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By use of selected irreversible inhibitors it appears that the dihydrofolic reductase from L1210/FI18, L1210/ 
DF8, and the parent L1210/0 strain are not appreciably different. Contrariwiss the dihydrofolic reductase 
from mouse liver, spleen, and intestine could be shown to be structurally different from each tissue as well as dif
ferent from the enzyme from the three L1210 strains. These structural differences are most probably outside of 
the active site. It has been further demonstrated that of two sulfonyl fluoride type inhibitors with almost equal 
reversible inhibition power, only the one that showed irreversible inhibition of L1210/0 dihydrofolic reductase 
was effective in giving a life extension of mice bearing L1210/0; from these data, minimum criteria for enzyme 
activity have been set to determine whether a candidate irreversible inhibitor of dihydrofolic reductase is worthy 
of in vivo assay against L1210 mouse leukemia. 

It is relatively simple to design an enzyme inhibitor 
by proper isosteric replacement of one or more groups 
on a substrate;6 such isosteric-type inhibitors show 
little if any specificity toward the enzyme6 from dif
ferent sources, since only complexing with the enzymic 
active site is employed where little difference can be 
expected to occur in the enzyme from different sources.8 

By utilization of binding areas just adjacent to the 
active site it is possible to inhibit selectively the same 
enzyme from different species or even different tissues 
in the same animal.10,11 

A study of the binding to the hydrophobic bonding 
region of dihydrofolic reductase from Walker 256 tumor 
and the liver of the rat by 45 selected heterocycles 
showed only a maximum of 100-fold difference in bind
ing; smaller differences of two- to tenfold were fairly 
frequent.12 Thus it is unlikely that utilization of only 
the active site and the adjacent hydrophobic binding 
area of dihydrofolic reductase would give sufficient 
difference for chemotherapy of cancer. Therefore, 
two additional parameters for possible tissue selec
tivity were introduced: (a) a covalent-forming group 
such as bromoacetamido13 or S02F14-17 was introduced 
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on the hydrophobic bonding group of the inhibitor where 
the leaving group could now reside in a polar region of 
the enzyme at the end of the hydrophobic bonding 
region18 and (b) with the S02F leaving group two reac
tions involving the enzyme-inhibitor complex could 
occur, namely, the desired covalent bond formation 
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or enzyme-catalyzed hydrolysis of the sulfonyl fluoride 
or both;19 '20 which reaction took place was extremely 
sensitive to positioning of the S 0 2 F group in the com
plex, a mat ter of 3 A being sufficient to change from all 
covalent bonding to all hydrolysis or vice versa.™ 
Thus a small difference in the hydrophobic region of the 
dihydrofolic reductase from two sources could have a 
dramatic effect on the positioning and action of the 
S 0 2 F group.21 

The first differential irreversible inhibition between 
two vertebrate enzymes was seen with 2,14 which could 
rapidly inactivate the enzyme from pigeon liver, but 
not the enzyme from Walker 256 rat tumor or F1210/ 
FRS mouse leukemia; when the side chain was moved 
(o the para position (3), specificity was lost and all 
three enzymes were rapidly inactivated.14 Even 
though there was little difference in reversible binding 
of 2 to the three enzymes, it is uniquivocal that the 
SO2F group does not reside in the same way in the com
plex with the pigeon liver enzyme as in the other two 
enzyme complexes. 

The first differential irreversible inhibition of a tumor 
tv. liver enzymes, a tissue specificity, was seen with 416 

and 5.17 The dihydrofolic reductase from Walker 
250 rat tumor or J,1210/T.R8 mouse leukemia was 
rapidly inactivated by 4, but irreversible inhibition of 
the rat liver or mouse liver enzymes was barely de
tectable by a much higher concentration of 4.16 Simi
lar results were seen with 5 with the L1210/FRS and 
mouse liver enzymes. 

A study has now been conducted on the enzyme from 
three strains of 1,1210: (a) the parent 1,1210 0 strain 
regularly used in the CCXSC screen; (b) L1210 FR8.-2 

a strain selected for resistance to amethopterin, the 
resistance being due to a GO-fold increase in the level of 
dihydrofolic reductase;221" and (c) L1210/DF8, 2 8 an
other strain selected for resistance to amethopterin with 
a 50-fold increased level of dihydrofolic reductase. All 
of the sulfonyl fluoride type of candidate irreversible 
inhibitors previously published3, ,4~17,24,25 were inves
tigated on 1.1210 0; further, many of the compounds 
were also evaluated on L1210 DFS, particularly those 
showing irreversible inhibition of L1210 FRS, but not 
mouse liver. Some of the key results with the enzyme 
from the three strains of 1,1210 are reported here (Table 
I) , including selected compounds from the accompany
ing papers. Furthermore, a comparison of differ
ential irreversible inhibition of dihydrofolic reductase 
from mouse spleen, intestine, and liver are presented in 
Table I. 

Enzyme Testing Methodology. -Considerably more 
difficulty with variable results was initially encountered 
with the dihydrofolic reductase from the 45-90%, am-

ll'.l) H. R. Bake r and ,1. A. Hurl t iu l , ,/. Med. Chan., 1 1 , 2;S3 (1968). paper 
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a n d A. Goldin, Biochemistry, 3 , 1928 (1964); (1)) M . F r i edk in , E . Crawford , 
S. R. H u m p h r e y s , and A. Goldin, Cancer Res., 22 , 600 (1962). 
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monium sulfate fraction from 1,1210 0 than encountered 
from this enzyme from L1210 FRS and 1,1210 DFS. 
The main difficulty was due to the higher ratio of ex
traneous protein to dihydrofolic l'eductase in the 1,1210 
0 enzyme preparation since the 1,1210. FRS and 
1,1210 DFS had about 50 times as much dihydrofolic 
reductase.'-'2'23 The 1,1210/0 preparation showed 
considerable variation in the assay bast1 lines lor the 
irreversible inhibition studies, due 1o precipitation of 
protein and an extraneous T P X f l oxidase; this diffi
culty was not encountered in the preparations from 
L1210/DFS and 1,1210/FRS since they could be di
luted 50-fold for assay. This difficulty was partially 
surmounted by use of 0.15 .1/ KOI in the assays which 
stimulated the J,1210/0 dihydrofolic reductase three
fold,26 thus allowing a threefold dilution of the enzyme 
preparation which diluted the total protein and ex
traneous T P X H oxidase a corresponding amount and 
mainly alleviated the base-line difficulty. The use 
of 0.15 M KCT26 is now used in all assays of dihydrofolic 
l'eductase, regardless of source. 

A second set of difficulties was occasionally en
countered with some compounds. If the compound 
was an extremely fast iiTeversible inhibitor (<2 niin), 
difficulty was encountered in obtaining a suitable zero-
point concentration of enzyme due to irreversible in
hibition in the assay cuvette. The presence of tins 
difficulty can usually be detected (a) by the zei'o point 
of pei' cent enzyme with the inhibitor being considerably 
lower than the zero point of the enzyme control, and 
(b) by curvature in the rate of conversion of TPNI1 to 
T F X due to the decreasing amount of enzyme in the 
cuvette because of the irreversible inhibition taking 
place. The first difficulty is avoided by deci'easing the 
contact time between iiTeversible inhibitor and enzyme 
before starting the enzyme assay by adding the in
hibitor to the cuvette, then adding the enzyme aliquot 
last. The second difficulty of rate curvat tue is not 
avoidable, but an accurate zero point can be obtained 
by using a tangent to zero time in the rate curve pro
viding care is taken to observe the pi'esenee of curvature 
(see Fxperiniental Section). With a fast, but good ir-
l'cversible inhibitor that can give > S 0 % inactivation. or 
with a slower iiTeversible inhibitoi', l'cliable results can 
be obtained without the above pi'ecautions; however, 
witli a pool', fast irreversible inhibitoi' that gives <40% 
inactivation. the in-eversible inhibition could be missed 
completely. For example, the irreversible inhibition 
by 7 was variable between 0 and 2 0 % unless the above 
precautions were taken when 30 -50% irreversible in
hibition could be observed with consistency; thus the 
earlier report24 that 7 did not inactivate the dihydro
folic l'eductase from 1.1210 FRS should be tempered by 
the observation that the inhibitor incubation zero point 
was low. 

Enzyme Results.-—The inhibitoi-s (3-13) in Table I 
probe for differences outside the active site where 
evolutionary changes still allowing a functional enzyme 
would have been more apt to have occurred than inside 
the active site." With the irreversible inhibition data 
in Table I it can be concluded that the dihydrofolic 
reductase from the mouse liver, spleen, and intestine 
is different from the enzyme of the thi'ee sti'ains of 

126! .1. 11. Hcr tmu. .1. 1'. I 'erkms. and 1>. G. Johns . iii,.rl., nn-ti-i. 4. K\\i 
i l !)6.-> i. 
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L1210. Smaller differences occur between the L1210/0 
and L1210/DF8 enzymes. However, all these differ
ences are a lower amount of inactivation. of the L1210/0 
enzyme. If the enzyme from these two sources were 
different, then cases should be seen where less inactiva
tion of the L1210/DF8 enzyme occurs; since no such 
case has yet been observed, the differences between 
L1210/0 and L1210/DF8 can be accounted for by the 
earlier described difficulties in assay. The earlier pre
liminary report16 that 4 was a poor irreversible inhibitor 
of L1210/0 proved to be erroneous when proper pre
cautions were taken (Table I). Thus the data obtained 
to date supports the conclusion of Friedkin, et al.,M that 
the dihydrofolic reductase from L1210/FR8 and 
L1210/0 are identical; however, it is still possible that 
compounds will be found that can show that the en
zymes from two sources are not identical. 

Three classes of compounds that can inactivate di
hydrofolic reductase by the active-site-directed mecha
nism have been found: (a) l-phenyl-l,2-dihydro-s-tri-
azines such as 2, 3, and 6-8 ;14,16 (b) 5-phenoxypropyl-
pyrimidines such as 4,16 9, and 10; and (c) 5-phenyl-
pyrimidines with a leaving group on the 6 position such 
as 5,1712, and 13. 

In the first class, 3 can irreversibly inhibit all three 
L1210 enzymes, but is somewhat less effective on the 
mouse liver enzyme. When the side chain of the 1-
phenyl group of 3 moved to the meta position (2), ir
reversible inhibition of both L1210/FR814 and L1210/0 
was lost. When the propionamide bridge of 3 was 
substituted with a /3-CH3 group, the resultant 6 showed 
little change in I50 other than the liver enzyme where 
the change was about fivefold. The enzyme from all 
three strains of L1210 could be partially inactivated by 
0.16 /J.M of 6, but the liver enzyme showed no inactiva
tion; thus the ratio of the rate of covalent linkage to the 
rate of enzyme-catalyzed hydrolysis19'20 is less favorable 
with the L1210 enzyme than in the case of the parent 3. 

When the a-methylene group of 3 was replaced by 
XH (7), both the L1210/0 and L1210/DF8 enzymes 
could still be partially inactivated by 0.16 i*M of 7, 
which is sufficient to reversibly complex 95-98% of the 
enzyme. This XH substitution had less effect on the 
liver enzyme, since 3 and 7 were about equally effective 
as irreversible inhibitors of the liver enzyme. Inser
tion of a 3-chloro atom (8) on the benzene ring of 7 im
proved reversible binding about fourfold; furthermore, 
8 was more effective than 7 and the L1210 enzyme, but 
about as effective as 7 on the liver and spleen enzymes. 

The prototype of the second class of irreversible in
hibition was the triaminopyrimidine (4).16 Xote that 
reversible inhibition only varied about twofold among 
the four sources of dihydrofolic reductase; however, the 
order of effectiveness of irreversible inhibition was more 
variable. The L1210/DF8, L1210/FR8, and L1210/0 
enzymes were still inactivated at near Kx concentration 
of 4, but the liver enzyme was not inactivated at a 4QKi 
concentration. Although this compound (4) showed 
excellent specificity of inactivation of dihydrofolic re
ductase from L1210 with no inactivation of the enzyme 
from liver, its K, was too high for the compound to be 
effective in vivo, as will be discussed later. Insertion of 
an o-Cl on the phenoxy group of 4 enhanced reversible 
binding of the resultant 9 by two- to fourfold; although 

the irreversible inhibition pattern of 9 also showed good 
specificity, the K{ was still too high. 

Replacement of the 6-XH2 group of 4 by CH3 (10) 
could be expected to enhance reversible binding 15-100-
fold;27 however, such a structural change could shift the 
positioning of the S02F moiety within the enzyme-
inhibitor complex sufficiently to destroy either irrevers
ible inhibition or the specificity pattern. In fact, the 
specificity pattern of 10 was the same as the parent 4, 
namely, good irreversible inhibition of the enzyme from 
L1210/0 and L1210/DF8 at 0.05 ixM (1SK;) of 10 with 
no significant irreversible inhibition of the liver 
enzyme with a 200if; concentration of 10; furthermore, 
10 had K{ = 0.003 /iM, about a 100-fold increment in 
reversible binding over 4. However, at a %Ki concen
tration (0.016 ixM), 10 showed only about 60% and at a 
Ki concentration about 10% inactivation of dihydro
folic reductase before the inhibitor was destroyed; in 
contrast, a K[ concentration of 4 (0.4 pM) could give 
85-97% inactivation. The lower effectiveness of 10 
than 4 at a K\ concentration is primarily due to the fact 
that the enzyme concentration in the incubation is 
higher than 0.016 pM, as reported in the last ac
companying paper. 

The third class of compound is represented by 5, 
which at near 2K; concentration was an effective ir
reversible inhibitor of the enzyme from L1210/FR8 and 
L1210/DF8 but was less effective on the enzyme from 
L1210/0; a 70Ki concentration shows only slight ir
reversible inhibition of the liver enzyme. When the 
sulfonyl fluoride group of 5 was moved to para position 
(11), reversible binding was enhanced 5-16-fold. The 
irreversible patterns with 5 and 11 were similar with 
the L1210 enzymes except 11 could operate at a lower 
concentration due to its lower I50, but 11 was not as 
effective as 5 at a 6Ki concentration or lower; unfor
tunately, 13 was a fairly good irreversible inhibitor of 
the mouse liver enzyme, specificity being lost. When 
the methylene group of 5 bridged to the amide was re
moved to give the lower homolog (12), reversible bind
ing changed less than twofold; the specificity pattern 
was also unchanged compared to 5. 

Insertion of a chloro (13) on 12 did not change the 
specificity pattern with L1210 or liver, but did change 
the specificity toward the spleen and intestine enzymes; 
the latter two enzymes were inactivated poorly by 13 
and not at all by 12. 

Liver serves as an admirable source of normal tissue 
for comparison of its dihydrofolic reductase with that 
from L1210. However, there is no a priori reason to 
expect that compounds showing irreversible inhibition 
of the L1210 enzyme and no irreversible inhibition of 
the liver enzyme would also show no inactivation of the 
dihydrofolic reductase from other normal tissues. 
Therefore, the inactivation of the dihydrofolic re
ductase from the spleens and intestines of normal mice 
were investigated with the compounds in Table I. The 
spleen enzyme was as stable as the liver enzyme, show
ing little thermal inactivation in 1 hr at 37°. In con
trast, the intestine enzyme was completely denatured 
under these conditions, but was sufficiently stable at 
25° for 20 min to give some useful information. Since 
most of the inactivation takes place in the first 10 min, 

(27) B. R. Baker, B.-T. Ho, and D. V. Sami, ./. 1'hurm. AVi., 54, 1415 
(196.5). 
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TABLE I (Continued) 
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0.060 
0.12 

0.12 
0.12 
1.0 
2.0 
0.5 
0.50 
0.13 
5.0 
1.0 

1.0 
1.1 

0.53 
0.10 
1.1 
0.16 
1.1 
1.1 
1.1 

——Irreversible0 

% 
E I / 

97 
87 
93 
87 
95 
91 
98 

87 

78 
50 

92 

85 
52 

Time, 
min 

60 
4,60 

60 
2,60 

60 
60 
60 

60 
20 

16,60 
60 
60 
60 
60 
60 
60 

20 
60 

60 
60 
60 
60 
60 
60 
20 

. 
% 

inactvn 

97 
67, 67* 

82 
57, 57-

96 
65 
56 

56* 
35* 

50, 78* 
79* 
43* 
94 
43 

0' 
0* 

0* 
92 

76* 
57* 
89* 
71* 

0* 
38* 
16* 

" The technical assistance of Sharon Lafler, Diane Shea, and Carolyn Wade is acknowledged. b Assayed with 6 y,M dihydrofolate 
and 30 tiM TPNH in pH 7.4 Tris buffer containing 0.15 M KCl as previously described;14 see Experimental Section. c Incubated at 
37° in pH 7.4 Tris buffer in the presence of 60 pM TPNH, then assayed as previously described14 in the presence of 0.15 M KCl unless 
otherwise indicated; see Experimental Section. d I50 = concentration for 50% inhibition. • Estimated from K\ = Km\lK}/[&] which 
is valid since [S] = 6itm = &nM dihydrofolate; see ref 5, p 202. / Estimated from [EI] = [Et]/(1 + X ;/[I]) where [EI] is the amount 
of total enzyme (Et) reversibly complexed; see ref 5, Chapter VIII. « Data from ref 14. * Zero point obtained by adding inhibitor to 
assay cuvette prior to addition of enzyme aliquot;14 see Experimental Section. ' From six-point time study; see ref 14. ' From ref 24. 
* Data from ref 16. ' Data from ref 17. m Data from ref 25. 

comparison of inactivation of the enzyme from the three 
sources is fairly valid if the percentages are grouped. 
For practical chemotherapy, 0-15% inhibition can be 
considered negative ( —), 16-30% as positive (+ ) , and 
greater than 30% as detrimental ( + + )• 

Four compounds (3, 7, 8, 11) showing >30% inacti
vation ( + + ) of the liver enzyme also showed >30% 
inactivation of the enzyme from spleen and intestine. 
Of six compounds (5, 6, 9, 10, 12, and 13) showing a 
( —) rating on liver, 9, 10, and 12 were also ( —) on the 
enzyme from spleen and intestine. Of the remaining 
three, 5 was ( —) on spleen and (+ ) on intestine, 
whereas 13 was ( + ) and 6 was ( + + ) on spleen and 
intestine. 

From these data it is clear that the dihydrofolic re
ductase is different in each of three normal tissues of the 
mouse, namely, liver, spleen, and intestine. The liver 
and spleen enzymes show differences toward 6 and 13 as 
irreversible inhibitors but these two appear more closely 
related to each other than to the intestine enzyme. 

Intact Cell Assays.—Three questions can be asked 
with intact cell systems: (a) does the compound show 
cytotoxicity at an appropriate level, thus showing cell-
wall penetration; (b) if the compound is cytotoxic does 
it show blockade of the expected enzyme system; 
(c) if a compound shows selective irreversible inhibition 
on isolated enzyme systems, would it show selectivity 
of action on a tumor in an animal? 

For cytotoxicity of L1210 in cell culture, ameth
opterin makes a convenient base line. Ameth

opterin has an ED50 of 0.01 ixM to L1210 cells in 
culture28 and has an I50 ~ 0.001 ixM on dihydrofolic re
ductase;29 thus the concentration gradient between 
ED50 and I50 for amethopterin is about tenfold. The 
phenoxypropylpyrimidine irreversible inhibitor (4) 
has an ED50of 45 \iM on L1210/0 cells in culture28 and 
an I5o of 2.7 /xM (Table I); thus the concentration gra
dient between ED50 and I5o is 18-fold clearly showing 
that 6 can penetrate the cell wall, presumably by pas
sive diffusion.16 

The measure of DNA synthesis in cells in tissue cul
ture from 3H-deoxyuridine involves as one of the steps 
the coupled enzyme system thymidylate synthetase-
dihydrofolic reductase for introduction of the 5-
methyl group; thus a compound blocking dihydrofolic 
reductase will block DNA synthesis from 3H-deoxy-
uridine. At 10~7 M, 3 showed complete inhibition of 
DNA synthesis from 3H-deoxyuridine.s0 The con
centration gradient between inhibition of DNA and 
I50 is about 2, showing the cell wall penetration of 3, 
but also showing that 3 can block DNA synthesis as it 
was designed to do.14 

Preliminary assays of the compounds in Table I 
against L1210 in the mouse have been performed with 
only 2-4, 9, and 10.28 The results to date with 2 and 

(28) We wish to thank T>r. Florence White of the CCNSC, National Can
cer Institute, for these data and for her aid in the experimental design. 

(29) (a) Reference 5, pp 197-198; (b) B. R. Baker and J. II. Jordaan, 
J. Heterocyd. Chem., 2, 162 (1965). 

(30) We wish to thank Professor J. R. Bertino, Yale University School of 
Medicine, for this information. 
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3 on L1210/0 in vivo are presented in Table II. Note 
that 2 and 3 are reversible inhibitors of the same mag-

TABLF. II 

In Vivo INHIBITION" OF IJ 1210/0 BY TIIK metu (2) 

AND para (3) ISU.MF.KS OF 

NH, 

N^N^f5) 
NH2kj 

Cuuiptl lao, iiM 

2 0.011 

3 0.012 

\T" CK^^ 

CH 

" Standard OCXS C 

i 

Irrcv 
inhib 

No 

Yes 

screen 

\CH2)2CONH 

Dose. 
m^, k^/ day 

0 
500 
400 
300 
200 
100 
50 

0 
500 
400 
300 
200 
100 
50 

©SQ.F 
N ' 

Survival, 
days 

8 . 5 
Toxic 

9.2 
0.0 
9.0 
S.7 
8.5 
8.5 
8.0 

10.5 
14.6 
10.5 
12.3 
11.7 

% T,'C 

108 
105 
105 
102 
100 

95 
123 
171 
123 
144 
137 

all assays were performed simul 
laneously with the same control group. 

nitude of the dihydrofolic reductase from L1210/0, but 
only 3 is an irreversible inhibitor. No significant life 
extension of the mice bearing L1210/0 was seen with 
the reversible inhibitor 2 at 50-400 mg/kg daily. In 
contrast, the irreversible inhibitor 3 showed significant 
life extension at 50-400 mg/kg daily, the effect peaking 
at 300 mg with a life extension of 71% beyond the con
trols. It should be pointed out that 3 is far from an 
optimum irreversible inhibitor of dihydrofolic reductase 
since it shows little selectivity between L1210, liver, 
spleen, and intestine enzymes; thus the chemotherapeu-
tic index would be expected to be small as was seen in 
Table I. 

Again amethopterin as a "pseudo" irreversible 
inhibitor of dihydrofolic reductase can be taken as a 
base line. The optimum dosage of 1 mg/kg/day will 
extend survival of mice bearing L1210/0 about 100% 
beyond the controls.31 The optimum level of 300 
mg/kg/day of 3 is 300-fold greater than that of am
ethopterin, but the difference in concentration for in
hibition of dihydrofolic reductase may be as large as 
70-fold. Since this discrepancy might have been due 
in part to the poor solubility of 3, a search for a more 
soluble salt was conducted. Less than a twofold dif
ference in solubility was observed between the ethane-
sulfonate of 3 assayed in Table II and the hydrochloride 
and hydroxyethanesulfonate. Less soluble salts 
were the acid phosphate (1:1) and sulfoacetate. Thus, 
solubility of salts of 3 is influenced little by the anion, 
probably because of the high molecular weight and high 
hydrocarbon content of 3. 

Although greater selectivity in inactivation of di
hydrofolic reductase is seen with 4 than 3, the effective 
concentration requirement for 4 is much higher than 3 

uil) A. Goldin, S. R. llumuhreyr., J. M. Vcndiui, and -N. Mantel, J. Natl. 
Vnnver Inst., 22, 811 (1959). 

in vitro. When 4 as the insoluble sulfate salt was as
sayed against L1210/0 or L1210/DFS in vivo, consider
able difficulty was encountered with variable toxicity 
due 1o the difficulty of homogenizing this salt; toxicity 
varied between 100 and 500 nig in different runs with 
no beneficial effect on life extension (Table III).'-* 
This toxicity occurs at a lower dose than would be ex
pected by comparing 3 and 4 as inhibitors of dihydro
folic reductase. That 4 had toxicity for other reasons 
was indicated by little protection by 5-formyltetra-
hydrofolic acid (('I') at a dose that would protect 
against amethopterin toxicity.-8 Similarly, the tri-
aminopyriinidine (9) at nontoxic doses showed no life 
extension of mice bearing L1210/DFS (Table III). 

TABLK 111 

In Vuo INHIBITION" OF L1210 BY 

R SO..F 

IJose, 
No. Hi Its iiM Strain 

1 N i l , II 3.1 L1210/1JF8 

4 M l , II .1210/0 

9 NIL CI 1.2 U 2 1 0 / D F S 

10 CI13 11 0.016 L1210/0 

m/kg/day 

0 
500 
200 
100 
20 

0 
500 
100 
20 

0 
500 
250 
125 
02 

0 
200 
100 
50 
25 
12.5 

dayw 

9.5 
Toxic 
10.5 
10.5 
9.5 
9.5 

Toxic 
10.5 
9.0 

14 
Toxic 

8.5 
12.5 
15 

S.5 
8 . 8 

9.0 
S . S 

S.8 
8.8 

T / C 

111 
111 
100 

111 
95 

61 
89 

107 

103 
105 
103 
103 
103 

" Standard CCNSC screen. 

Based only on enzyme data, it -would be predicted 
that the pyrimidine 10 would be a superior compound to 
3 in vivo since the I.-,0's are comparable and 10 shows 
more specificity; however, this prediction could be 
negated by other important factors in an in vivo assay. 
The in vivo results with 10 are shown in Table III; 
neither toxicity, as seen with the G-amino analog (4), 
nor activity, as seen with 3, was observed in the range 
of 12-200 mg/kg/day of 10. Although disappointing, 
at this early stage of correlation of enzyme data with 
in vivo data these results are not too surprising. It is 
obvious that 10 did not reach the target enzyme in 
sufficient concentration. Although one or more 
factors could cause these negative results, the lack of 
in vivo activity of 10 has been traced to poor cell-wall 
penetration, as presented in an accompanying paper. 
Thus, at best these broken cell enzyme assays can only 
sort out compounds that are worthy of in vivo assay, 
but at this stage give no assurance that chemotherapeu-
tic efficacy will be achieved. 
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Based on the in vitro and in vivo data in Tables I—III, 
the following criteria have been set to establish whether 
or not a candidate irreversible inhibitor is worthy of 
studies with tumor-bearing animals. 

(1) The compound should have an I60 of 10~7 M or 
less, which is equivalent to K; < 2 X 10~8 M, on the 
tumor dihydro folic reductase. This low an I50 is needed 
for a reasonable degree of reversible specificity for di
hydrofolio reductase compared to other enzymes in the 
animal.32 

(2) At a K\ concentration, the inhibitor should show 
>70% inactivation of the tumor dihydro folic reductase 
in 60 min at 37°. At this concentration, 50% of the 
total enzyme will be in the form of the reversible E- • • I 
complex, the rate-determining species for active-site-
directed irreversible inhibition.33 If a concentration 
of inhibitor at QK{ or 30.^ is needed to inactivate the 
enzyme, due to enzyme-catalyzed hydrolysis of the 
S02F group,19,20 then reversible inhibition of dihydro-
folic reductase from other tissues becomes a serious 
problem and the specificity achievable with an irrevers
ible inhibitor will be lost. 

(3) Less than 20% inactivation of liver dihydrofolic 
reductase should occur with a &-12K[ concentration of 
candidate irreversible inhibitor; this is possible to 
achieve if the liver enzyme is either not inactivated or 
can rapidly catalyze hydrolysis of the S02F group.19,20 

The search for compounds meeting the above criteria 
for in vivo assay, as well as studies on cell-wall penetra
tion, are continuing. 

Chemistry.—The synthesis of compounds 2, 3,14 

4,16 5,17 6,25 and 734 have been previously described. 
The synthesis of 8,34 9,35 10,36 l l ,8 7 12,38 and 1338 are 
described in the papers that follow. 

(32) (a) Reference 5, pp 246-252; (b) B. R. Baker and J. H. Jordaan 
J. Heterocycl. Chem., 4, 31 (1967), paper LXXXIII of this series. 

(33) For the kinetics of irreversible inhibition see (a) ref 5, Chapter 8; 
(1)) B. R. Baker, W. W. Lee, and E. Tong, J. Theoret. Biol., 3, 459 (1962). 

(34) B. R. Baker and G. J Lourens, J. Med. Chem.. 12, 101 (1969), paper 
CXLI of this series. 

(35) B. R. Baker and R. B. Meyer, Jr., ibid., 12, 104 (1969), paper 
CXLII of tliis series. 

(36) B. R. Baker and R. B. Meyer, Jr., ibid., 12, 108 (1969), paper CXLIII 
of this series. 

(37) B. R. Baker and N. M. J. Vermeulen, ibid., 12, 86 (1969), paper 
CXXXVII of tliis series. 

(38) B. R. Baker and X. M. J. Vermeulen, ibid., 12, 82 (1969), paper 
CXXXVI of this series. 

Experimental Section 

Enzyme Preparations.—Dr. Florence White of the CCNSC, 
National Cancer Institute, kindly provided L1210/0 grown sub-
cutaneously as a solid tumor and L1210/DF8 in infiltrated 
spleens; liver, spleen, and intestine were from normal BDFi 
mice. The preparation of extracts of L1210/FR8 or mouse 
liver containing dihydrofolic has been previously described.14'15 

The dihydrofolic reductase from spleen, intestine, and L1210/0 
was a 45-90% ammonium sulfate fraction prepared as described 
for mouse liver.14.16 The mouse intestine enzyme was unstable 
at 5° with a half-life of about 4 days; this enzyme was therefore 
stored at —15° in aliquots sufficient for 1 day's assays. The 
L1210/DF8-infiltrated spleens were extracted with 10 ml/g 
of 0.05 M Tris buffer (pH 7.4) in a Waring Blendor, then cen-
trifuged at 20,000 rpm for 20 min. A final volume of 1.5 ml/g 
of L1210/0 gave an OD change of 0.0073 unit/min when 25 ^1 
was assayed in 1 ml of solution without KC1.14 The L1210/DF8 
extract (9 ml/g) showed 0.055 OD unit/min under similar condi
tions; thus the infiltrated spleens contained 50-fold more enzyme 
than the subcutaneous L1210/0 per gram of tissue. 

Enzyme Assays.—A number of improvements in assay condi
tions have been incorporated since the last description.14 

(1) By use of a 0.15 M cuvette concentration of KC1 (0.17 M 
in the buffer), the rate of the enzyme reaction was enhanced26 

three-, two-, and fourfold, respectively, with the enzyme from 
L1210/0, L1210/DF8, and liver; KCf was not used in the incu
bations, but only in the aliquot assay. 

(2) In determination of the reversible I50 of these sulfonyl 
fluorides, the shape of the rate line should be noted. If ir
reversible inhibition with a compound is slow, then the rate line 
will be linear until almost all the dihydrofolate has been con
sumed. With a fast irreversible inhibitor such as 3 or 6, the 
enzyme rate will show curvature; in such cases, single cuvettes 
are run with fast mixing and the initial rate is taken by drawing a 
tangent to zero time. 

(3) The same caution on curvature must be used for determi
nation of a zero point in the incubation with an inhibitor. 

A good fast irreversible inhibitor showing > 7 0 % irreversible 
inhibition was readily measured by adding the inhibitor to the 
zero-point aliquot, but a poor, fast irreversible inhibitor showing 
< 4 0 % irreversible inhibition could be missed. In order to avoid 
missing a fast, but low total amount of irreversible inhibition, 
the presence of curvature in the zero-point assay or a low zero 
point requires a considerable number of runs to obtain a rea
sonable average number for the amount of irreversible inhibition. 
For example, a wrong zero point for 7 will be obtained if these 
precautions are not observed. The procedure for fast irreversible 
inhibitors is now used in all assays, that is, the inhibitor is added 
to the assay cuvette in the appropriate concentration rather than 
adding the inhibitor to the zero-time aliquot cooled in an ice 
bath,14 and any curvature is corrected by a tangent to zero time. 


