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scribed for peptide 2. The yields of purified peptides were 48 
mg of peptide 9 and 10 mg of peptide 16. Amino acid compositions 
were as follows. 9 Tyr, 0.86; Met, 2.01; Phe, 0.98; His, 0.88, Leu, 
1.0; Asp, 0.97. 16: Tyr, 0.95; Met, 1.89; Phe, 0.98; Leu, 1.0; Asp, 
0.95. 

 al ala']- and [~-Ala~,des-His~]deltorphin A (3 and 12, 
Respectively). N*-Frnoc-D-Ala was substituted for Nu-Fmoc- 
DMet in the method for the synthesis of peptide l."J3 The yields 
were 63 mg for peptide 3 and 11 mg for peptide 12. Amino acid 
compositions gave the following. 3 Tyr, 0.91; Ala, 1.01; Phe, 0.99; 
His, 0.94; Leu, 1.0; Met, 0.96; Asp, 0.95. 1 2  Tyr, 0.94; Ala, 0.97; 
Phe, 0.98; Leu, 1.0; Met, 0.91; Asp 1.02. 

[~-Nle~]deltorphin A (4). N*-Fmoc-D-Nle was substituted 
for N*-Fmoc-DMet during synthe~is.~9l~ The deprotected peptide 
was purified by two additional chromatographic steps to yield 
21 mg of product. Final amino acid composition was Tyr, 0.87; 
Nle, 1.02; Phe, 0.97; His, 0.89; Leu, 1.0; Met, 0.95; Asp, 0.97. 

 me met']- and Deltorphin B (18 and 17, Respectively). 
Deltorphin B was synthesized as de~cribed.~ N*-Fmoc-D-Met 
replaced N*-Fmoc-D-Ala in the synthesis of [~-Met~]deltorphin 
B (18). The amino acid composition, normalized after a 72-h 
hydrolysis, was Tyr, 0.91; Met, 0.95; Phe, 0.99; Glu, 0.91; Gly, 1.0; 
Val, 1.67. 

Receptor Assays. Rat brain synaptosomes were obtained from 
Sprague-Dawley male rats, based on the method of Chang and 
Cuatrecasas,ls as previously described.69p4ps0 The binding assays 

(48) Chang, K.-J.; Cuatrecasas, P. Multiple opiate receptors: 
Enkephalins and morphine bind to receptors of different spe- 
cificity. J. Biol. Chem. 1979,254, 2610-2618. 

(49) Lazarus, L. H.; de Castiglione, R.; Guglietta, A.; Wilson, W. E. 
Dermorphin gene sequence peptide with high affinity for 8- 
opioid receptors. J. Biol. Chem. 1989,264, 3047-3050. 

for 6 receptors utilized 0.62 pmol [3H]DPDPE (DuPont/NEN) 
in a reaction mixture containing 50 mM HEPES (pH 7.5), 5 mM 
MgCl,, 1 pM bestatin, 4 pg of bacitracin, 8% glycerol, 32 pg/mL 
soybean trypsin inhibitor, and 100 pM (phenylmethy1)sulfonyl 
fluoride; p receptor assays wed 1.28 nM [3H]DAG0 (Amersham) 
with 1 M MgClz in addition to the above buffer and protease 
inhibitors. After a 2-h incubation at 22 "C, the duplicate samples 
were rapidly filtered through wetted Whatman GF/C glass mi- 
crofilters and washed with 3 X 2 mL 50 mM Tris-HC1, pH 7.5, 
containing 1 mg/mL BSA; the filters were dried a t  75 OC and 
counted in a j3 counter using CytoScint (ICN) fluorophore. 
Peptides were assayed at 4-9 concentrations covering 2-3 orders 
of magnitude with n = 3-8; 3-5 synaptosomal preparations were 
used to ensure the statistical reliability of SEM. The equation 
of Cheng and PrusofPl was employed to calculate Ki values. 
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The synthesis of a novel series of y-substituted folic acid analogues, pteroyl-S-alkyl-DLhomocysteine (RS)-sulfoximines, 
and the corresponding S-methylhomocysteine sulfone is described. Side reactions of the sulfoximine groups of the 
amino acid ester reactants were considered. The correct structures of the isolated target compounds were confirmed 
by NMR and FAB/MS excluding other alternatives. The replacement of the y-COOH of the glutamate moiety 
of folic acid with S-alkylsulfoximine groups or S-methylsulfone did not affect the substrate activity of the vitamin 
for dihydrofolate reductase. The resulting tetrahydrofolate analogues could serve as cofactors for the thymidylate 
synthase cycle of murine leukemia L1210 cells in situ. The analogues inhibited the growth of these cells in culture 
with 2 orders of magnitude lower ICM values [(2-4) X MI than the parent folic acid. 

Folic acid coenzymes play an important role in amino 
acid metabolism and are essential for the biosynthesis of 
nucleic acids.' They exist in the cell as tetrahydrofolyl 
poly-y-glutamate conjugates, which are the preferred 
substrates (cofactors) for most folate-requiring enzymes.2~~ 
Conversion to polyglutamates, which is catalyzed by fo- 
lylpolyglutamate synthetase (FPGS), contributes signifi- 
cantly to the intracellular retention of tetrahydrofolate 
cofactom2 A variety of structural analogues of folic acid, 
exemplified by methotrexate, is capable of undergoing 
intracellular polyglutamylation, which may play an im- 
portant role in the antitumor activity of these antif~lates.~ 

*Author to whom correapondence should be sent at Department 
of Medicinal Chemistry, State University of New York at Buffalo, 
457 Cooke Hall, Buffalo, NY 14260. 

t Current address: Department of Pharmacology and Toxi- 
cology, Philadelphia College of Pharmacy and Science, 600 South 
43rd Street, Philadelphia, PA 19104. 

Since FPGS is essential for cellular viability?t6 it repreaenta 
a potential target for ~hemotherapy.~*~ 
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We designed folate analogues, in which the glutamate 
moiety is replaced by S-alkylhomocysteine sulfoximines, 
as potential inhibitors of this enzyme? Our strategy was 
based on the similarity between the catalytic mechanisms 
of FPGS2J0 and yglutamylcysteine synthetase," and on 
the susceptibility of yglutamylcysteine synthetase to in- 
activation by S-alkylhomocysteine sulfoximines." These 
compounds were shown to become phosphorylated at the 
active site" to form enzyme-generated transition state 
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analogue inhibitors.12 In a recent reportvb we discussed 
the rationale for the mechanism-based design in detail. 

In this paper we describe the synthesis and character- 
ization of a homologous series of pteroyl-S-alkylhomo- 
cysteine sulfoximines and pteroyl-S-methylhomoysteine 
sulfone, novel analogues of folic acid which cannot be 
polyglutamylated. We employed conventional synthetic 
strategies; however, formation of undesired products 
during condensation of pteroic acid with the amino acid 
analogues due to the reactivity of the sulfoximine group 
was of major concern. In order to establish the identity 
of the products, NMR and mass spectral studies were 
conductad, which proved that the desired structures were 
obtained. The analogues were also evaluated for substrate, 
cofactor, and cell growth inhibitory activity. Since the 
ability of folate-dependent enzymes to utilize tetra- 
hydrofolate analogues in which the yCOOH group is re- 
placed by other functional groups has not been studied 
extensively, the results of the present work contribute to 
our undemtanding of how structural variations affect folate 
cofactor activity. 
Chemistry 
All folate analogues were prepared by coupling No- 

(trifluoroacety1)pteroic acid with the sulfoximine- or sul- 
fone-containing amino acid esters followed by hydrolysis 
as outlined in Scheme I. The unesterified amino acid 
analogues were either synthesized according to literature 
methods11b or were obtained commercially, when available. 
These compounds exhibited a characteristic behavior on 
'H NMR that later proved very useful in the identification 
of the corresponding esters and the folate analogues. A 
pronounced downfield shift of the protons on the carbons 
adjacent to the sulfoximine group was seen when the NMR 
samples were acidified with DCl. The change in chemical 
shift was highly consistent, averaging 0.73 f 0.01 ppm for 
the methylene and 0.63 ppm for the methyl protons. 
Protonation of the imino group is known to occur in acid,13 

(12) (a) Kalman, T. I. Enzyme Generated Transition State Ana- 
logues. In VZIIth International Symposium on Medicinal 
Chemistry, Proceedings; Dahlbom, R., Nilsson, J. L. G., Eds.; 
Swedish Pharmaceutical Press: Stockholm, 1985; Vol. 2, pp 
297-301. (b) Idem. Biochemistry 1984,23,3352. 

(13) Oae, S.; Harada, K.; Tsujihara, K.; Furukawa, N. Mass, IR, 
NMR, and UV Spectroscopic Studies and pK, Values of Sub- 
stituted Sulfoximines. Int. J. Sulfur Chem., Part A. 1972,2, 
49-61. 
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which increases the positive charge on sulfur, accounting 
for the observed magnitude of the shift. This is consistent 
with the much s d e r  change in chemical shift (0.14 ppm) 
for the methylene protons adjacent to the sulfone which 
is not protonated in acid. 

The sulfoximine-containing amino acid methyl ester 
hydrochlorides (1-4) were synthesized by reaction of the 
free amino acids with an excess of 2,2-dimethoxypropane 
in the presence of an acid catalyst.14 An alternative 
preparation of the S-methyl analogue (1) via Fischer- 
Speier esterification was reported,ll however no analytical 
data were given. Due to the relatively poor solubilities of 
DL-methyl- and DL-ethyl-(SR)-sulfoximine in 2,a-dimeth- 
oxypropane, methanol was added to the reaction mixtures. 
After extraction and lyophilization, the products were 
obtained as hygroscopic glasses. These were shown to be 
essentially homogenous by TLC, although traces of un- 
reacted starting material were usually present. Attempted 
purification of the sulfoximine-containing amino acid 
methyl esters by recrystallization, preparative TLC (cel- 
lulose), or column chromatography (silica gel, ion exchange, 
and gel fiitration) were unsuccessful, therefore, they were 
used without further purification. All of the homologues 
produced NMR spectra that were in accord with the ex- 
pected structures, i.e., the methyl group of the esters ap- 
peared as a sharp singlet in the range 3.83 to 3.92 ppm. 
However, the methylene protons on the carbons adjacent 
to the sulfoximine appeared farther downfield (3.97-4.20 
ppm) than anticipated. The chemical shifts were similar 
to those obtained for the free amino acids in DCl(4.00-4.22 
ppm). These results indicate that the amino acid esters 
were obtained as dihydrochloride salta (i.e., both the a- 
amino and the sulfoximine groups were protonated). In 
contrast, DL-methionine sulfone methyl ester16 (5) was 
obtained as the crystalline monohydrochloride salt. 

The final step in the synthesis of the folate analogues 
involved coupling of the appropriate amino acid esters with 
a pteroic acid derivative (Scheme I). Pteroic acid (6) of 
very high purity waa synthesized in nearly quantitative 
yields by a modification of the preparative scale method 
of Martinelli et whereby folic acid is enzymatically 
hydrolyzed with carboxypeptidase G (EC 3.4.12.10; N- 
pteroyl-L-glutamate L-glutamate hydrolase). Each batch 
of pteroic acid was treated with the enzyme twice to re- 
move trace amounts of folic acid that remained after the 
first hydrolysis. The pteroic acid was then converted to 
its NO-trifluoroacetyl derivative 7 to enhance its solubility 
properties." This was converted to a mixed anhydride 
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by reaction with 3 equiv of isobutyl chloroformate.18 
Addition of 4 equiv of the appropriate amino acid methyl 
ester, followed by basic hydrolysis and acidification, p'o- 
vided the crude products, contaminated with pteroic acid. 
The compounds were purified by column chromatography 
on ion-exchange cellulose. The S-1-butyl analogue 11 was 
also synthesized via a carbodiimide-mediated coupling 
reaction using a modification of the method of Gangjee et 
al.lV Comparable yields of 11 were obtained using either 
method. 

The overall yields of the coupled products were relatively 
10w.~  The presence of the electron-withdrawing No- 
trifluoroacetyl group may reduce the nucleophilicity of the 
para-carboxylate, resulting in incomplete formation of the 
mixed anhydride. In addition, Levenson and MeyerU 
previously observed that sulfoximine derivatives of aspartic 
acid methyl esters are prone to cyclization via intramo- 
lecular nucleophilic attack by the sulfoximine nitrogen on 
the ester carbonyl. Although we could find no evidence 
for formation of cyclized products such as 13 in any of the 
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Acta. 1978,61,2360-2374. 
Martinelli, J. E.; Chaykovsky, M.; Kisliuk, R. L.; Gaumont, Y.; 
Gittelman, M. C. Methotrexate Analogues. 12. Synthesis and 
Biological Properties of Some h a  Homologues. J .  Med. 
Chem. 1979,22,869-874. Other relevant reporta on carboxy- 
peptidase G (a) Goldman, P.; Levy, C. C. Carboxypeptidase 
G Purification and Properties. Proc. Natl. Acad. Sci. U.S.A. 
1967,58,1299-1306: (b) Levy, C. C.; Goldman, P. The Enzy- 
matic Hydrolysis of Methotrexate and Folic Acid. J. Biol. 
Chem. 1967,242,2933-2938. (c) McCullough, J. L.; Chabner, 
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peptidase G1. J. Biol. Chem. 1971,246,7207-7213. 
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Meienhofer, J. The Synthesis of Biologically Active Pteroyl- 
oligo-y-L-Glutamates (Folic Acid Conjugates). J .  Biol. Chem. 
1972,247, 2266-2271. 
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coupling reactions of the corresponding glutamate deriv- 
atives, it is conceivable that it may have occurred, reducing 
the yields of the desired compounds. Considerable efforts 
were expended to further optimize the yields by altering 
the reaction conditions (Le., time, temperature, reagent 
concentrations, etc.), however, all these attempts were 
unsuccessful. Other coupling methods were also investi- 
gated. Rosowsky et al.=S have reported very good yields 
in the synthesis of a number of methotrexate analogues 

(18) Plante, L. T.; Crawford, E. J.; Friedkin, M. Enzyme Studies 
with new Analogues of Folic Acid and Homofolic Acid. J. Biol. 
Chem. 1967,242, 1466-1476. 
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Chloromethylketone Analogs of Methotrexate as Potential 
Antitumor Agents. J. Pharm. Sci. 1982, 71,717-219. 

(20) More recently, we obtained higher yields of coupling of other 
glutamate analogues21" using the improved mixed-anhydride 
method of Rosowsky et al.29 

(21) McGuire, J. J.; Russell, C. A.; Bolanowski, W. E.; Freitag, C. 
M.; Jones, C. S.; Kalman, T. I. Biochemical and Growth In- 
hibition Studies of Methotrexate and Aminopterin Analogues 
Containing a Tetrazole Ring in Place of the ycarboxyl Group. 
Cancer Res. 1990,50, 1726-1731. 
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Res. 1990, 31, 337. 

(23) Rosowsky, A.; Forsch, R. A.; Freisheim, J. H.; Moran, R. G.; 
Wick, M. Methotrexate Analogues. 19. Replacement of the 
Glutamate Side Chain in Classical Antifolates by L-Homo- 
cysteic Acid and L-Cysteic Acid Effect on Enzyme Inhibition 
and Antitumor Activity. J .  Med. Chem. 1984, 27, 600-604. 

(24) Levenson, C. H.; Meyer, Jr., R. B. Design and Synthesis of 
Tetrahedral Intermediate Analogues as Potential Dihydro- 
orotase Inhibitors. J. Med. Chem. 1984,27, 228-232. 

(25) Rosowsky, A.; Forsch, R.; Uren, J.; Wick, M. Methotrexate 
Analogues. 14. Synthesis of New y-Substituted Derivatives 
as Dihydrofolate Reductase Inhibitors and Potential Anti- 
cancer Agents. J. Med. Chem. 1981,24,1460-1466. 

(26) Rmowsky, A.; Wright, J. E.; Ginty, C.; Uren, J. Methotrexate 
Analogues. 15. A Methotrexate Analogue Designed for Ac- 
tive-Site-Directed Irreversible Inactivation of Dihydrofolate 
Reductase. J. Med. Chem. 1982,25,960-964. 
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using diethyl phosphorocyanidate (DEPC). However, our 
attempts to use this reagent with the folate derivatives 
were unsuccessful. Reaction of DEPC with 7 under mild 
conditions led to rapid loss of the Wo-trifluoroacetyl group, 
and coupling with the amino acid eaters did not occur. The 
mechanism of this unexpected deacylation reaction re- 
mains to be elucidated. 

Elemental analyses indicated that all of the folate ana- 
logues exhibited varying degrees of solvation with water 
or organic solvents. Fractional solvation of other folates 
has been reported in the literature.18Jg*26*26 All products 
were homogeneous on TLC. As expected, the UV spectra 
were virtually identical to those previously reported for 
folic acid under acidic, neutral, and basic  condition^.^^ 
The IR spectra were also consistent with the assigned 
structures; however, the sulfoximine N-H stretch, which 
normally appears at about 3230 cm-*,13 was obscured by 
the strong 0-H and N-H stretching bands. Using negative 
ion FAB/MS in glycerol matrix, the experimentally de- 
termined masses for the (M - H)- ions were within f150 
ppm of theory. An ion corresponding to (M - 2H + gly- 
cerol)- was detected in the FAB mass spectrum of the 
S-1-propyl analogue 10. This ion was within 20 ppm of 
its theoretical mass. These observations are important 
since cyclizationu of the sulfoximine group (Le., 13) could 
occur (see above) and would have led to loss of water with 
18 mass units. 

Signal assignments on 270 MHz 'H NMR spectra could 
be made for all of the protons. As was noted with the 
sulfoximine-containing amino acids, the methylene and 
methyl protons adjacent to the sulfoximine group exhibited 
a marked downfield shift (0.87 to 0.98 ppm) upon acidi- 
fication of the NMR samples. This indicates that the 
sulfur atom is positively charged due to protonation of the 
imino and suggests that the sulfoximine group is 
intact in the folate analogues. In comparison, essentially 
no shift was noted in the corresponding protons in pte- 
royl-S-methyhomocyateine sulfone, which is also in accord 
with the results obtained for methionine sulfone. An ex- 
changeable peak arising from the amide proton was present 
at 8.28-8.36 ppm in the 'H NMR of all the folate ana- 
logues. These results are important since they indicate 
that the coupling reaction occurred with the a-amino group 
and not the sulfoximine nitrogen of the amino acids. We 
were thus able to eliminate another alternative structure, 
Le., 14, for the fmal products. Although only the desired 
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products could be isolated from the reaction mixtures and 
identified, side reactions leading to 13 to 14 may have 
contributed to the relatively low yields obtained (see 
above). This could also explain why the yield of 12, with 
an unreactive sulfone group, was substantially higher than 
that of any of the sulfoximine products. 
Biological Results and Discussion 

Since reduction of folates to the tetrahydrofolate level 
is a prerequisite for conversion to cofactor derivatives, we 
examined whether 11, as a representative member of the 

~~ 

(27) Blakely, R. L. The Biochemistry of Folic Acid and Related 
Pteridines; Elsevier: New York, 1969; pp 58-105. 

30. 

200 300 400 200 300 400 200 300 400 
Wavelength, nm Wavelength, nm 

Figure 1. Reduction of 50 rM folate (A) and 11 (B) by 0.2 unit 
of bovine liver DHFR. NADPH (0.1 mM) waa maintained in the 
reduced form by glucose 6-phosphate (G-6-P, 2 mM) and G-6-P 
dehydrogenase (Sigma, 10 units). The reduction of folate and 
11 at  pH 6.5 and 25 "C was monitored by repetitive (5-min) 
scanning. Pteroyl compounds were omitted from the reference 
cuvettes. 

CH pH1 PteGlu' H, PteGlu' 

Figure 2. Outline of the TS cycle and the permeabilized cell 
assay. PteGlu* is pteroylglutamate (folate) or a y-substituted 
analogue (8-12); H2PteGlu*, 7,8-dihydro-PteGlu*; H4PteGlu*, 
5,6,7,8-tetrahydro-PteGlu*; CH2H4PteGlu*, 5,lO-methylene- 
H,PteGlu*. In the experimental syatem, the TS cycle is composed 
of TS, DHFR, and serine hydroxymethyl transferase (SHMT) 
and their respective substrates, H,-pteroyl cofactors, HzPteGlu* 
and products, with the exception of those encircled. The complete 
cycle is initiated by adding those in a box and PteGlu* to per- 
meabilized cells (see Experimental Section). In the absence of 
serine, CH20 can form CHz&PteGlu* nonenzymatically, allowing 
the measurement of TS in the absence of the SHMT reaction. 
Activity of the TS cycle is measured by the amount of cofac- 
tor-dependent release of tritium into water from the substrate, 
[5-SH]dUMP, catalyzed by TS (see Table I). 

series with the largest S-alkyl group, can serve as a sub- 
strate for dihydrofolate reductase (DHFR). As shown in 
Figure 1, the bovine liver enzyme can reduce racemic 11 
as readily as folic acid, but only to a maximum extent of 
50% conversion, due to the specificity of DHFR for the 
L-configuration. Since sulfoximines are chiral, this result 
shows that the enzyme does not discriminate between the 
(S) and (R) isomers of 11, present in equal amounts. 

It was of interest to test for cofactor activity of the 
reduced derivatives as tetrahydropteroylglutamate ana- 
logues. In the thymidylate synthase (TS) cycle (Figure 2) 
of permeabilized L1210 murine leukemia cells, all ana- 
logues served as cofactors for the two sequential reactions 
catalyzed by serine hydroxymethyl transferase (SHMT) 
and TS. The results are summarized in Table 1. In these 
experiments the analogues were used at 2 times the con- 
centration of folate (pteroyl-L-glutamate) because only the 
L-forms of the DL-mixtures are reduced by DHFR (see 
above). The data indicate that in the presence or absence 
of extracellular bovine liver DHFR all derivatives were 
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S and D, R isomers may inhibit cell growth. If only one 
isomer of each sulfoximine analogue is responsible for the 
cybtoxity, the associated potencies should be higher than 
those observed. Since the ICw values of sulfone 12 and 
the corresponding sulfoximine 8 differ only by a factor of 
2 (Table 11) and the difference between ICm values for the 
S-methyl(8) and S-butyl (11) sulfoximines is insignificant, 
it may be concluded that the lack of the y-COOH group 
is more important for growth inhibitory activity than the 
nature of the y-substituent. Further work is required to 
determine the site(s) of action and the mechanism of cy- 
totoxicity of the various derivatives. 
Experimental Section 

Melting points were determined in open-end capillary tubes 
on a Mel-Temp apparatus and are uncorrected. Infrared spectra 
were run on a Perkin-Elmer Model 197 spectrophotometer or a 
Nicolet Model 7199 Fourier Transform Interferometer. 'H NMR 
spectra were obtained on Varian T-60A or Jeol FX-270 spec- 
trometers. Chemical shifts are reported in ppm downfield from 
MelSi (DMSO-d6) or DSS (D20). Splitting patterns are abbre- 
viated as: s (singlet), d (doublet), dd (doublet of doublets), t 
(triplet), m (multiplet), or br (broad). W spectra were determined 
on a Cary Model 118C spectrophotometer equipped with a r e p  
etitive scanning accessory. Fast atom bombardment mass spectra 
(FAB/MS) were obtained on a Kratus MS80 instrument equipped 
with a DS55 data system. Samples were analyzed in the negative 
ion mode in a glycerol matrix. Radioactivity was quantitated in 
a Packard liquid scintillation counter with a 40-45% counting 
efficiency for tritium. TLC was performed on Merck Fa cellulose 
plates (0.1 mm thicknew) containing a fluorescent indicator. The 
plates were developed with 1-BuOH-HOAc-H20 (system A) or 
3% NH,Cl (system B). Spots were visualized with ninhydrin spray 
reagent (2% solution in acetone) or under UV light (254 or 360 
nm). Elemental analyaes were obtained from Atlantic Microlabs, 
Inc., Atlanta, GA. Ion-exchange chromatography waa performed 
at  4 "C using Whatman DE53 DEAE-cellulose. All folate ana- 
logues were protected from light whenever possible and were 
stored at -10 "C under N2 The solvents DMF and DMSO were 
distilled from BaO and were stored over 4A molecular sieves. 
Isobutyl chloroformate was fractionally distilled into a receiver 
containing CaC03 prior to use. For the coupling reactions, EbN 
was distilled sequentially from phenyl isocyanate and KOH and 
was then stored over KOH pellets. 

Materials. DL-Buthionine (SR)-sulfoximine was purchased 
from Chemical Dynamics, South Plainfield, NJ. DL-Methionine 
sulfone and DL-methionine (SR)-sulfoximine, bovine liver di- 
hydrofolate reductase (8 units/mg), dl-L-tetrahydrofolate, and 
NADPH were products of the Sigma Chemical Co., St. Louis, MO. 
DL-Ethionine (SR)-sulfoximine, DL-prothionine, and D L - ~ ~ o -  
thionine (SR)-sulfoximine were prepared according to published 
procedures.11J2 MO-(Trifluoroacety1)pteroic acid (7) was syn- 
thesized by trifluoroacetylation of pteroic acid." Diethyl phos- 
phorocyanidate (DEPC) waa prepared as from triethyl 
phosphate and cyanogen bromide. Carboxypeptidase G was 
obtained from the New England Enzyme Center, Boston, MA. 

Methyl ~ ~ - 2 - A d n o - 4 - [  S-methyl-(SR )-sulfonimidoyl]bu- 
tanate Dihydrochloride (1). To a suspension of mmethionine 
(SR)-sulfoximine (3.6 g, 0.02 mol) in 300 mL 2,2-dimethoxy- 
propane w a ~  added 25 mL of concentrated HC1. To aid in dis- 
solution, the reaction mixture was supplemented with 60 mL 
MeOH and was then stirred at room temperature for 48 h. The 
resulting dark solution was concentrated to a brown oil under 
reduced pressure. This residue was dissolved in 100 mL of H20 
and was then extracted with CHzC12 (3 X 100 mL) and ether (1 
X 100 mL). Lyophilization of the aqueous layer provided 4.26 
g (80.0%) of 1 as a white, highly hygroscopic glass: TLC (system 
A) R 0.47; 'H NMR (D20) 6 2.63 (m, 2 H, CH2), 3.73 (a, 3 H, 
S-CA,), 3.92 (a, 3 H, C02CH3), 4.20 (m, 2 H, S-CH2), 4.40 (t, 1 
H, CH). 

Met hy 1 ~~-2-Amino-4-[ S -et hyl- (SR )-sulfonimidoyl]buta- 
noate Dihydrochloride (2). The S-ethyl analogue was prepared 
in a fashion similar to that for 1 using DL-ethionine (SR)-sulf- 
oximine in place of DL-methionine (SR)-sulfoximine. After lyo- 
philization, 2.62 g (72.2%) of product was obtained as a white, 

Table I. Cofactor Activities in the Thymidylate Synthase Cycle 
of Permeabilized L1210 Cells 

tritium release," % 
+bovine no bovine 
DHFRb DHFR 

compd concn, mM serine CH,O serine CH,O 
8 0.4 9.5 8.3 3.9 5.0 
9 0.4 8.3 6.8 4.2 4.9 
10 0.4 9.2 7.3 4.2 4.3 
11 0.4 7.0 5.8 4.0 4.4 
12 0.4 7.8 6.7 3.6 4.6 
PteGlu 0.2 24.1 21.8 19.1 20.6 

ORelease of tritium from 1 pM [5-SH]dUMP into water ex- 
pressed as percent of total radioactivity, corrected by the back- 
ground as described in the Experimental Section. Data represent 
averages of two experiments run in duplicates. bFor each tube, 
0.016 unit of enzyme was added to 0.15 mL of cell suspension. 

Table 11. Inhibition of the Growth of L1210 Leukemia Cells in 
Culture" 

compd ICm! mM % inhibn at 0.5 mM 
8 0.19 
9 0.22 
10 0.30 
11 0.27 
12 0.39 
PteGlu >lO.OC 

76.4 
80.2 
75.2 
75.2 
78.6 
d 

Values represent averages of the results of two experiments run 
in duplicates. *Concentration required for 50% growth inhibition. 

active as cofactors of SHMT and TS as analogues of tet- 
rahydrofolate and 5,10-methylenetetrahydrofolate, re- 
spectively, but were only about 2 0 4 %  as effective as folic 
acid (PteGlu) in supporting the TS cycle. When the potent 
TS inhibitor CB371728 (10 pM) was added, all reactions 
were inhibited about 99% (data not shown), indicating that 
the release of tritium in the presence of folate or ita ana- 
logues was due to their respective cofactor activities. As 
expected, inhibition of SHMT (in the absence of CH20) 
or DHFR could also interrupt the cycle (see Figure 1). 

The ICm values (Table II) of the inhibition of the growth 
of L1210 murine leukemia cells in culture by the analogues 
were similar [(2.7 k 0.78) X lo4 MI, reflecting a low degree, 
but significant cytotoxicity, which is of interest for non- 
polyglutamylatable folic acid derivatives with cofactor 
activities. The parent folic acid (PteGlu) was at least 2 
orders of magnitude less potent as a cell growth inhibitor 
than the analogues. As reported previously,1° none of the 
folate analogues (or their reduced tetrahydro derivatives) 
showed any substrate or inhibitory activity using partially 
purified mammalian FPGS. Thus, interaction with FPGS 
cannot account for the growth inhibition observed. It is 
not known which of the isomers of the reduced or unre- 
duced forms are inhibitory and how easily these com- 
pounds can penetrate the cell membrane. Since they are 
presented to the cell as unreduced folate analogues, they 
must be poor substrates for the reduced folate/metho- 
trexate carrier transport system, but may bind to the folate 
receptor. It is expected that once internalized, the L-iso- 
mers of the sulfoximine derivatives (8-11) are reduced by 
DHFR to 1, L, S and I, L, R analogues of tetrahydrofolate 
(see Figure 1) and may interfere as cofactor analogues with 
one-carbon metabolism. Alternatively, the unreduced D, 

33.6% inhibition. No significant inhibition. 

(28) Jones, T. R.; Calvert, A. H.; Jackman, A. L.; Brown, S. J.; 
Jones, M.; Hmap, K. R. A Potent Antitumor Quinazoline 
Inhibitor of Thymidylate Synthetase: Synthesis, Biological 
Properties and Therapeutic Results in Mice. Eur. J .  Cancer 
1981,ll-19. 
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hygroscopic glass: TLC (system A) R 0.53; 'H NMR (DzO) 6 1.55 
(t, 3 H, S-ethyl CH3), 2.60 (m, 2 H, dHI), 3.83 (a, 3 H, C02CH3), 
3.97 (m, 4 H, CHISCHI), 4.33 (t, 1 H, CHI. 

Methyl ~~-2-Amino-4-[S-l-propyl-( SR )-sulfonimidoyl]- 
butanoate Dihydrochloride (3). This compound was prepared 
as described above using DL-prothionine (SR)-sulfoximine (no 
methanol was added). The product (3.05 g, 86.1%) was obtained 
as a colorless, hygroscopic glass: TLC (system A) R, 0.54; 'H NMFi 
(DaO) S 1.17 (t, 3 H, S-propyl CH3), 2.03 (m, 2 H, S-propyl CHI), 
2.67 (m, 2 H, CHJ, 3.90 (a, 3 H, COICHJ, 3.96 (m, 4 H, CHaCHJ, 
4.40 (t, 1 H, CH). 

Methyl ~~-2-Amino-4-[S-l-butyl-(SR)-sulfonimidoyl]bu- 
tanoate Dihydrochloride (4). The 1-butyl analogue was pre- 
pared from DL-buthionhe (SR)-sulfoximine in a manner similar 
to that for the 1-propyl compound. The product (1.42 g, 68.1%) 
was obtained as an off-white, hygroscopic glass: TLC (system 

1.77 (m, 4 H, S-butyl CHICHI), 2.63 (m, 2 H, CH2), 3.92 (a, 3 H, 
C02CH3), 3.96 (m, 4 H, CHISCHI), 4.43 (t, 1 H, CHI. 

Methyl ~~-2-amino-4-(methylsulfonyl)butanoate hydro- 
chloride (5) was prepared as described above from DL-methionine 
sulfone and 2,2-dimethoxypropane. Recrystallization of the crude 
product from MeOH-T" af€orded 1.92 g (69.2%) of 5 as a white 
crystalline solid mp 171-174 "C (lit.lS mp 164 "C); TLC (system 
A) R 0.46; 'H NMR (D20) 6 2.57 (m, 2 H, CH2), 3.17 (a, 3 H, 
S-CdJ, 3.53 (distortd t, 2 H, S-CHJ, 3.87 (a, 3 H, C02CHJ, 4.40 

44 [ (2-Amino-l,4-dihydro-4-oxo-6-pteridinyl)met hyll- 
aminolbenzoic Acid (6, Pteroic Acid). Folic acid (dihydrate, 
6.0 g, 12.5 mmol) was dissolved in 500 mL of 0.1 M Tris buffer 
with vigorous stirring at  room temperature. To the deep orange 
solution were added carboxypeptidase G (50 units) and ZnCII (10 
mg, 0.07 mmol). The pH was carefully adjusted to 7.2 with 
concentrated HC1 and the reaction was then stirred at  room 
temperature. After 48 h the mixture was diluted with 500 mL 
of H20 and acidified (PH 2.5) with concentrated HC1. The crude 
product was collected by centrifugation (4OOOg) and washed with 
H20 (3 X lo00 mL). TLC (system B) indicated that some folic 
acid still remained. Therefore, the crude product was dissolved 
in Tris buffer and reincubated with carboxypeptidase G as de- 
scribed above. After an additional 72 h the reaction was complete, 
and the product was isolated by acidification and centrifugation. 
The product was dried in vacuo (40 "C/P205) to provide 3.95 g 
(99.7%) of 6 as a pale yellow powder: mp >300 "C; TLC (system 
B) Rf0.52; 'H NMR (0.1 M NaOD) b 4.7 (a, 2 H, C9-H), 6.8 (d, 
2 H, phenyl), 7.7 (d, 2 H, phenyl), 8.55 (a, 1 H, C,-H). Anal. 

N-[4-[ [ (2-Amino-l,4-dihydro-4-oxo-6-pteridinyl)methyl]- 
amino]benzoyl]-~~-2-amino-4-[ S -1-butyl-(SR)-sulfon- 
imidoyl]butanoic Acid (1 1, Pteroyl-S-1-butylhomocysteine 
Sulfoximine). Method A. Mixed Anhydride Method. To 
a solution of 7 (446 mg, 1 mmol) and EbN (0.3 g, 3 mmol) in dry 
DMSO (8 mL) was added i-BuOCOC1 (0.41 g, 3 mmol). The 
solution was stirred at mom temperature for 45 min and then EbN 
(0.8 g, 8 mmol) followed by 4 (1.25 g, 4 mmol) was added. The 
mixture was stirred at  30-35 "C for 24 h and was then poured 
into 100 mL of 0.1 M aqueous piperidine. After stirring at  room 
temperature for 1 h, the dark orange solution was acidified (pH 
3) with concentrated HCL The resulting gelatinous brown material 
was collected by centrifugation (4OOOg) and was washed with HzO. 
The gel was then diesolved in 200 mL of 0.1 M triethylammonium 
bicarbonate (TEAB) buffer (pH 8) with stirring at  4 "C and was 
subsequently applied to a 2.5 X 26 cm DE53 (HC03-) column. 
The column was washed with 0.1 M TEAB buffer and then eluted 
with a 0.1 to 0.43 M linear gradient of the same buffer until the 
desired material (monitored by UV at 254 nm) was eluted. The 
appropriate fractions (as determined by TLC) were combined and 
evaporated to dryness in vacuo to yield a yellow residue. This 
was dissolved in 50 mL of H20 and the pH was adjusted to 3 with 
10% HC1. Centrifugation (3000g) followed by lyophilization 
provided 64.4 mg (11.5%) of 11 as a yellow-orange powder: mp 
>300 "c; TLC (system B) R 0.12; 'H NMR (DMSO-d,) 6 0.86 
(distorted t, 3 H, S-butyl C d ) ,  1.37 (m, 2 H, S-butyl CHI), 1.58 
(m, 2 H, S-butyl CHI), 2.22 (m, 2 H, CHI), 2.98 (m, 4 H, 
CH2SCH2), 4.48 (br a, 3 H, overlap of Cs-H and CH), 6.65 (d, 2 
H, C33,5"), 7.02 (m, NH2), 7.66 (pseudo t, 2 H, C,,H), 8.36 (m, 

A) RfO.73; 'H NMR (D2O) b 0.97 (distorted t, 3 H, S-butyl CH3), 

(t, 1 H, CH). Anal. ( C ~ H I ~ C ~ N O ~ S )  C, H, C1, N, S. 

(C14H12Ne03*0.5H20) C, H, N. 

Haruison and Kalman 

CONH), 8.65 (8,l  H, C,-H); 'H NMR (DMs0-d~ + DC1) 6 3.96 
(m, 4 H, CHaCH,), peaks at 7.02 and 8.36 absent, all other peaks 
unchanged; FAB/MS (M - H)- theor. 515.18, found 515.19; (M 
- 2H + Na+)- theor. 537.16, found 537.17. Anal. (CI2H~N8OS- 

Method B. Carbodiimide Method. To a solution of 7 (485.0 
mg, 1 mmol) in dry DMF (20 mL) at 0 "C was added 1- 
hydroxybenzotriazole hydrate (154 mg, 1 mmol), 1-[3-(di- 
methylamino)propyl]-3-ethylcarbodiimide hydrochloride (192 mg, 
1 mmol) and 4-(dimethylamino)pyridine (123 mg, 1 mmol). The 
reaction solution was stirred at 0 "C for 60 min and then at room 
temperature for 60 min. To this was added a solution of 4 (311 
mg, 1.0 mmol) in dry DMF (7 mL), followed immediately by EbN 
(0.1 g, 2 mmol). After being stirred at  room temperature for 45 
h, the reaction mixture was poured into 100 mL of 0.1 M aqueous 
piperidine and was then stirred at  room temperature for 1 h. The 
crude product was purified by ion-exchange chromatography as 
described above (method A). After drying (60 "C/PIOS), 11 was 
obtained as 49.6 mg (9.3%) of a yellow solid mp >180 "C slow 
dec; TLC (system B) R, 0.11. Anal. (Cz2HulN8O5S.HI0) C, H, 
N, S. 

N-[ 44 [ (2-Amino- 1,4-dihydro-4-oxo-6-pteridinyl)met hyll- 
amino]benzoyl]-~~-2-amino-4-[S -methyl-(SR )-sulfon- 
imidoyl]butanoic acid (8, pteroyl-S-methylhomocysteine 
sulfoximine) was prepared from 7 and 1 essentially as described 
under methcd A. After trituration with EtOH and drying in vacuo 
(60 "C/P206), 204 mg (17.9%) of 8 was obtained as a yellow 
powder: mp >180 "C slow dec; TLC (system B) R, 0.11; 'H NMR 
(DMSO-ds) 6 1.18 (t, CH, of solvated ethanol), 2.24 (m, 2 H, CHJ, 
2.90 (a, 3 H, S-CH3), 3.05 (a, 2 H, S-CH2), 4.49 (bra, 3 H, overlap 
of Cs-H and CH), 6.66 (d, 2 H, C3j,SrH), 6.97 (br 8, NH2), 7.67 
(distorted d, 2 H, C2!,6PH), 8.29 (distorted d, CONH), 8.65 (a, 1 
H, C,-H); 'H NMR (DMSO-d6 + DC1) 6 2.37 (m, 2 H, CHI), 3.77 
(a, 3 H, S-CH3), 4.01 (m, 2 H, S-CH2), 4.53 (m, 1 H, CH), 4.77 

Cy,6rH), 8.84 (a, 1 H, C,-H); FAB/MS (M - H)- theor. 473.14, 

N, S. 
N-[ 44 [ (2-Amino-1,4-dihydro-4-oxo-6-pteridinyl)met hyll- 

amino]benzoyl]-~~-2-amino-4-[ 8 -ethyl-(  SR )-sulfon- 
imidoyl]butanoic acid (9, pteroyl-S-ethylhomocysteine 
sulfoximine) was prepared by mixed anhydride-mediated cou- 
pling (method A) of 7 and 2. The product 9 was obtained as 81.8 
mg (7.7%) of a yellow solid following trituration with EtOH and 
drying in vacuo for 24 h mp >200 "C; TLC (system B) RfO.15; 
'H NMR (DMSO-d6) 6 1.20 (t, 3 H, S-ethyl CH,), 2.22 (m, 2 H, 
CHI), 2.96 (m, 4 H, CHISCHI), 4.48 (br s, 3 H, overlap of C9-H 
and CHI, 6.66 (d, 2 H, C3,,5rH), 6.95 (bra, NH2), 7.67 (d, 2 H, 
C,H), 8.33 (m, CONH), 8.65 (8, 1 H, G H ) ;  'H NMR (DMSO-& 
+ DC1) 6 1.38 (distorted t, 3 H, 5'-ethyl CH3), 2.35 (m, 2 H, CHJ, 
3.90 (m, 4 H, CHaCHJ, 4.60 (a partly obscured by HDO, overlap 

(a, 1 H, C,-H); FAB/MS (M - H)- theor. 487.15, found 487.24. 

N-[4-[[ (2-Amino-l,4-dihydro-4-oxo-6-pteridinyl)methyl]- 
amino]benzoyl]-~~-2-amino-4-[ S-l-propyl-(SR )-sulfon- 
imidoyllbutanoic acid (10, pteroyl-S- 1-propylhomocysteine 
sulfodmine) was prepared from 7 and 3 via method A. Tritu- 
ration with EtOH followed by drying in vacuo (60 "C/P205) 
provided 233 mg (18.9%) of 10 as a yellow-orange powder: mp 
>180 "C; TLC (system B) R 0.17; 'H NMR (DMSO-d6) 6 0.95 
(distorted t, 3 H, S-propyl C d . ,  1.18 (t, CH3 of solvated ethanol), 
1.80 (m, 2 H, S-propyl CHI), 2.30 (m, 2 H, CHI), 3.20 (m, partly 
obscured by HDO peak, CH#CHJ, 4.49 (br s ,3  H, C9-H and CHI, 
6.65 (d, 2 H, Cr,6FH), 6.91 (bra, NHJ, 7.63 (dd, 2 H, C,H), 8.29 
(m, CONH), 8.65 (a, 1 H, C,-H); 'H NMR (DMSO-d6 + DC1) 6 
1.07 (m, 3 H, S-propyl CH3), 1.80 (m, 2 H, S-propyl CHI), 2.40 
(m, 2 H, CHI), 3.98 (m, 4 H, CHfiCH,), 4.52 (m, 1 H, CHI, 4.68 

(a, 1 H, C,-H); FAB/MS (M - 2k + glycerol)- theor. 592.21, found 
592.22. Anal. (CzlHzsN806S~0.2CH3CHzOH~2Hz0) C, N, S; H: 
calcd, 5.75; found, 5.30. 

N-[ 44 [ (2-Amino- 1,4-dihydro-4-oxo-6-pteridinyl)methyl]- 
~o]benzoyl]-~~-2-~~~4-(methylsulfony~)butano~c acid 
(12, pteroyl-S-methylhomocysteine sulfone) was obtained as 
a yellow solid from 7 and 5 in 29.7% yield (138.1 mg) using method 

S.2.5HzO) C, H, N, S. 

(8, 2 H, C9-H), 6.84 (distorted d, 2 H, C3t,51-H), 7.72 (dd, 2 H, 

found 473.20. Anal. (C1$IzzN80SS.0.4CH3CHzOH.0.8H20) C, H, 

of CB-H and CH), 6.69 (d, 2 H, C,H), 7.70 (d, 2 H, Cy,6rH), 8.78 

Anal. (Cz&N80&0.5CH&H20H.H20) C, H, N, S. 

( ~ , 2  H, Cs-H), 6.83 (d, 2 H, CyvH), 7.76 (dd, 2 H, Czz,6rH), 8.86 
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A mp >180 O C  slow dec; TLC (system B) R 0.12; 'H NMR 
(DMSO-d,J 6 2.20 (m, 2 H, CH,), 2.99 (s,3 H, h-CH3), 3.18 (m, 
2 H, S-CHa, 4.49 (br a, 3 H, CpH and CHI, 6.66 (d, 2 H, C S ~ ~ H ) ,  
7.05 (m, NH2), 7.66 (d, 2 H, C2,,6rH), 8.28 (distorted d, CONH), 
8.65 (a, 1 H, C,-H); 'H NMR (DMSO-d6 + Del) 6 2.24 (m, 2 H, 
CH,), 3.00 (a, 3 H, S-CHJ, 3.22 (m, 2 H, S-CH,), 4.58 (m, 1 H, 

8.84 (a, 1 H, C,-H). Anal. (ClsH21N~0&1.1H@) C, H, N, S. 
Determination of Cofactor Activity in  Permeabilized 

Cells. Murine leukemia L1210 cells were transplanted, main- 
tained, and harvested as described.2g TS activity was measured 
in suspensions of permeabilized cellsm [(2-5) X lo7 cells/mL]. 
Partial permeabili~ation~l using dextran sulfate (500,000 MW, 
Phannacia) was carried out as described?2 Cells were incubated 

CH), 4.80 (8, 2 H, Cp-H), 6.64 (d, 2 H, CyrH), 7-56 (d, 2 H, CyrH), 

(29) Yalowich, J. C.; Kalman, T. I. Rapid Determination of Thy- 
midvlate Synthase Activitv and Ita Inhibition in Intact L1210 
Leukemia -Cells in vitro.- Biochem. Pharmacol. 1985, 34, 
2319-2324. 
Kalman, T. I.; Hsiao, M. C. The Dependence of the Thymi- 
dylate Synthase Cycle on the Extent of Polyglutamylation of 
Folate Cofactors in Permeabilized L1210 Leukemia Cells. 
R o c .  Am. Assoc. Cancer Res. 1985,26,235. 
Kucera, R.; Paulus, H. Studies on RibonucleceideDiphosphate 
Reductase in Permeable Animal Cells. 1. Reversible Per- 
meabilization of Mouse L Cells with Dextran Sulfate. Arch. 
Biochem. Biophys. 1982,214, 102-113. 
Kalman, T. I.; Marinelli, E. R.; Xu, B.; Reddy, A. R. V.; 
Johnson, F.; Grollman, A. P. Inhibition of Cellular Thymidy- 
late Synthesis by Cytotoxic Propenal Derivatives of Pyrimi- 
dine Bases and Deoxynucleosides. Biochem. Pharmacol. 1991, 
42, 431-437. 

with folate or analogs 8-12 at the indicated concentrations at  37 
O C  for 15 min in the presence of 0.2 mM NADPH, 1 mM serine 
(or 7.5 mM CH,O), 200 mM 2-mercaptoethanol, 40 mM MgCl,, 
0.6 mM EDTA, 100 mM NaF and 80 mM Tris-acetate buffer, pH 
7.4 [5-3H]dUMP (1 pM) was added, and after an additional 30 
min incubation, the reaction was terminated and the tritium 
released into water was measured as described.aeJ2 

Inhibition of Tumor Cell Growth. Duplicate cultures of 
L1210 murine leukemia cells were exposed to increasing con- 
centrations of test compounds in comparison with folic acid 
(PteGlu). After 48 h incubation at 37 "C in RPMI 1640 medium 
supplemented with 10% fetal calf serum, cell numbers were 
counted and concentrations corresponding to 50% inhibition of 
control growth (ICa values) were determined graphically. Viability 
was 290% as determined by dye exclusion. 
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A series of novel lipophilic polyamines was synthe&ed by the sodium cyanoborohydride-mediated reductive amination 
of various ketones and aldehydes with the polyamine tris(2-aminoethy1)amine. Two of these compounds, Nfl- 
bis[2-(cyclododecylamino)ethyll-N'-benzyl-l,2-ethanediamine trihydrochloride (36.3HC1) and N,N-bis[2-(cyclodo- 
decylmethylamino)ethyll-N'fl'-dimethyl-l,2-ethanediamine (23), are 29 and 24 times more potent than colestipol 
hydrochloride, respectively, for lowering animal serum cholesterol levels. 

It is estimated that one-third of all deaths in industrial 
societies result from coronary artery diseases. The most 
compelling evidence for the positive relationship between 
high cholesterol levels and the incidence of coronary artery 
diseases comes from the results of the Lipid Research 
Clinics Coronary Primary Prevention Trial.' Due mainly 
to this evidence, the nonabsorbable, bile acid binding resins 
Colestid granules and Questran resin are recommended as 
fvst line therapy when patients cannot control their cho- 
lesterol levels through dieta2 Colestid in combination with 
niacin has been reported to reverse the atherosclerotic 

(1) Lipids Research Clinics Program. The Lipid Research Clinics 
Coronary Primary Prevention Trial Regults. JAMA 1984,251, 

(2) The Expert Panel. Report of the National Cholesterol Edu- 
cation Program Expert Panel on Detection, Evaluation, and 
Treatment of High Blood Cholesterol in Adults. Arch. Intern. 
Med. 1988,148,36-69. 
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pro~ess.~**~ These resins bind to bile acids and cause a 
3-10-fold increase in fecal bile acid excretion.' This in- 
terruption in enterohepatic circulation causes increases in 
bile acid synthesis, HMG-CoA reductase activity, and 
hepatic low density lipoprotein (LDL) receptor-mediated 
uptake of LDL. It is the latter response that effectively 
lowers serum cholesterol  level^.^ The search for more 
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