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The Effect of Some Heterocyclic Disulfides and Thiones on the
Carbohydrate Metabolism of Ehrlich Ascites Tumor!
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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.
3-Cyano-(2-thiopyridone) appears to prevent the aerobic utilization of exogenous glicose, whereas

metabolism.

Two thiones however affect carbohydrate

benzothiazole-2-thione causes a partial reversal of the Crabtree effect.

We have recently studied the effect of some thione-
forming disulfides on the carbohydrate metabolism
of Ehrlich ascites tumor cells,>® and their interaction
with Ehrlich ascites cells and homogenates.*=* 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(izonicotinic 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.’

Materials and Methods.—Swiss mice, bearing 5- to
10-day old ascites tumor, were sacrificed by cerviecal
fracture. The fluid was collected, pooled, heparinized
(50 USP units/ml), and used immediately. Mano-
metric determinations were carried out in a conven-
tional Warburg apparatus at 37°. Readings were taken
at H-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.?

The isotopic experiments were performed as de-
seribed elsewhere;® 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.t578
The thiones were stable to air oxidation with the
exception of the amino derivative II, which was
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ibid., 10, 1170 (1967).
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41 (1967).
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macol., 18, 603 (1969).
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(8) The reaction of XI with thiols, which we have not reported previously,
leads also quantitatively to the thione V.
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Figure 1.—Effect of H-cyano-2-thiopyridone (IV) on aerobic
production of MCO, from ['C]glucose by Ehrlich ascites tumor
cells. Each flask contained 30 wmol of ['*C]glucose (1 pCi)
and about 50 X 10% washed Ehrlich ascites cells (about 15 mg
dry weight) in Krebs-Ringer phosphate bufter (pH 7.2). Total
volume per flask was 3.0 ml. Incubations were carried out at
37°. 1CO,; was collected and counted as reported previously:®
(O) 1CO; production by washed Ehrlich ascites cells; (A) 1#CO;,
production in the presence of 3 umol of IV. (A) Evolution of
UCO, from 1-[“Clglucose (0—COs, 95:5). The figures plotted
were obtained by subtracting the values for *CO; recovery using
6-[1*Clglucose from those obtained using 1-['*C]glucose. (B)
Evolution of 1CO, from 6-[1*C]glucose (0,-CO,, 95:5).

readily oxidized to the disulfide,” and could therefore
not be studied under the present experimental condi-
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Figure 2,—Effect of benzothiazole-2-thione (V) on aerobie
production of *CO, from [*C]glucose by Ehrlich ascites tumor
cells. See Figure 1 for experimental conditions. (Q) *CO; pro-
duction by washed Ehrlich ascites cells; (A) 1*CO, production
in the presence of 3.0 yumol of V. (A) Evolution of *CO; from
1-[1#*Clglucose (0:-CO,, 95:5). The figures plotted were obtained
by subtracting the values for 1*CO, recovery using 6-['*C]-
glucose from those obtained using 1-['*Clglucose. (B) Evolu-

tion of 4C0sx from 6-[*Clglincose (0.-CO4, 95:3).

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

Thiones.—Wlhereas 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 709.. Further studies with 1-[*C]glucose
and 6-[1*C|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
14CO, from 1-["C]glucose, after an initial stimulation,
soon comes to a standstill (Figure 1A). The conver-
sion of the C-6 of glucose to CO; can be used as a mea-
sure of oxidation via the Krebs cycle, Results pre-
sented in Figure 1B 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 Qo, (G), also stimulates
aerobic and anaerobic glycolysis, The stimulation
of Qo, (G) corresponds to an apparent reversal of the
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Figure 3.—Effect of 2,2'-dithiobis(3-aminopyridine) (VIII)
on aerobic production of 3*CO,; from [**C]glucose by Ehrlich
ascites tumor cells, See Figure 1 for experimental conditions.
(O) 1CO; production by washed Ehrlich azcites cells; (A) 1#CO,
production in the presence of 1.5 pmol of VIII. (A) Evolution
of 1*CO; from 1-[1C]glucose (0.—C0s, 95:5). The figures plotted
were obtained by subtracting the values for ¥CO; recovery using
6-[1*C]glucose from those obtained using 1-[14C]glucose. (B)

Evolution of 1COs from 6-[*C]glucose (0,-COs, 95:5).

Crabtree effect? of about 50, as measured manometri-
cally. Results of experiment: using the C-labeled
gluecoses (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
cyele (Figure 2B). Thus, the observed manometric
stimulation of @q, (G) is confirmed by the isotopic
experiments and appears to be due to a partial reversal
of the Crabtree effect.

Disulfides.—Disulfides VII and XTI 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 VIIL inhibits Qo. and glycolysis, and
causes a 30-509, 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., 28, 336 (1929).
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the Krebs evele (Figure 3B). The stimulation of
Qo. ((1) is thus not due to a reversal of the Crabtree
effect, but is presumably associated with the huge
stimnlation of the HMP pathway. Previously we
have observed that 2,2'-dithiodipyridine also stimulates
the HAP pathwav® although to a lesser extent thin
VIIT. With both disulfides, the initinl stimulation
1s followed by an inhibition.

Disulfides IN and N, at the low concentrations
permitted by thetr hmited solubility (about 10-* 3/,
mhibit (g, (only in the absence of added glueoses,
and have no effect on glveolysis.

Compound XIT it a strong inhibitor of o, and of
0%, while Qo, (G) and Q. aro relatively unaffected.

In general, the results obtained with disulfides
confirm onr previous obzervations of metabolie effects
with strueturallyv related nnalogs.®

Cofactor Inhibitors of Thymidylate Synthetase.

Among the thiones studied i this report, J-exvium-
(2-thiopyvridone;  (1V), which pppears e provent
utilization of exogenous glucose vie the Krebs eved:
and the HMP pathiway, s unique. This effeer s
probably not due to any metibolic conversion 1o s
corresponding disulide N, or 1o hyvdrolvsis of N
to COOH, mw cither the thione or the disulfide, <mee
these have been shown not to eanse <ich effects
Thione V., which reverses the Crabtree effeet, pre-
sumably acts ax the thione rather than the disubfide,
because the solubility of the disulfide NT i~ voo baw
ta elielt incetabolic effects,
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Tetrahydroquinoline Analogs of Tetrahydrofolic Acid'*
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The inhibition of the enzymes thymidylate synthetase and dihydrofolate reductase was examined with a

seriex of pyridine and quinoline compounds and their rednced derivatives.

Condensation nf erthyl p-nmino-

benzoate nr ethyl p-aminobenzoylglntamate with pyridine-2-carboxaldehyde followed by reduction of the

Schiff baze gave the corresponding secondary amines, 3a and 3b.
p-N-(2-piperidvlmethyl)aminobenzoate 4a and the glutamate 4b.
uracil gave 2-p-carbethoxyphenyl-3-(3-uracil)octahydroimidazo[1,3-a]pyridine 5a and the

Catalytie reduetion of 3a nud 3b yielded erhyl
Conden=zation of 4a or 4b with S-formyl-
corresponding

glutamate analog 5b. The synthesis of analogous series (11-13) starting {rom quinoline-2?-carboxyaldehyde

utilized the same procedure.

niethyl)aminobenzoate (7a), the glutamate 7b, and the J-piperidyl analog 8 were prepared.

Similarly, starting with pyridine-3-carboxvaldehyde, ethyl p-N-id-pyridyl-

Enzyme inhibition

studies revealed the zaponification product of 7b to have highext activity againzt the synthetase [{7b sall;
(bL-THFA) = 0.12 for 509, inhibition] while 12 was most inhibitory against the reductase [(123. (DHFA ) = <

for 50¢; inhibition].

Thymidylate synthetase catalyzes the reductive
methylation of 2'-deoxvuridine 3'-phosphate using
N N-methylenetetrahydrofolic acid as the cofactor in
the 1-C transfer.?  This observation hax led to the
investigation of analogs of this eofactor for inhibition
of the enzyme.”*? These studies have examined the

1) This work was supporced by Grant CA 7522 and [N3-CA-I0V3Y frow
the National Cancer lnstitutes, National Institutes of Mealtl. Taken in
part fron the dissertation presented by A, J. Lin to the Graduate School,
Tuiversity of Kansag, in partial fufillinent of the renmirernents fur the Doetny
of Philosophy Depree.

i2) For previous stadies in this series see: {a) M. P. Merces and N, R,
Paced, J. Uel. Chem.. 9, 868 (196G). Ly M, P. Mertes and Q. Gilman.
rhnt., 10, V6H (1967). 1y ML P, Meries awd AL L Lin, thd. 18, 77 (197,

13} For references on this enzyme see: ia) A. 1. Walba and M. Friedkin.
J. Biol. Chem., 237, 3704 (1962). L) R. Blakley, 4., 238, 2113 (1463;.
vy P Reyes and C. Heidelberger, Mol Pharmaovol., 1, 14, (1965).

1) {a) R, L. Kislivk, Nuture, 188, 584 {1960}. ih) M. I'riedkin, 1. ).
Crawford, and D. Misra, Fel. Proe.. 21, 176 {1962). ey A J. Wahta and
M. ¥riedkin, J. Biol. Chem., 236, I'('11 (19611, +d) R. 1., Kishhukand M. Ib.
Levine, thol., 239, 1901 (1964). fe) L. Goodman, et nl., J. Amer. Chem. Sor.,
86, 3D8 (1u6d). () G. L. Tong, W. W. Lee, and L. Goodwman, li/., 86,
a664 11064).  (g) B, R. Baker, B. I. Mo, aud T. Neilson, J. Heteroryrl.
Chem.. 1, YU 11964), 1h) B. R. Baker, B. 1. Ho, and G. R, Chlieda, ..
1, 88 (1464). (i) J. A, R. Mead, A, Goldin, R. L. Kisliuk, M. Friedkin. 1..
Plante, 5. 1. Crawford, and G. IKwok. Concer Res., 26, 2374 (1966). 1)y
1.. Mante, E. 1. Crawford, and M. Friedkin, J. Biol, Chem., 242, 116G
y1067). (k) ¥. 8. Gupta and F. M. lluennekens, Biochemistry, 6, 2168
1067). 11) K, Slavik and 2. I Zakrzewski, Wol. Phurmacol., 8, 370 (1867).
ony D, Livingston, E. J. Crawford, and M. Friedkin, Biochemistry, 7, 281+
CI6R), (ny 8, BL Horwitz and R. L. Kishuk, J. Med, Chem., 11, 907 {1068;.

structural features essential for binding of tlate analoys
to dihvdrofolate reductase and thynndyvlate svnthetise.

Previous studies from these luboratories have shown
that the pyrimidine ring motety of the pteridine system
ix 1ot eszential for binding to thymidyvlate syvnthetase
and in faet may contribute lttle to bindig.** The
common features for inhibition were found i models
contalning the analogous N, Ng, and Ny, of the cofactor,

The purpose of this study 1s the design and synthesis
of models to examine the requirements for both the
analogous N; and Ny In the cofactor. Therefore 2- and
s-substituted  pyridines, piperidines. quinolines. s
tetrahvdroquinolines were prepared containing  the
nmethylaminobenzoate  or methylaminobenzoyvlghiti-
mate groups. In addition, the 2-pipertdyl (4; and 2-
tetrahvdroquinolvl (12) derivatives were condensed
to give anulogs (5 and 13) of the propo=ced mtermediate
in the enzymatie reaction.”

The synthesis of componnds in the 2- und 3-piperidine

o) Lo T Welnstoek, DL . O Brien, aml Co Co Chene, £ 11, 1238 (1hax;,
0 DLV Santi, J Hetemwyol, Chem., 4, 375 119671

() B R. Baker, "Design of Aerive-Site-Directerd Irreversihile oayvine
Inbibitors.  The Organic Chemstry nf the Active Sive” Jobn Wiley «
Enns, Ine.. New York, N. Y. 1067,

i6) M. Frivdkin, Fea. o, 18, 230 (1930): M. Friedkisnoin 7 The Kineties
of Celluar Proliferation.’” 1. Stobbaan, ¥d., Grune and Sorpccon, Neyw
York, NoY. 10300 n hh,



