaction was allowed to A small portion of silica gel was added to the solution.
proceed for 2 days before it was worked-up as described The solvent was evaporated using Spee@Vaurifications
above for3 yielding 47 mg (24% over two stepsiH NMR were conducted using flash chromatography as described
(DMSO-as) § 7.90 (app s, 1HH-5), 7.78-7.09 (m, 13H, for compoundl finally yielding 15mg (34%) of the tar-
ArH), 6.04 (br s, 2H, M), 5.05 (s, 2H, Elp); *C NMR get molecule'H NMR (DMSO-d) § 8.20-8.18 (m, 1H,
(DMSO-&) 8 168.00, 162.39, 162.11, 161.68, 161.05, ArH), 8.10 (d,J = 1.65Hz, 1H, H-5), 8.00-7.93 (m,
152.55, 141.23, 140.35, 132.87, 131.45, 130.93, 130.48,2H, ArH), 7.70-7.37 (m, 9H, Ad + NH)), 7.22 (d,J =
129.28, 128.38, 128.13, 127.43, 127.20, 126.46, 124.32,8.58 Hz, 1H,H-8), 6.07 (br s, 2H, M), 5.36 (s, 2H, E>);
124.09, 109.70, 66.81. Anal. $eH1gN40,-0.25H0) C, 13C NMR (DMSO-d) § 165.98, 162.82, 161.22, 152.54,

H, N. 141.08, 139.41, 133.46, 132.04, 132.73, 129.94, 129.49

(2C), 128.61, 128.38, 127.68, 127.55, 127.19 (2C), 124.71,
2.1.8. (2,4-Diaminoquinazoline-6-yl)methyl 124.37, 110.21, 67.09. Anal. $6H1gN40»-0.25H,0) C,
4'-phenylbenzoate (8) H, N.

Compound8 was prepared as described fusing the
Quest 210 organic synthesizer starting with 4-phenylbenzoic 2.1.11. (2,4-Diaminoquinazoline-6-yl)methyl
acid (313mg, 1.58 mmol). The reaction was interrupted [2',6'-dimethoxy]-3'-phenylbenzoate (11)
after 2 days and further worked-up as described above Compoundll was performed as for compourid us-
for 3 yielding 25mg (13% over two stepsfH NMR ing 2,6-dimethoxyphenylboronic acid (108 mg, 0.59 mmol).
(DMSO-&s) § 8.11-7.21 (m, 14H, Ad), 6.12 (br s, Work-up was conducted as described for the synthesis
2H, NH,), 5.34 (s, 2H, Gly); 1°C NMR (DMSO-d) § of 10 providing 20mg (39%) of the target moleculé
165.48, 162.46, 160.81, 152.09, 144.76, 138.80, 133.03,NMR (DMSO-d&) § 8.09 (app s, 1HH-5), 7.92-7.89
129.94, 129.11, 128.46, 128.21, 128.14, 127.30, 126.99,(m, 1H, AM), 7.78 (m, 1H, AH), 7.60 (dd, J =
124.28, 124.03, 109.89, 66.62 (four carbons missing). Anal. 8.58, 1.98 Hz, 1H,H-7), 7.55-7.46 (m, 2H, A{), 7.35-7.30

(C22H18N402:0.75H:0) C, H, N. (m, 3H, AH +NH,), 7.22 (d, J = 858Hz, 1H,
H-8), 6.75 (d, J = 858Hz, 1H, H-8), 6.06 (br s,

2.1.9. (2,4-Diaminoquinazoline-6-yl)methyl 2H, NHy), 5.32 (s, 2H, ®,) 3.64 (s, 6H, Ei3); 13C

3-iodobenzoate (9) NMR (DMSO-¢5) & 166.11, 162.80, 161.20, 157.32,

Compound9 was prepared as described fbrstarting 152.52, 136.21, 135.08, 133.50, 131.77, 129.89, 129.54,
with 2,4-diamino-6-bromomethylquinazoline (2.52mmol), 128.54, 127.85, 127.71, 124.67, 124.46, 117.61, 110.19,
3-iodobenzoic acid (1.87 g, 7.57 mmol), and potassium car- 104.69, 66.93, 56.04 (2C) (two carbons missing). Anal.
bonate (1.04g, 7.57 mmol) in DMF (total amount: 20ml). (Cy4H22N404-2H,0) C, H; N: caled, 12.0; found,
The reaction was allowed to proceed for 2 days before it 11.3.
was filtered and worked-up as described abovelfgield-
ing 441 mg (42% over two steps). Recrystallization from 2.1.12. (2,4-Diaminoquinazoline-6-yl)methyl
methanol afforded 360 mg (34%) as white needtesNMR 3,5 -dimethylbenzoate (12)

(DMSO-as) 6 8.25 (dd,J = 1.32,1.32 Hz, 1H, AH), 8.08 Compound 12 was prepared as described f8r us-
(d, J = 1.65Hz, 1H,H-5), 8.04-7.98 (m, 2H, At), 7.59 ing the Quest 210 organic synthesizer starting with
(dd,J = 8.58, 1.65Hz, 1H,H-7), 7.32 (br s, 2H, M>), 7.34 3,5-dimethylbenzoic acid (237 mg, 1.58 mmol). The re-
(dd, J = 7.92, 7.92Hz, 1H, AH), 7.20 (d,J = 8.58 Hz, action was allowed to proceed for 2 days before it was
1H, H-8), 6.05 (br s, 2H, M), 5.32 (s, 2H, ®>); 13C filtered and worked-up as described above 3oyielding
NMR (DMSO-d) § 164.00, 162.12, 160.77, 152.34, 141.56, 32mg (19% over two stepsjH NMR (DMSO-) § 8.08
137.03, 132.65, 131.34, 130.64, 128.28, 126.49, 124.22,(d, J = 1.65Hz, 1H,H-5), 7.32 (br s, 2H, M), 7.20 (d,
123.76, 109.58, 94.56, 66.69. Anal. 1¢El13IN4O2) C, J = 858Hz, 1H,H-8), 7.28 (s, 1H, AH), 7.59-7.56 (m,

H, N. 3H, NH, + ArH), 6.06 (br s, 2H, M), 5.29 (s, 2H, Ely),

3.36 (s, 6H);13C NMR (DMSO-&) § 165.87, 162.44,
2.1.10. (2,4-Diaminoquinazoline-6-yl)methyl 161.09, 152.63, 138.02 (2C), 134.74, 133.08, 129.61,
3'-phenylbenzoate (10) 127.10, 126.85 (2C), 124.57, 124.19, 109.90, 66.58, 20.68

A heavy-walled glass Smith Process Vial sealed with (2C). Anal. (GgH1gN40O2-1.75H0) C, H; N: calcd, 16.12;
aluminum crimp caps fitted with a silicon septum was found, 15.50.
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2.1.13. (2,4-Diaminoguinazoline-6-yl)methyl 2H, NH), 5.27 (s, 2H, @>); 13C NMR (DMSO-d&) §

2-thiophenecarboxylate (13) 162.34, 160.81, 157.74, 152.19, 147.61, 143.58, 133.11,
Compound13 was prepared as described fbrusing 126.84,124.27,124.14,118.61,112.28,109.71, 66.22. Anal.

2-thiophenecarboxylic acid (202 mg, 1.58 mmol). The reac- (Cy4H15N403-0.75H0) C, H, N.

tion was allowed to proceed for 2 days before it was fil-

tered and worked-up as described above fgielding 63 mg 2.2. Molecular dynamics

(40% over two steps)H NMR (DMF-dg) § 8.28 (d,J =

1.65Hz, 1H,H-5), 7.98 (br s, 2H, N>), 7.96 (m, 1H, AH), The linear interaction energy (LIE) methoBidvist et al.,

7.85-7.83 (m, 1H, Ad), 7.72 (dd,J = 8.58, 1.98 Hz, 1H, 1994; Marelius et al., 1998c; Graffner-Nordberg et al., 2001

H-7), 7.36 (d,J = 858Hz, 1H,H-8), 7.24-7.21 (m, 1H,  was used to estimate the free energy of binding for a num-

ArH), 6.81 (br s, 2H, M), 5.35 (s, 2H, Ely); 13C NMR ber of inhibitors, docked into the active sites of hDHFR

(DMF-dg) 8 163.99, 160.37, 149.38, 134.54 (2C), 129.85, and pcDHFR, respectively, using AutoDock. The complexes

128.99, 125.03, 123.15, 110.71, 67.21 (three carbons miss-were further subjected to molecular dynamics simulations

ing). Anal. (C4H12N402S0.5H,0) C, H, N. from which the energy averages were calculated. All MD
simulations were performed using the software package Q
2.1.14. (2,4-Diaminoguinazoline-6-yl)methyl (Marelius et al., 1998pand the GROMOS87 force fielddgn
3-thiophenecarboxylate (14) Gunsteren and Berendsen, 198¥on-standard charges of
Compound 14 was prepared as described f8r us- NADPH and the inhibitors were derived as in earlier work
ing the Quest 210 organic synthesizer starting with (Marelius et al., 1998a
3-thiophenecarboxylic acid (202mg, 1.58 mmol). The sil-  The starting coordinates for the simulations of DHFR

ica plug was loaded on the top of a silica column, previously from P. carinii were taken from the crystal structure of the
packed with dichloromethane, and the crude ester was pu-ternary complex with the enzyme in complex with NADPH
rified as described for compouridyielding 34 mg (22% and TMP (PDB entry 1DYR). The structure of human
over two steps)*H NMR (DMSO-d) § 8.40-8.38 (m, 1H, DHFR was the L22Y mutant enzyme in complex with
ArH), 8.06 (d,J = 1.65Hz, 1H,H-5), 7.67-7.64 (m, 1H, = NADPH and methotrexate (PDB entry 1DLS) from which
ArH), 7.56 (dd,J = 8.58, 1.98 Hz, 1H,H-7), 7.50-7.48 (m,  the wild type enzyme was modeled prior to simulation. The
1H, ArH), 7.31 (br s, 2H, M), 7.20 (d,J = 8.58 Hz, 1H, protein-inhibitor complex was soaked in an 18 A spherical
H-8), 6.05 (br s, 2H, M), 5.26 (s, 2H, E); 13C NMR grid of SPC water molecules. Water molecules generated
(DMSO-as) § 162.44, 161.97, 161.06, 152.58, 134.09, closer than 2.4 A to protein or inhibitor atoms were re-
132.92, 132.80, 127.73, 127.49, 127.15, 124.51, 123.90,moved. lonic groups on the protein within about 10 A from

109.89, 66.19. Anal. (GH12N402S) C, H, N. the inhibitors were included, whereas those far from the
active site were modeled as neutral dipolar groups. The net
2.1.15. (2,4-Diaminoguinazoline-6-yl)methyl 2-furoate (15) charge of the protein and cofactor was zero. Simulations of

Compound15 was prepared as described f8rusing the free inhibitors were carried out in water spheres of the
the Quest 210 organic synthesizer starting with 2-furoic same size as the protein simulations. The water molecules
acid (177 mg, 1.58 mmol). The reaction was allowed to pro- were subjected to radial and polarization surface restraints
ceed for 2 days before it was filtered and worked-up as de-and the local reaction field (LRF).€e and Warshel, 1992
scribed above foB yielding 25 mg (17% over two steps):  was used for handling long range electrostatics. The system
'H NMR (DMSO-d) § 8.40-8.38 (m, 1H, A#), 8.06 (d, was heated to 300K by increasing the temperature incre-
J = 1.65Hz, 1H,H-5), 7.67-7.64 (m, 1H, A4), 7.56 (dd, mentally during a 30ps equilibration phase keeping the
J =8.58 1.98Hz, 1H,H-7), 7.50-7.48 (m, 1H, Ad), 7.31 protein atoms restrained to their crystallographic positions.
(br s, 2H, NHp), 7.20 (d,J = 858Hz, 1H, H-8), 6.05 The system was then equilibrated without restraining the
(br's, 2H, NH,), 5.26 (s, 2H, El5); 13C NMR (DMSO-d) protein in the simulation sphere for 50 ps. Data collection
§ 162.44, 161.97, 161.06, 152.58, 134.09, 132.92, 132.80,was performed at 300K using a time step of 1.5fs.
127.73,127.49,127.15,124.51, 123.90, 109.89, 66.19. Anal.

(C14H12N403-0.25H,0) C, H, N. 2.3. Docking and scoring

2.1.16. (2,4-Diaminoquinazoline-6-yl)methyl 3-furoate (16) All selected compounds were built and geometry opti-
Compound16 was prepared as described fbrusing mized using Insightll (MSI, San Diego). Torsions defining
2-furoic acid (177 mg, 1.58 mmol). The reaction was allowed the orientation of the ester linkage and the hydrophobic sub-
to proceed for 2 days before it was filtered and worked-up stituents were flexible in the ligands, while the geometry
as described above fdr yielding 30mg (20% over two  of the 2,4-diaminoguinazoline moiety was fixed in a planar
steps):'H NMR (DMSO-d) § 8.05 (d,J = 1.65Hz, 1H, structure. Partial charges of the proteins were assigned from
H-5), 7.96-7.95 (m, 1H, Ad), 7.56 (dd,J = 8.58, 1.65 Hz, the GROMOS force fieldan Gunsteren and Berendsen,
1H, H-7), 7.35-7.34 (m, 3H, N2 + ArH), 7.20 (d,J = 1987, which also was used in the subsequent molecular dy-
8.58Hz, 1H, H-8), 6.69-6.67 (m, 1H, Ad), 6.06 (br s, namics simulations. The partial charges of the ligands were
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derived using semi-empirical quantum mechanical calcula-
tions (Marelius et al., 1998aThe energy grids were calcu-
lated using AutoGrid. The grid consisted of 12020x 120
grid points with a spacing of 0.20 A centered at the active
site of the protein structures, which had the co-crystallized
inhibitors and waters removed. Two crystal structures of hD-
HFR (1HFR Cody et al., 1998and 1DLS [ewis et al.,
1995 modeled from L22Y to wild type) and two of pcD-
HFR (1DYR (Champness et al.,, 1994nd 3CD2 Cody
et al., 1999) were used as models for the target proteins.
Trimethoprim, which is the inhibitor found in the structure
of pcDHFR (1DYR), was used as a reference compound in
order to validate whether the program was able to repro-
duce the experimental structure of the complex. For each
combination of ligand and protein AutoDock was run using Fig. 2. Trimethoprim in complex with pcDHFR. The position of the
50 Lamarckian genetic algorithm runsl@rris et al., 1998 inhibitor as determined by X-ray crystallography is shown in cyan (LDYR).
with 1 x 10° energy evaluations. The remaining parameters In orange, the binding conformation as predicted by AutoDock.
used by the genetic algorithm were set to the default values
given by AutoDock.

After docking, the resulting structures from each run were 2.4. Inhibition of dihydrofolate reductase
sorted into clusters using a 1.0A tolerance all-atom root
mean square deviation (RMSD) from the lowest energy = The compoundsl-16, and the reference compounds
structure. All high-ranked clusters were visually inspected shown inFig. 1, were evaluated for their ability to inhibit
to make sure that the ligands were docked in a reasonabledihydrofolate reductase froR carinii (ocDHFR) and rat
orientation in the active site. Trimethoprim was docked with liver (rIDHFR). The methodologies of the assay are de-
a root mean square deviation of 1.5 A compared to the ex- scribed elsewheréBgoughton and Queener, 1991; Chio and
perimental structure. It was mainly the orientation of the Queener, 1993 All results are presented asggvalues in
methoxy groups that contributed to this relatively large de- Table 1 For comparison, the Ig-values for inhibition of
viation, but the position of the docked ligand was satisfac- Toxoplasma gondii DHFR (tgDHFR) andMycobacterium

|

torily reproduced Fig. 2). avium (mavDHFR), respectively, are shown.
Table 1
Inhibition concentrations (165, M) of DHFR from P. carinii, T. gondii, and rat liver and selectivity ratios
Compound 1Go (M) Selectivity indef
pcDHFR rIDHFR tgDHFR mavDHFR pcDHFR tgDHFR
1 0.11 0.093 0.1 0.078 0.85 0.93
2 0.85 0.43 0.51 - 0.51 0.84
3 0.49 0.67 1.8 1 14 0.37
4 0.49 0.21 0.67 1.0 0.43 0.31
5 5.8 4 6.4 3.6 0.69 0.63
6 1.4 0.13 0.31 0.36 0.09 0.042
7 0.69 0.11 0.17 0.32 0.16 0.65
8 11 19 1.73 15 1.7 8.3
9 - 0.17 0.33 0.05 ND 0.52
10 0.38 0.11 0.18 0.056 0.29 0.61
11 1.6 0.73 0.62 0.59 0.46 1.2
12 0.52 0.19 0.13 0.10 0.37 1.5
13 0.27 0.25 0.13 0.053 0.93 19
14 1.5 0.35 0.19 0.10 0.23 1.8
15 4.3 0.78 0.33 0.18 0.18 24
16 0.98 0.52 0.25 0.1 0.53 2.1
MGN103 0.60 0.39 0.099 - 0.64 3.9
PTXP 0.034 0.0044 0.017 0.13 0.26
T™MQP 0.042 0.008 0.01 0.19 0.80
TMPP 27 121 2.7 4.5 45

a Defined as the ratio I§(rIDHFR)/IC50(pcDHFR) or 1Go(rIDHFR)/ICs0(tgDHFR).
b Data taken fromBroughton and Queener (1998nd Chio and Queener (1993)
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Scheme 1.

3. Results and discussion
3.1. Chemistry

The target compound$-2, 5, 9, 13, and 16, were pre-
pared in DMF by direct displacement of the bromide in
2,4-diamino-6-bromomethylquinazolin@affner-Nordberg
et al., 2000 using the appropriate carboxylic acid and
potassium carbonate as a baSelieme L The syntheses
of the esters34, 6-8, 12, and 14-15 were conducted in

as two inorganic bases (sodium and cesium carbonate). The
best results and a full conversion of the iodo-compo@nd
was accomplished after 120 s at PADusing Pd(PP4)2Cl>

as a pre-catalyst with sodium carbonate as a base in
DME/H2O/EtOH (7:3:2) Gcheme 2 After microwave irra-
diation for 80, at the same reaction temperature, the start-
ing aryl iodide Q) still remained as deduced from LC-MS
analysis. Yields of 35%10) and 40% 1) were isolated.
Ester hydrolysis constituted the major side reaction. It is no-
tably that no conversion occurred in the reactions performed

the Quest 210 organic synthesizer. The Suzuki-couplingsin DMF irrespective of the catalyst employed.

with the iodo-compound9 and phenylboronic acid,

or 2,6-dimethoxyphenylboronic acid, providing the es-
ters 10-11, respectively, were conducted in a Smith
Synthesize™ single mode microwave cavity. For the opti-
mization of the appropriate reaction conditions the ‘Smith
reaction kit' for the Suzuki couplings was used. The cat-
alysts Pd(PP§)2Cl;, Pd(OAc)», and Hermanns catalyst
(trans-di-p.-acetobis[2-(die-tolylphosphino)benzyl]dipalla-

dium(ll)), respectively, were examined in the synthesis
of 10. Two different solvent systems were employed
[DME/H2O/EtOH (7:3:2), and DMF, respectively], as well

3.2. Docking and scoring

A set of structurally diverse esters comprising various aro-
matic scaffolds were docked and scored using AutoDock 3.0
(Morris et al., 1998 The human reductase (hDHFR) was
used in the docking experiments since high resolution 3D
structures of inhibitor/enzyme complexes are available. The
human reductase exhibits a high homology with rat liver
DHFR (Wang et al., 2001l The estimated free energies of
binding for the highest ranked structure clusters obtained by

140 °C, 2 min

R = H alt. OCHj

NH; o R Pd(PPh3),Cl,, Na;COs, NH, o)
HO),B 3
N o (HO), DME/H,0/EtOH (7:3:2), > o
BN * v S
N~ N R icrowaves H,NT N
I R R
9 10:R=H ‘

11: R = OCH,

Scheme 2.
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Table 2
Calculated free energies of binding obtained by AutoDock compared to experimeggaldides
Compound AutoDock Experimentat P LIE
pc(1DYR) pc(3CD2) h(1DLS) h(1HFR) pcDHFR rIDHFR pc(1DYR) h(1DLS)
MGN103 -13.1 -12.5 —13.6 —14.2 0.60 0.39
1 -14.3 -13.8 —15.2 —14.5 0.11 0.09 —45+ 04 -53+05
2 —14.6 -14.0 -14.9 -14.3 0.85 0.43
3 —16.0 —15.4 -16.1 —16.1 0.49 0.67 —7.1+0.3 —-7.0+ 0.7
4 —15.6 —15.6 —16.0 —15.6 0.49 0.21
5 —15.0 -13.4 —13.7 —14.4 5.8 4
6 -15.0 —14.3 —16.0 -15.0 1.40 0.13 —-49+ 0.3 -59+ 05
7 —15.1 —14.2 —14.8 —14.8 0.69 0.11 -524+03 —-6.0+ 0.5
8 —14.9 —14.0 —-154 -149 11 19 —-46+ 0.3 —-53+ 0.6
10 —15.6 —14.3 —155 —15.1 0.38 0.11
12 —-13.8 —-13.2 —-13.7 —13.4 0.52 0.19
13 -12.6 -11.9 -13.1 —-12.2 0.27 0.25
14 -12.6 —-11.9 —-13.0 —-12.2 15 0.35
15 -12.2 -11.5 -12.9 —-11.7 43 0.78
16 -12.4 —-11.6 —-12.9 -11.7 0.98 0.52
TMP -11.2 —10.5 -11.6 —10.6 27 121

@ Numbers in bold indicate the five highest ranked compounds in each column.
b |Csg-values (1M).

AutoDock are summarized ifable 2 As apparent from the  activity of 6 in the pcDHFR assay, was overestimated by
table the magnitude of the binding free energies is overesti- AutoDock using the current protocol. Thus, AutoDock was
mated 16 to—11 kcal/mol), which most likely is attributed ~ reasonably good at selecting the most potent DHFR in-
to an effect from an unbalanced scoring function. However, hibitors, but less successful when picking the least potent
a comparison of the relative results is still allowed. Although ones. A more detailed analysis does not seem meaningful,
almost all ligands were predicted to bind slightly stronger to since both the activity and selectivity of the compounds fall
hDHFR than to pcDHFR, the scores obtained could not re- into a very narrow range.
veal any significant selectivity among the compounds inthe  Five of the docked compounds were also selected for
series. When comparing the scores obtained from two dif- studies using the more time consuming linear interac-
ferent DHFR structures from the same species [1HE&fy tion energy method, which is based on energy averages
etal., 1998 versus 1DLSI(ewis et al., 199bmodeled from from molecular dynamics simulationddvist et al., 1994;
L22Y to wild type, and two of pcDHFR (LDYRGhampness  Marelius et al., 1998c This method, which does take into
et al., 1994 versus 3CD2Cody et al., 1999] the discrep- account explicit waters and flexibility of the protein, has pre-
ancy in predicted affinity was in the same magnitude as the viously been used to study affinity and selectivity of DHFR
difference in affinity when comparing structures from the inhibitors (Marelius et al., 1998a; Graffner-Nordberg et al.,
different species. This implies that the predicted selectivity 2000, 200 The calculated binding free energies obtained
was smaller than the method allowed estimating. However, from the LIE method also predicted low selectivity of the
the experimental data verified that the selectivity is very low compounds (hDHFR/pcDHFR). None of the modeled com-
and that a majority of the compounds have slightly higher pounds had a calculated difference in binding free energy
potency as inhibitors of rIDHFR. between hDHFR and pcDHFR that was greater than ap-
Most compounds that gave the highest scores whenproximately 1 kcal/mol, in agreement with the experimental
docked into the human enzyme were also the best scor-data. (A factor of 10 in binding constant corresponds to
ing compounds using structures of pcDHFRaljle 2. 1.36 kcal/mol in binding free energy at 298 K.) Considering
Moreover, the experimental data obtained for the top five that the selectivity is very low, of the same size as the errors
compounds demonstrate that three of them also are amongn the simulations, the predictions by LIE give a qualita-
the five most potent inhibitors of rIDHFR. Similarly, for tively correct picture. Compoun@represents the only case
pcDHFR, three out of the five best scoring compounds where the difference in calculated affinity for pcDHFR and
were among the five most potent inhibitors, as found by hDHFR was significantly greater than the errors were. Here
experiment. Surprisingly, AutoDock did not rank the most the measured preference for the human reductase by a fac-
active pcDHFR inhibitor I) very high. When focusing on  tor of 10 is also reproduced, both by LIE and AutoDock.
the lowest ranked compounds the docking and scoring pro-The absolute values of the binding free energies should be
cedure correctly predicted that TMP has the lowest affinity interpreted with caution. The constaptin the LIE equa-
to DHFR among all docked compounds. The potency of tion has not been calibrated to reproduce the experimental
compound5 and8, as well as the relatively low inhibitory  binding energies for this protein-ligand system since only
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ICso-values and noi;-values are availableAgvist and rotation was not productive (c10 and11), suggesting that
Marelius, 200). However, as in the case of the results from a planar system is preferable. Thel@phenylic compound

AutoDock it is still relevant to compare relative affinities.  (7) exhibited only a moderate potency g= 0.69pM),
and was approximately equipotent to MGN103 4C=

3.3. Dihydrofolate reductase inhibition 0.60,.M). However, we felt prompted to further exploit the
2-position, which is in a close proximity to the ester bond of
The impact of various linkers connecting the two ring sys- the inhibitor. It was anticipated that proper functionalizations
tems has previously been studied thorougiatey et al., might later allow for control of the rate of enzymatic hydrol-
1984). The lipophilic parts of the ester-based inhibitdr46 ysis, an important issue to address in the final fine-tuning of
comprise in this study aromatic systems of different sizes the systems. Displacement of the biphenyl structure for an-
and topography. These systems will serve as scaffolds forother very common privilege structure, a diphenylmethane
further synthetic modifications. We first assessed the influ- group Hajduk et al., 200)) afforded6, that was found to
ence of small methyl groups in the 3- and 5-positions of be less active thah. Apparently, the insertion of methylene
the phenyl ring of MGN103Kig. 1). This modification ren- group in7 to produce a compound with higher flexibility
dered an inhibitorX2) that became slightly more potentthan was not well tolerated by pcDHFR. Considering the other
the parent compound and with approximately the same in- diphenylmethyl derivative, compouri] this ester is a poor
hibitory effect as the corresponding methoxy-substituted in- inhibitor of the DHFRs, although still better than the corre-
hibitors Graffner-Nordberg et al., 2001Since both alkoxy =~ sponding benzyl ester, lacking one of the two phenyl rings
and methyl groups polarize aromatic systems, we found it (Graffner-Nordberg et al., 2001
relevant to introduce the heterocyclic thiophene and furan
nucleus, both with dipoles directed towards the heteroatoms3.4. Molecular dynamics
as net effects, as substitutes for the phenyl ring. A compar-
ison of the four heterocycled&-16) revealed a dramatic Both with regard to the ranking of different inhibitors,
impact on the inhibitory capacity. The high activity of the as well as the selectivity, there is a reasonable correlation
2-thienyl derivative (0.2M) as compared to the corre- between the results obtained from AutoDock and the LIE
sponding 2-furyl compound (4{8M) is the most striking method. However, the predicted ranking of the affinities
observation. The fact that a substitution of the phenyl group disagrees with experiment in some cases, which may reflect
for a 2-thienyl delivers a twice as active inhibitor while a an inexact docking mode. AutoDock docks the flexible lig-
substitution for the 2-furyl is deleterious is not easy to ra- ands into the active site of rigid protein structures and thus,
tionalize. More potent inhibitors than the parent compound reorientation of side chains upon ligand binding cannot be
MGN103, could also be obtained by an enlargement of the taken into account. Furthermore, it is also difficult to repro-
system. Thus, the best inhibitor in the series was obtained byduce the effect of explicit water molecules that may bridge
displacement of the phenyl ring for a 1-naphthyl grop ( ligand—protein interactions. This problem is of particular
Anchoring of the ester group to a 2-naphthyl gro@p re- relevance in the present study since antifolates bind partly
sulted in poorer inhibition. Displacements of the 1-naphthyl via water bridges to the enzym&dth, 1986; Poornima
moiety in 1 for a phenanthrene or an anthracene tricyclic and Dean, 1995; Meiering and Wagner, 1p9Ehe quality
ring system,3 and 4, respectively, did not lead to further of the scoring function is crucial for correct ranking of the
improvements. It is notable though, that while compoB8nd docking modes as well as the estimation of the binding free
and4 exhibited the same I§g-values in the pcDHFR assay, energy. Nevertheless, automated docking is a fast and use-
the phenanthryl derivative3) was in fact a relatively poor  ful method for screening and affinity predictions on a large
inhibitor of the mammalian reductase B§rIDHFR) = set of compounds. Both LIE, and the scoring function used
0.67 w.M] and demonstrated a slight preference for the fungal by AutoDock, underestimated the relative affinity of the
enzyme. Rosowsky et aRpsowsky et al., 1999reviously 4'-biphenyl compoundg) to pcDHFR. Both methods also
reported the impressive selectivity index of 21 (pcDHFR: seemed to rank the phenanthryl derivati@® ffigher than
0.21pM; rIDHFR: 4.4.M) with a related nitrogen function-  was found by experiment. Furthermore, a relatively high ac-
alized tricyclic iminostilbene, where a propensity to adopt a tivity of the 1-naphthyl analoguel) was not reproduced. It
puckered orientation was convincingly suggested to accountseems likely that with the present docking procedure there
for the high selectivity. Biphenyls were addressed next as may be a problem in predicting conformational changes
scaffolds. A comparison of the impact of phenyl groups at- that might occur upon binding of large hydrophobic lig-
tached to the 2, 3 and 4-positions of MGN103, revealed an ands. Even with the more sophisticated molecular dynamics
acceptance for an aromatic ring in the 2-positi@h &nd technique it can be difficult to model the correct displace-
3-position (0), but not for a substitution in the 4-position ments of amino acid side chains and water molecules if the
(8). The 4-biphenyl compoundg) was even less tolerated initially docked structure is non-optimal.
by rIDHFR and exhibited the highest selectivity index within Until high resolution 3D-DHFR complexes with ligands
the series. Introduction of methoxy groups adjacent to the encompassing the ester linkage are available as starting
pivotal bond of the 3phenyl substituted derivative to restrict  structures for docking programs and MD simulations,
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