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The effect of six thione-forming disulfides and five corresponding thiones on carbohydrate metabolism of 
Ehrlich ascites tumor has been studied by manometric and isotopic methods. The effects observed confirm 
previous observations in that basic disulfides are strong inhibitors of glycolysis and respiration, while acidic 
disulfides, as well as most of the thiones, have little or no effect. Two thiones however affect carbohydrate 
metabolism. 5-Cyano-(2-thiopyridone) appears to prevent the aerobic utilization of exogenous glucose, whereas 
benzothiazole-2-thione causes a partial reversal of the Crab tree effect. 

We have recently studied the effect of some thione-
forming disulfides on the carbohydrate metabolism 
of Ehrlich ascites tumor cells,2,3 and their interaction 
with Ehrlich ascites cells and homogenates.4-6 In 
our continuing study of the effect of disulfides and 
thiols on cell metabolism, we are now presenting the 
results obtained with several thione-forming disulfides 
and the corresponding thiones. These disulfides have 
the property of reacting with thiols in an essentially 
complete and irreversible manner, as exemplified by 
2,2'-dithiobis(isonicotinic acid). The products are a 
disulfide and a heterocyclic thione (in this case 4-
carboxy-2-thiopyridone). The thione nature of these 
compounds is evidenced by their uv spectra.7 

Materials and Methods.—Swiss mice, bearing 5- to 
10-day old ascites tumor, were sacrificed by cervical 
fracture. The fluid was collected, pooled, heparinized 
(50 USP units/ml), and used immediately. Alano-
metric determinations were carried out in a conven­
tional Warburg apparatus at 37°. Readings were taken 
at 5-min intervals for 1 hr or more after introduction of 
the compound under study. The detailed procedure 
for the manometric experiments, as well as the deter­
mination of solubilities, was given previously.2 

The isotopic experiments were performed as de­
scribed elsewhere;6 the experiments with IV and V 
were performed three times, those with VIII twice, 
all with closely agreeing results. The result of one 
individual experiment with each compound is reported 
in Figures 1,2, and 3. 

Results 

Each disulfide used (Table I) reacted quantitatively 
with cysteine to give the corresponding thione.4'6'7'8 

The thiones were stable to air oxidation with the 
exception of the amino derivative II, which was 

(1) This investigation was supported by Public Health Service Research 
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macol., IS, 603 (1969). 

(6) D. R. Grassetti and J. F. Murray, Jr., ibid., 17, 2281 (1968). 
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(1969). 
(8) The reaction of XI with thiols, which w'e have not reported previously, 

leads also quantitatively to the thione V. 

Figure 1.—Effect of o-cyano-2-thiopyridone (IV) on aerobic 
production of 14C02 from [I4C]glucose by Ehrlich ascites tumor 
cells. Each flask contained 30 /jmol of [uC]glucose (1 ,uCi) 
and about 50 X 106 washed Ehrlich ascites cells (about 15 mg 
dry weight) in Krebs-Ringer phosphate buffer (pH 7.2). Total 
volume per flask was 3.0 ml. Incubations were carried out at 
37°. 14C02 was collected and counted as reported previously:6 

(O) 14C02 production by washed Ehrlich ascites cells; (A) 14C02 

production in the presence of 3 ,umol of IV. (A) Evolution of 
14C02 from l-[14C]glucose (0 2 -C0 2 , 95:5). The figures plotted 
were obtained by subtracting the values for l 4C0 2 recovery using 
6-[14C]glucose from those obtained using l-[ l4C]glucose. (B) 
Evolution of 14CO, from 6-[14C]glucose (0 2 -C0 2 , 95:5). 

readily oxidized to the disulfide,7 and could therefore 
not be studied under the present experimental condi-
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Figure 2.—Effect of benzothiazole-2-thione (V) on aerobic 
production of 14C02 from [14C]glucose by Ehrlich ascites tumor 
cells. See Figure 1 for experimental conditions. (O) 14C02 pro­
duction by washed Ehrlich ascites cells; (A) 14C02 production 
in the presence of 3.0 ,umol of V. (A) Evolution of 14C02 from 
l-[14C]glucose (,02-C02, 95:5). The figures plotted were obtained 
by subtracting the values for 14C02 recovery using 6-[uC]-
glucose from those obtained using l-[14C]glucose. (B) Evolu­
tion of 14COo from 6-[14C]glucose (02-C02, 95:5). 

tions. Results of the manometric experiments are 
reported in Table I. 

Thiones.—Whereas thiones I, III, and VI have 
marginal effects, IV and V elicited a significant meta­
bolic response. Compound IV caused a stimulation 
of Qo, (G), and had no effect on the other properties 
studied (Table I). This stimulation corresponds to 
an apparent reversal of the Crabtree effect amounting 
to about 70%. Further studies with l-[14C]glucose 
and 6-[14C]glucose as substrates were undertaken. The 
aerobic metabolism of glucose by Ehrlich ascites cells 
via the hexose monophosphate (HMP) pathway in 
the presence of IV, as judged from the production of 
I4CO> from l-[14C]glucose, after an initial stimulation, 
soon comes to a standstill (Figure 1A). The conver­
sion of the C-6 of glucose to C02 can be used as a mea­
sure of oxidation via the Krebs cycle. Results pre­
sented in Figure IB suggest that IV exerts an inhibitory 
activity on this cycle. A more detailed study of the 
metabolic effects of this interesting compound is in 
progress and will be reported elsewhere. 

Thione V, while stimulating Qo2 (G), also stimulates 
aerobic and anaerobic glycolysis. The stimulation 
of Q0, (G) corresponds to an apparent reversal of the 

Figure 3.—Effect of 2,2'-dithiobis(5-aminopyridine) (VIII) 
on aerobic production of 14C02 from [14C]glucose by Ehrlich 
ascites tumor cells. See Figure 1 for experimental conditions. 
(O) 14C02 production by washed Ehrlich ascites cells; (A) 14C02 
production in the presence of 1.5 ^mol of VIII. (A) Evolution 
of 14C02 from 1-[14C] glucose (02-C02, 95:5). The figures plotted 
were obtained by subtracting the values for 14C02 recovery using 
6-[14C]glucose from those obtained using l-[14C]glucose. (B) 
Evolution of "COofroro 6-[l4C]glucose (02-C02, 95:5). 

Crabtree effect9 of about 50%, as measured manometri-
cally. Results of experiments using the 14C-labeled 
glucoses (Figure 2) show that V caused a slow inhibi­
tion of the HMP pathway under these conditions 
(Figure 2A), and a moderate stimulation of the Krebs 
cycle (Figure 2B). Thus, the observed manometric 
stimulation of Qo2 (G) is confirmed by the isotopic 
experiments and appears to be due to a partial reversal 
of the Crabtree effect. 

Disulfides.—Disulfides VII and XI have little effect 
on the manometric characteristics of Ehrlich ascites 
cells. Whereas this lack of effect may be due to the 
relative insolubility of compound XI, this is not the 
case of compound VII. 

Compound VIII inhibits Qo„ and glycolysis, and 
causes a 30-50% stimulation of Qo> (G), which is 
followed by inhibition after 1 hr. Isotopic experi­
ments carried out under aerobic conditions (Figure 3) 
showed that VIII causes a large stimulation of the HMP 
pathway (Figure 3A), and a moderate inhibition of 

(9) H. G. Crabtree, Biochem. J., 23, 536 .1929). 
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the Krebs cycle (Figure 3B). The stimulation of 
Qoi ((>) is thus not due to a reversal of the Crabtree 
effect, but is presumably associated with the large 
stimulation of the H M P pathway. Previously we 
have observed that 2,2'-dithiodipyridine also stimulates 
the H M P pathway,r> although to a lesser extent than 
V H P With both disulfides, the initial stimulation 
is followed by an inhibition. 

Disulfides IX and X, at the low concentrations 
permitted by their limited solubility (about 10~r' .1/), 
inhibit QQ, (only in the absence of added glucose), 
and have no effect on glycolysis. 

Compound X I I is a strong inhibitor of QQ, and of 
Qcd, while Qo, (G) and Qca. are relatively unaffected. 

In general, the results obtained with disulfides 
confirm our previous observations of metabolic effects 
with structurally related analogs.3 

Among the thiones studied in this report. .Veyano-
(2-thiopyridone) (IV), which appear- to prevent 
utilization of exogenous glucose ria the Krebs evoir 
and the H M P pathway, is unique. 'I'lli.- el'feci i-
probably not due to any metabolic conversion to ii-
corresponding disulfide X, or lo hvdrolvsi- of C \ 
to COOH, in either the Ihione or the disulfide, since 
these have been shown not to cause such effect- :; 

Thione V, which reverses 
stimably acts as the thione 
because the solubility of tl 
lo elicit metabolic effects. 

the Crabtree effect, piv-
rather than the disulfide, 

ic disulfide XI i- too low-
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Cofactor Inhibitors of Thymid i l a t e Synthetase. Piperidine and 
Tetrahydroquinoline Analogs of Tetrahydrofolic Acid12 

M A T H I A S P. M E K T E S AND A. .J. LIN 

Department of Medicinal Chemistry, School of Phiirmai://, Cnircrxitti of Kansa*. Laivrtrici, Kansas HH0.'t\ 

Hi a in it October 2, 1U6H 

The inhibition of the enzymes thymidylate synthetase and dihydrofolate reductase was examined with a 
series of pyridine and quinoline compounds and their reduced derivatives, ('ondensation of ethyl p-amino-
benzoate or ethyl ju-aminobenzoylglutamate with pyridine-2-carboxaldehyde followed by reduction of the 
Schiff base gave the corresponding secondary amines, 3a and 3b. Catalytic reduction of 3a and 3b yielded ethyl 
p-.V-(2-piperidylmethyl)ammobenzoate 4a and the glutamate 4b. Condensation of 4a or 4b with o-form\ 1-
uracil gave 2-p-carbethoxyphenyl-3-(.j-uracil)octahydi ,oimidazo[l,.i-a]pyridine 5a and the corresponding 
glutamate analog 5b. The synthesis of analogous series (11-13) starting from quinoliiie-2-carboxyaldehyde 
utilized the same procedure. Similarly, starting with pyridine-3-carboxyaldehyde, ethyl p-.Y-i.'i-pyridyl-
methyl)aminobenzoate (7a), the glutamate 7b, and the 8-piperidyl analog 8 were prepared. Enzyme inhibition 
studies revealed the saponification product of 7b to have highest activity against the synthetase [i,7b salt 
( D L - T H F A ) = 0.12 for 5 0 ^ inhibition] while 12 was most .inhibitory against the reductase |(12) (l)HFA = s 
for ")0("c inhibition]. 

Thymidylate synthetase catalyzes the reductive 
methylation of 2'-deoxyuridine o'-phosphate listing 
AT

5,Ario-methylenetetrahydrofolic acid as the cofactor in 
the 1-C transfer.3 This observation has led to the 
investigation of analogs of this cofactor for inhibition 
of the enzvme.-'4-5 These studies have examined the 

,1) This work was s u p p o r t e d by G r a n t (."A 7522 and I K8-CV-I0739 from 
the N a t i o n a l Cance r I n s t i t u t e s , N a t i o n a l I n s t i t u t e s of Hea l th . T a k e n in 
pa r t from the d i s se r t a t ion presen ted by A. ,1. Lin to the G r a d u a t e School. 
Un ive r s i ty of Kansas , in par t ia l fulfillment of the r equ i rement s for the Doct or 
of Phi losophy Degree . 

(2) For p rev ious s tud ies in this series see: (a) M . P . Mer t e s and N. K. 
Pate!, ./. Med. Chem.. 9, 868 (1966). (h) _M, P. M e r t e s and Q. O i lman . 
iiiiil., 10, 965 (1967). (c) M . P. M e r t e s and A. ,]. Lin. M,l.. 13, 77 (1970!. 

• 3) Por references on this e n z y m e see: (a) A. .1. W a h b a and M. Fr iedk in . 
./. Biol. Chem.. 237, 379+ (1962). il>) H. Hlakley, ihi.l.. 238, 2113 (1983; . 
<co P. Reyes and C. Ueidelberger , .Vol. Pharmacol., 1, 14. (1965). 

• 4) (a) R. L. Kisl iuk, Suture. 188, 584 ( I960) , (b) M . Fr iedkin , K. ,1. 
Crawford , a n d D . Mis ra . Fed. J'roc. 21 , 176 (1962). (c) A. ,1. W a h b a and 
M . F r i edk in , ./. Biol. Chem.. 236, PC11 (1961). (d) R. L. Kisliuk and M . I ) . 
Levine , ibid., 239, 1901 (1964). (e) L. G o o d m a n , et til., ,/. Arner. Chem. ,Soc, 
86, 308 (1964). (f) G. L. T o n g , W. W. Lee, a n d L. G o o d m a n , ilivL, 86, 
5664 (1964), (g) 15. R. Raker , P . T . Ho, a n d T. Neilson, ./. Heterocijrl. 
Chem.. 1, 79 (1964), th) 13. R. Haker, H. T. Ho, a n d G. R. C h h e d a , i'riii.. 
1, 88 U964) . (i) J. A. R. M e a d . A. Goldin , R. L. Kisliuk, M . Fr iedk in . I.. 
P l a n t e , K. J. Crawford , and G. Kwok . Cancer Res., 26, 2374 (1966). ijl 
L, P l a n t e . E. J. Crawford , a n d M. Fr iedk in , / . Biol. Chem., 242, 1466 
11967). (k) V. S. G u p t a and F. M . t l u e n n e k e n s , Biociiemidry, 6, 2168 
(1!)67). i l ) K. Slavik and S. F . Zakrzewski , Mol. Pharmacol., 3 , 370 (1967). 
in) D. Livingston, F . J. Crawford , and M . F'riedkin, Biochemistry, 7, 281-1 

•.15*08). (n) S. Ii . Horwi tz a n d R. L. Kisliuk, .1. Med. Chem., 11, 907 (1968). 

structural features essential for binding of folate analogs 
to dihydrofolate reductase and thymidylate synthetase. 

Previous studies from these laboratories have shown 
that the pyrimidine ring moiety of the pteridine system 
is not essential for binding to thymidylate synthetase 
and in fact may contribute little to binding.2" , c The 
common features for inhibition were found in models 
containing the analogous X5, X8. and X1(, of the cofactor. 

The purpose of this study is the design and synthesis 
of models to examine the requirements for both the 
analogous X5 and X s in the cofactor. Therefore 2- and 
^-substituted pyridines. piperidine-. quinoline.-. and 
tetrahydroquinolines were prepared containing the 
methylaminobenzoato or mothylaminobenzoylgluta-
mate groups. In addition, the 2-piperidyl (4,) and 2-
tetrahydroquinolyl (12) derivative- were condensed 
to give analogs (5 and 13) of the proposed intermediate 
in the enzymatic reaction." 

The synthesis of compounds in the 2- and o-piperidine 

io) L. T. Weins tock . 1). K. O ' l i r ien . and C. C. Cheng . ihw.. 11 , 1238 (196*1. 
(Ii) D. V. Sant i , ./. Htterocyl. Chem.. 4, 475 (1967>. 

5) 15. R. P>aker, "Des ign of Act ive-Si te -Diree ted I r revers ib le E n z y m e 
Inh ib i to r s . T h e Organic C h e m i s t r y of the Act ive S h e , " J o h n Wiley ,V 
Sons, Inc . . New York. N. Y.. 1967. 

• 6j M. Fr iedkin . Fee. Pro,-., 18, 230 (1959): M. Fr iedkin i n ' T h e . Kinet ic-
of Cellular Prol i fera t ion ," 1'. S toh lman , Fd. , G r u n e ;tnd S t r a t t o n . \>v . 
York, N". Y.. 1959. p 99. 


