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A study wax made of the pussible mechanisms vf inhibition of the growth of Ichrlich aseites careinonia by the
Tollowing pyrimidine analog=: J-flioroovotic aldehyde (I1T), 2-thio-)-fluvroorstic aldehyde (IV), 2-werhylme-
capto-d-finoroorotic aldehyde (1), 2-ethylmercapto-H>-flioroorntic aldehyde (V1) and 6~ 2-thio-4-oxy-6-pyrimi-

dylmethylidene)-)’-0ox0-2’-phenyloxazoline (VII).

dylme | ! Among the pyrimidine analogs tested only VI and VII
inhibited incorporatiou of orotic acid-6-*C into RNA and DNA /n vitro.
orotic acid to orotidylic acid was the main cause of the inhibition of RNA syvnthesis.

The inhibition vf the conversion ol
The incorporation of

[brmate-1*C into purines of RN A was inhibited by the compounds IIT, IV, V, and VI iu contrast (o the lack of

effect of H-fluorouracil (FU).

: ) These analogs, III-VI, alx inhibited ineorporation of formate-4C and thyumi-
dine-*I into DNA-thymine, but FU inhibited formate incorporation vuly.,

The incorporation of formate-1*(,

glycine-1-1C, aud phenylalanine-1-C into proteins was inhibited markedly by the analogs IIT-\T and 2-thio-

vrotic aldehyde (1.

We have previously reported on the synthesis of
antitumor derivatives of 6-pyrimidinecarboxaldehydex:
Schiff bases, hydrazoues,®* methylidenerhodanines, a-
keto aecids, a-thioketo acids, and a-oximino acids.*

Tutroduction of a fluorine atom at C-5 of the pyrimi-
dine ring of 6-pyrimidinecarboxaldehyde markedly in-
creased the antitumor activity.® Walker® reported
that 6-(2-thio-4-oxy-6-pyrimidylmethylidene)-5’-o0x0-
2’-phenyloxazoline i¢ another derivative of the pyrimi-
dine aldehyde with potent antituimor activity against
Ihrlich ascites carcinoma,

Heidelberger, el al..” found that A-fluorouraeil, its
nucleoside (I'UR).® and its deoxynucleoside (I'dUR)
inhibit the synthesis of RNA and DNA.  The principal
auxe of the inhibition of DN A syuthesis iz the block of
the couversion (by thymidylate synthetase) of dUMI
to TADP by I'dUNMDP.* The possible site involved in
the inhibition of RNA synthesis is uridinephosphoryl-

asxe. ! However, I'U and its derivatives do not inhibit
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imeorporation of formate into purines of nucleie acids’
and of amino acidx into proteins, 't

The present paper is concerned with a study of the
effects of the derivatives of 4-oxy-3-fluoro-6-pyrimidine-
carboxaldehyde (5-fluoroorotic aldehyde) on the svn-
thesix of nuecleic acids and proteins in Ehrlich aseites
arcinoma cells in vitro. Data are presented on the in-
hibition of the syvnthesis of RNA-purinex and -—pyrimi-
dines, DNA-thymine, and proteins, and comparisons
are made between these derivatives of 5-fluoro-6-pyrimi-
dinecarboxaldehyde and 1'U in the inhibition of nueleic
acid and protein synthesix. A preliminary account of
thix work has appeared elsewhere.!?

Experimental Section

Ehrlich ascites carcinoma cells were harvested from female
Swixs~Webster mice 8 davs after transplauntation. The ascitic
fluid wax centrifuged in an International refrigerated centrifuge,
Model IP'R=2, fur 10 min at 2000 rpm.  The supernataut fluid was
dixearded, and the precipitated cells were washed three times
with KRP buffer, pIl 7.1-7.25.

Into H0-mil erlenmeyer flasks were added 5l ol a 401, (v/v)
suspension of the washed cellx in KR buffer and 1 ml of KRP
buffer containing 3 mg of glicose, and the flaxks were equilibrated
for 5 min at 37° in a Dubnoff shaker at a rate of 10 cyveles/niin.
Then 0.1 wml of DMSO and a pyrimidine analog dissolved in 0.1
ml of DMS0O were added to coutrol and experimental flasks,
respectively,  After shaking for an additional period of 5 min,
1.0 ml of a labeled precursor in KRP bufter was added to each
flask, and the flasks were shakeu in air for 1 hr.  All gronps of
rontrols and experintentals were rn at least in duplicate.  After
inenbatinn, the cells were centrifuged and washed twice with
enld 0900 NaCl ax quickly ax possible. The acid-=oluble fraction
{ASF) was extracted by homogenization of the cellx in 10 mi of
eold 1N PCA after removal of the acid-insoluble fraction by
epntriligation. The ASE wax uentralized with KOH.  Sodium
nneleates were prepared from the acid-insoluble fraction accord-
ing to the procedure of Dauneberg, ¢f al. aud hydrolyzed with
1.5 mil of 0.3 N KOIT at 37° for 16«18 hr??

DNA and KCIO, were precipitated by addition of 0.2 wnl of
cold 6 N PCA, and DNA was pwrified by three vyeles of solution
i dilinte NaOT1 and precipitation with PCA. The purified DNA
was dissolved in 1.0 ml of 0.3 N NaOIT, and the concentration of
DNA was determinel spectrophotometrically at 268 wu after

(11y tay 12, Harbers, N, K. Chaudhuri, and C. Heillelberger, J. Biol.
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hydrolysiz in 1 ¥ PCA.J* A portion (less than 0.5 ml) of the
DNA solution in 0.3 ¥ NaOH aud an equal volume of [{yamine
Hydroxide 10-X'5 were added to a glass scintillation vial, and 16
i of POPOP-PPO Triton X-100'¢ scintillation fluid was added
for determination of radioactivity in a Packard liquid secintillation
spectrometer, Model 3003.

Separation of DNA Bases.—Two-thirds of the total quantity
of DNA was hydrolyzed with 2 ml of 709 PCA at 100° for 1.5
hr,’” and the solution was diluted to 7 ml with H.O. KOH (10
V) was added in a volume which neutralized one-half of the PCA,
and the suspension of KCIOs was clarified by centrifugation.
The purine and pyrimdine bases were adsorbed on 100 mg of
acid-washed Norit A% at 25° aud eluted with 10 ml of EtOH-
NH,OH-H,O (2:1:2)% overnight at 37°. The mixture was
dried and separated by one-dimensional cellulose thin layer
chromatography (tle)® with ~PrOH-concentrated HCI-H,O
(170:41:39, v/v),¥) and the total development time for the
distance of 10 em was 2.5 hr. The R¢ values were the same as
those obtained with Whatman No. 1 filter paper:?! ortho-
phosphate, 0.92; thymine, 0.82; cytosine, 0.49; adenine 0.38;
guanine, 0.26, The spots (or bands) of interest were located
with a uv lamp, and the thin layer material at the site of the
spots was scraped into glass centrifuige tubes and eluted with 0.1
N HCI at room temperature for 2-4 hr, The concentrations,
identity, and purity of the bases were established by the ratio
of the absorbance at 250/260 and 280/260 mg aid by comparison
with R; values of known compounds. The radioactivity of the
bases was determined in a liquid seintillation spectrometer with
a scintillation medium consisting of POPOP-PPO-Triton X-100.
The specific activities of the bases were computed as cpm/umole.

Separation of the Monophosphates of RNA Hydrolysates.—
The supernatnat fluid obtained after the acidification of the 0.3
N KOH hydrolysates of nucleates was neutralized (pH 7-8) with
10 &N KOH, and KCIO; was removed by centrifugation. The
2’ 4- 3’ purine and pyrimidine monophosphates were separated
from this solution by PEI-cellulose tic according to Randerath
and Randerath.2? The spots (or bands) of interest were scraped
into glass centrifuge tubes and eluted with 1 M LiCl at room
temperature for 4-6 hr. The concentration of each 2’ + 3’
monophosphate was computed from the absorbancy at its ab-
sorption maximum. The concentration of RN A-P was calculated
from the absorbancy at 260 mpu.14

Protein.—For the determination of protein the residue left from
the hot. NaCl extract was suspended in 5 mlof 1 ¥ PCA and heated
for 1 hr at 95°. Then the protein was washed as follows: once
with 959, EtOH, twice with 0.5 ¥ PCA, and once with 0.1
N PCA. The washed protein was dissolved in 4 ml of 0.3 N
NaOH. The quantity of protein was determined by biuret
reaction.?? The radioactivity of protein was detrmined by a
procedure similar to that described for DNA,

Double-Isotope Labeling Experiment.—The incubation flasks
containing an equivalent of 0.5 ml packed-volume of cells in KRP
buffer containing glucose were divided into two groups. To the
“control’”’ flasks were added 0.1 mi of DMSO and the 3H-labeled
precursol in KRP buffer. Also, i1 each “control” series one or
two flasks received the '*C-abeled precursor, and these '4C-
labeled controls subsequently were paired with *H labeled con-
trols to obtain the control “C/3H ratios for the nucleic acids
and the various acid-soluble nucleotides. The “experimental”
flasks received 0.1 mi of the pyrimidine analog in DMSO and
14C-labeled precursor in KRP buffer. These *C-labeled experi-
mentals subsequently were paired with 3H-labeled controls.
At the end of incubation, the contents of '#C-flasks and 3H-flasks
were combined and centrifuged immediately. The 14C,3H-cells
were washed twice with cold 0.99; NaCl and homogenized in 10
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(22) E. Randerath and K. Randerath, Anal. Biochem., 12, 83 (1965),

(23) E. Layne, Methods Enzymol., 8, 447 (1957),

I'LUOROPYRIMIDINE ALDEHYDES AS INHIBITORS OF BIOSYNTHESES H07

ml of cold 5% TCA as described previously. The 14C,*H-ASF
was extracted repeatedly with ether to remove TCA, and the
TCA-ree aqueous phase was lyophilized. The Iyophilized
residue was dissolved in 0.4 ml of distilled H O (ASF‘). PEI-
cellulose plates (20 X 20 em; thickness, 0.5 mm) were prepared
and washed with 59 NaCl according to Randerath and
Randerath.2* Samples of ASF’ were applied oilice to a starting
line as closely adjacent spots (diameter, 3 mm), and marker
solutions containing known nucleotides were applied to the
same spots previously loaded with ASF’ and to vacant positions
on the starting line (see Figures 2 aud 3). Axcending chromatog-
raphy was carried out in closed tauks filled with =olvent to a
height of 1 em.

A. Separation of UTP, CTP, UDP, and OMP.—A solvent
mixture consisting of 2 N HCO,H-1.6 A/ LiCl (1:1, v/v) was used.
The total development time was about 40 min (Figure 2).

B. Separation of CDP, OA + UMP, OR, and CMP.—The
loaded plates were treated with 500 mi of anhydrous MeOH?*
for 5 min in a flat dish, and the dried plates were transferred to
the tanks containing a mixture of 2 N HCO,H-0.2 M LiCl
(1:1, v/v). The total development time was about 30 min (Fig-
ure 8). The treatment with MeOH removed uridine from the
plates, but it gave better separations from the thick band follow-
ing behind the bands for OA 4 UMP and OR.

After the solvent front had reached 10-12 cm above the start-
ing line, the plates were dried immediately i a stream of warm
air. The spots (or bands) of interest were scraped into glass
scintillation vials directly, and the mucleotides were eluted with
1-1.5 ml of 1 M LiCl for 2-4 hr at room temperature. Then 18
ml of POPOP-PPO-Triton X-100 medium was added. The
radioactivities of “C and *H were determined simultaneously
according to Karbara, et al.,?® in a Packard liquid scintillation
spectrometer Model 3003. After a cycle of counting, the in-
ternal standard ()4C-toluene or *H-toluene) of known radio-
activity was added to the vial which had been counted, and the
radioactivity of the standard + sample was determined. This
procedure gave accurate chanuel ratios for 1#C and *H and per-
mitted calculation of the conuting efficiency of the MC and *H
of a sample. The counting efficiency of *C was 10t affected by
the presence of the thin layer particles but that of 3H was reduced
by 1-2%.

*H,*C-RNA was obtained from the acid-insoluble fraction
obtained after the homogenization of the mixed 14C and *H cells.

Results and Discussion

Inhibition of Pyrimidine Incorporation into Nucleic
Acids.—Among the pyrimidine analogs tested (Table I)
ouly VI and VII showed appreciable inhibition of in-
corporation of orotic acid-6-14C into RNA and DNA as
shown in Table II. Compound VI inhibited the con-
version of orotic acid into RNA by approximately 459,
and into DNA by 409 at a concentration of 0.23-0.46
mM, The 2-ethylmercapto group of VI seems to be
important in the inhibitory activity of VI, since com-
pounds III, IV, and V showed no inhibitory activity at
comparable concentrations. On the other hand, com-
pound II which has the 2-ethylmercapto group but lacks
the 5-fluoro group also was ineffective in inhibiting in-
corporation of orotic acid at 0.46 ml) concentration.
Consequently, it appears that both of these groups are
important in enhancing inhibitory activity.

Compound VII showed about the same degree of in-
hibition of RNA and DNA synthesis as VI at 0.31 ma/,
but RNA synthesis was inhibited to a greater extent
than DNA at 0.51 md/. The phenyl group on the
azlactone ring enhances inhibitory activity while sub-
stitution of a methyl group at position 5 decreases the
inhibitory effect against orotic acid incorporation.

(24) K. Randerath and E. Randerath, J. Chromatog., 16, 111 (1964).
(25) J.J, Karbara, N. R. Spafford, M. A. Mekendry, and N. L. Freeman,
Advan, Tracer Methodol., 1, 76 (1963).
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Figure 1.—Effects of aualogs on the incorporation of orotic
acid-H-31T into RN A of Ehilich ascitex earcinoma cells i #/tro.
Incubation proceeded for 1 hr at 37°. O = UINA, @ = 27 4+
3 UNP. a = 2 4 3 CMP.

TasLe I
CHEMICAL STRUCTURES 0F DERIVATIVES OF
PyriMIDINE-G-CARBOXALDEHYDE

Struetnre No. R Ra
1 I S
OH Iz 1 SCIHLCI,
N7 . 11 I Ol
2 v [e S
Ry —CHO v P son,
VI ¥ SCIH,CH;,
o VII J & Ce¢H,
HN: ) R, VIII I p-Ce1,Csl 5
S CH=(—C0 IX g p_-chCl
H N\(‘/ A\ 1 CHJ
[ XI CIi; CeH;
R XIT CT, p-CeH
Tasre II

Lrrrers or Varlous PYRIMIDINE ANALOGS ON INCORPORATION
o Orotic Acip=6-1#C<1n1o RNA aNxD DNA oF ISHRLICH ASCITES
Carcinoms CELLS

Conen
of analog, Av exptl values (% of controls)

Analog mM RNA DNA ASF
Noue 0 1004 100¢ 1004
VI 0.23 bn 04 n

0.46 Hd 58 70
VII 0.31 byl 70 1

0.5H1 39 62 T4
FU .28 a2 23 04

0.57 a0 22 86

« Orotic acid-6-#C: 0.028 mM, 2.5 pCi. 2 1.68 X 103 cpm/
mg of RNA-P. * 39 cpni/mg of DNA-P. 3,12 X 10* cpm.

In I'igure 1 a comparison is made between compound
VI and AzUR and AzU. The incorporation of orotic
acid-3-°H into uracil and cytosine of RN A was inhibited
to the same degree by compound VI up to a concentra-
tion of 1 mA/, but at higher concentrations the inhibi-
tion of incorporation into RN A-cytosine was somewhat
greater than the inhibition of incorporation into RNA-
uracil. AzU showed no appreciable inhibition as re-
ported previously.? but AzUR was more effective than
compound VI with coneentrations for 5097 inhibition
of 0.03 and 0.4 mi{, respectively.

(26) (a) R. Schindler and A, D. Welcli, Science, 125, H48 (1957); (b) R.
Schiindler  Biockem. Pharmacol., 1, 132 (1958).

Figure 2.---Anion-exchange thin layer cliromatagram of aeil-
soluble nucleotides of Ehrlich azcites carcinomu cells (0.5-nm
thick PEI-cellulose layer). A Iyvophilized TCA extract ol
Lhilich ascites cells in 0.4 ml of water (1 il packed cells) wax
applied once. The diameter of the spots was 3 mm. Tu the
startiug spots, X, were applied the xtandard nucleotide solutions.
Solveut: 2 N HCOH-1.6 M TiCI (1:1, v /v ).

When uracil-2-4C was used as a precursor, com-
pounds VI and V1I produced no inhibition of incorpora-
tion into RNA and DNA at 0.5 mM. Thus, the in-
hibition of the conversion of orotic acid into RNA and
DXNA obtained by 0.5 mA7 VI and VII seems to be at-
tributable to the inhibition of the conversion of orotic
acid to UMP. However, VI began to show sowme in-
hibition of inicorporation of thymidine-3H into DNA at a
higher concentration, 0.8 mA{ (Table VI).

The inhibited biochemical step between orotie aeid
and VAP wax determined by the analysis of the doubly
labeled ribopyrimidine nucleotides on PEI-cellulose
thin layer plates. However, before presenting the re-
sults of the experiments it seems desirable to discuss the
limitation of the methods used. The major radioactive
components in the ASEF are OA, UMP, UDP, UTP,
CMP, CDP, and CTP when orotic acid-6-"4C is used as
a precursor.”  The radioactivity of the deoxypyrimi-
dine nucleotides is expected to be approximately 19, of
the corresponding ribonucleotides since the specific ace-
tivity of DN A was about /1y that of RN A when orotic
acid-6-1*C and uraeil-2-C were used in our system.
OMP is known not to be present in cells,? but it is ex-
pected to be accumulated in cells when the conversion of
OAMDP to UMP is blocked (e.g.. by AzUR?®). Oroti-
dine aceumulated in the cells treated with AzUR, and
it was suggested by Pasternak and Handschumacher?”
that orotidine was derived from OMP by a phosphatase
action but not directly from orotice acid.

The behavior of ribo- and deoxyribonueleotides on
PEI-cellulose thin luyer chromatography with various
solvent systems was studied by Randerath and Ran-
derath,®# but orotie acid, orotidine, and OMP were
not included in their study. Thus, various solvents
used by Randerath and Randerath®*t were tested for the
separation of the mixtures of the standard orotie acid
derivatives, and uridine and cytidine ribonucleotides.
The system 2 N HCO,H-1.6 3/ LiCl (1:1, v/v) (Figure

(27) (a) R. B, llurlbert, H. $mitz, A, . Brumm, and V. R. Potier, J.
Biol. Chem., 209, 23 (1954); (b) L. Schmitz, R. B. Hurlbert, and V. R.
Potter, ihid., 209, 41 (1954); (c) 1. Liebermau, A. Kornberg, and k. S.
Simims, 1bid., 218, 403 (1953).

(28) . G. R. Blair J. E. Stone, and V. R. l'otter, ibid., 285, 2379 (1B607.

(20) C. A. Pasternak aud R. 1i. Handschinmacher, 1bid., 284, 2992 (1959;.

M 19, Ramderatlc aml K. Randerath, J. Chromatog., 16, 126 (1964).
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Tasue III

ErrECTs oF VARIOUs PYRIMIDINE ANALOGs ON Orotric Acip-6-*C INCORPORATION INTO
Acip-SoLUBLE NUCLEOTIDES OF EHRrLICH AsciTEs CanciNoMma CELLs in Vitro®

Ratio
14C/3H Av exptl values (% of controls)
of controls, AzUR _ ~V1 VII
Nucleotide dpm 0.8 mM 1.6 mM 1.6 mM 3.2mM 1.6 mM 3.2 mM

OA + UMP 0.2> 190 220 150 300 120 150
OoR 0.18 35X 30X? 0 20 25 6
OMP 220 dpm* 200 dpme 0 dpme 0 dpme 0 dpm® 0 dpme
UDP 0.20 30 20 70 30 4 30
UTP 0.20 10 B} 60 2 20 3
CMP 0.22 30 15 100 30 120 40
CDP 0.24 4 10 100 40 60 40
CTP 0.21 10 10 60 10 35 D

@ Qrotic acid-6-14C (experimental), 0.16 m/, 2 uCi; orotie acid->-*H (coutrol), 0.16 mAf, 10 uCi; incubation, 30 min at 37°; glucose,

22 mM, ®35fold accumulation of 1#C. ¢ 14C accumulated.

2) gave satisfactory spacings of UTP, CTP, UDP,
OMP, and CDP. A decreasing concentration of LiCl
reduces the mobility of triphosphates and diphosphates,
The system 2 N HCO,H-0,2 3 LiCl (1:1, v/v) (Figure
3) can separate orotidine, CMP, and uridine, but the
spots of UMP and orotic acid are very close, and they
often overlap in a single spot,

The lyophilized ASF (equivalent to 1 ml of packed
cells) in 0.4 ml of distilled HO was applied once to the
starting line to give a spot with a diameter of 3 mm,
The chromatogram obtained with 2 N HCO,H-1.6 M
LiCl (Figure 2) gave visible spots corresponding to UTP
and CTP, The positions of other pyrimidine nucleo-
tides were determined from the R; values of the authen-
tic reference compounds. UTP, CTP, UDP, OMP,
and CDP were obtained from chromatograms developed
with this solvent system, The spots for these pyrimi-
dine nucleotides may be mixtures of purine and pyrimi-
dine nucleotides and deoxynucleotides?* in the ASF,
but the double-isotope method obviates the necessity to
determine the absolute amounts of each pyrimidine
nucleotide. Purine nucleotides would not be appreci-
ably labeled with the precursors used in these experi-
ments. Orotidine was well separated from UMP +
orotic acid when the loaded plates were pretreated with
anhydrous MeQOH?* before the plates were developed
with 2 N HCO.H-0.2 M LiCI (Figure 3). The MeOH
treatment removes uridine from the plates. In Figure
3 reference uridine was applied after the MeOH treat-
ment,

Table III shows the results of the double-isotope
labeling experiment with AzUR and ecompounds VI and
VII. A relatively high concentration of the analogs
was chosen so that the effects of the analogs were dis-
tinctive enough to draw a definite conclusion on the
probable step of inhibition. AzUR at a concentration
of 0.8 mA resulted in the accumulation of orotic acid
+ UMP (MC/*H ratio was 1909, of control). This
accumulation probably is attributable solely to the ac-
cumulation of orotic acid, not UMP. The accumula-
tion of orotidine with AzUR treatment was so large that
14C/3H ratios are not given in Table ITI, *C-OMP was
accumulated with AzUR treatment in contrast to the
absence of any radioactivity in the OMP position of
controls. The data for the experiment with AzUR
also show a marked inhibition of incorporation of orotic
acid into UDP, UTP, CDP, and CTP. All of the data
for AzUR. inhibition are consistent with the conclusion
of Pasternak and Handschumacher?® that AzUR in-

&/w;//’—,&_m%}
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C::::
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Figure 3.—Anion-exchange thin layer chromatograph of acid-
soluble nucleotides of Ehrlich ascites carcinoma cells (0.5-mm
thick PEI-cellulose layer). A Ilyophilized TCA extract of
Ehrlich ascites carcinoma cells in 0.4 ml of water (1 ml packed
cells) was applied once. The diameter of the spots was 3 mm.
To the starting spots, X, were applied the standard nucleotide
solutious. The plate was then treated with H00 ml of anhydroux
methanol for 5 min, and standard UR was applied to X after the
plates had dried. Solveut: 2 & HCO,H-0.2 M LiCl (1:1, v/v).

hibits OMP decarboxylase. AzUR showed an addi-
tional effect: the conversion of UDP to UTP was in-
hibited by 309, at 0.8 and 1.6 mA/ but not the conver-
sion of CDP to CTP (or CTP to CDP). The per cent
of control values of UTP and CTP obtained with
0.8and 1.6 mM AzUR from 30-min incubations were the
same as those of RNA-uracil and —cytosine (Figure 1)
obtained from a 1-hr incubation at the same concentra-
tion. These data seem to exclude the possibility of the
inhibition of RNA polymerase by AzUR, but a more
direct evaluation would be desirable.

In contrast to AzUR, 1.6 mM VI caused the accumu-
lation of radioactivity in the fraction of orotic acid -+
UMP but inhibited incorporation of orotic acid-6-14C
into orotidine, GDP, UTP, and CTP (Table III).
These results lead to the conclusion that compound VI
inhibits the couversion of orotic acid to OMP. At
this concentration of the inhibitor the “C/*H ratios
for CMP and CDP were 1009, of controls.

At 3.2 mM concentration of VI the accumulation of
the radioactivity in orotic acid + UMP fraction was
doubled, and the incorporation of orotic acid-6-"*C into
orotidine, UTP, and CTP was inhibited more strongly.
Compound VII showed essentially the same type of in-
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hibition ag VI.  The incorporation ot orotic acid-6-1+C!
into orotidine (derived principally from OMP by phox-
phatase action) was inhibited by VII more strongly
than VI (Table I11).

Compounds VI (3.2 m.1/) and VII also inhibited the
conversion of UDP to UTP.  The results for GDP and
CTDP, however, cannot be interpreted on the basix of
the present knowledge of the sequence of the synthesis
of eytidine nueleotides from uridine nucleotides, rz.,
the formnation of CTP from UTP. Lieberman re-
ported the amination of UTP to yield CTY in Lscheri-
chia cole.?  UDYD eould replace UTD us aceeptor of the
amino group with approximately half the reaction rate.
UMP, uridine, or uracil could not serve as substrates.®
These pathways have been aceepred to be the same in
mammalian systems,?? but no direet evidence hax heen
reported ax far as we can determine. The data for
CDP and CTY (Table [1I) obtained with 3.2 mJ VI1I
an only =upport the conclusion that CTP eomes from
CDP. This can be secen from the observation (Table
III) that the per cent of control value for CDP was
higher than that of CTP. 1t CDP is derived from CTP
the per cent of control value for CDDP muxt be at least
equal to the value for CTP. The results for CDP and
CTP obtained with 3.2 md/ VII are conxistent with the
inhibition of the conversion of CDP to CTI'. The
amination step caimmot be established at the present
tinie because the data for UMD are not available, but
the present data would be consistent with the con-
version of UDDP to CDP. A planned double-isotope
labeling experiiment with uridine-*H and uridine-'#C:
should climinate the contamination of UMD by orotie
acid and should contribute to kunowledge of the path-
way to the eytosine nucleotidex in Ehrlich careinoma
cells,

Inhibition of Purine Biosynthesis.—Inasiuch as
pyrimidine analogs III-V, which showed as strong in-
hibitory activity as VI for the growth of the Ehrlich
ascites carcinoma® showed no significant effect on the
incorporation of orotie acid into nueleie acids up to a
0.5 mdl concentration of the analogs, a study was
made of the effects of these analogs on incorporation of
formate-1*C into purines of nucleie acids,

The major radioactive components i RNA and
DNA when 8 pC1(0.064 m/) of formate-"4C was used
ax a preeursor were adenine and guanine of RNA and
thymine of DNA.  Table IV shows that a 0.6 mJl/ con-
centration of compounds I1T-VI] inhibits incorporation
of formate-#C into adenine and guanine of RNA by
509, in contrast to a small stimulatory effeet of I°U.
Compound II s<howed only weak inhibitory activity.
In comparing compounds 11--VI, the incorporation of
formate-"*C into DNA-thymine wax inhibited to the
greatest extent (459 inhibition at 0.64 ma/) by com-
pound I1I, but IPU wuas a more potent inhibitor (at
least tenfold) of formate utilization for DNA synthesis
than compound I11. At a concentration of 1.6 mM
cotapouinds TII-VI inhibited formmate incorporation
into purines of RN A, into DN A-thymine, and into pro-
teins almost completely.  The radioactivity in the ASI”
was rechiced by the presence of 1.6 ma/ IIT-VI. An

(311 1. Licherman, J. Biol. Chew., 222, 765 (19565,

(32) {a) 1. D, Kanuen awd R. 3. Haedhert, Ceneers Ken, 19, B34 (19595
R. 3. Hurlbert and 11, O. Kamneu, /. Biol. Chem., 285, 413 (1960, (n
AL L, Bidiunff, ). 150 Knol, 12, Marano, aud L. Cheone, Caecec f2es., 18, 103
RESLIN

Vol. 11

Tanue 1V
EFrecrs oF VArlors PYRIMIDINE ANALoG= oN INtDRIDRATION
uF Formare-tC aNnto NUCLEIC ACTs AND ProTEINs oF [innunn
Asvrris CarcaizvoMy CELLs

Clanen e Ay X1 values 200 of comrold—
of RN A- RNA- TN A~

aualog, A A S by~
Copd w4 AN [RYRE wine I'roleins ANY
Nuone 0 1o 1O 1o 100¢ 1004
I1 066 N3 N2 104 10N
IT1 0.64 14 ! A Tii 101

1.7h RNA = 14.8 1 B 28
IV 0.60 N 52 NT S 840

1.62 20 201 15 Bt 72
V 0,60 4t A T4 . NN

1.8t 10 10 4 12 )
VI 0.64 i 40 I . .

1.60 ~ ~ 3 12 16
FU €. 064 1135 150 KBS . 1060

0.064 126 126 100

<
* Formate-*C) 0.064 md, S wCl. 7515 X 105 epm/pmole.
“ 113 X 10% epm/umole. 42,50 X 104 epm/fuinole. ¢ 1.60 X
104 ¢pm/mg. 7 1.14 X 10% cpm.

essentially equal inhibition of formate-*C incorporation
into adenine and guanine of RNA by III-VI suggests
that the steps after the formation of IMP are not af-
fected by these analogs. The 3-fluoro and 6-aldehyde
group of the analogs seem to be involved in the in-
hibitory effect= vs. formate incorporation into RNA
purines and proteins considering the structural dif-
ference betweenn III-VI, II, and I'U. I‘ormate is
utilized for puriue biosyiuithesiz at two steps: formyla-
tion of GAR®* and AICAR.**  [“or this reason the pos-
sibility of the inhibition of the conversion of AICAR to
IMP was studied.  Tuble V xhows the effects of various
pyrimidine analogs on incorporation of formate-4(
into nueleie acids, proteins, aid ASF in the presence of
AICAr.

The addition of AICAr at a concentration of 0.2 m.d/
stimulated formate incorporation into purines of RNA
about 6009 and into the ASI' 2309, but did not affect
formate incorporation into DNA~thymine and into pro-
teins.  I'urther nicrease of the concentration of AICAr
to 0.55 mu/ inhibited incorporation of formate-"C into
proteins  and DNA--thymine, This inhibition ap-
parently ix due to the reduced size of the “one-carbon™
pool available for the synthesis of serine,® methionine,*
and TMP# ax a result of the “trapping” of formate by
conversion of AICAR to I"AICAR. Since 0.2 mi/
AICAr did not affect the rate of incorporation of for-
mate-C into DNA-thymine and into proteins. the
effect of compounds 1TI-VI on the formate incorpora-
tion into various fraetions was studied in the presence
of 0.2 mA/ ATCAr. The per cent of control (0.2 m.V/
AICATD) values of RNA-purines, proteins, DNA-thy-
mine, and ASIY obtained by the addition of 0.2 md/
AICAT 4+ 1.7 m)/ 11T were approximately the same as
thosc obtained by 1.7 md/ 111 alone relative to the con-
trol without added AICAr (compare data of Tables 1V
and V). Similar results were obtained with IV-VI.
The persistenice of the same degree of inhibition even
with the increased concentration of AICAR and PPAl-

vi3) L Warren and ). M. Bavhanan, J. Biol. Chem., 229, 113 (J037).

347 E. D. Worn and 7. M. Ruchanan, ¢hid., 217, 183 (1955).

5h: N. AMexauder and . M. Greenhert, vbid., 220, 775 {1956).

036) 1.7, aweh, AL L. Lareabee, R. I3, Cathon, and J. M. Pawbauan,

oid., 286, 1095 (1961).
37 R L Miakely aned 14 ML MeDeouzall, i6dd,, 287, 812 /1902,
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TaBLE V
Errecrs or AICAR oN THE INHIBITION oF INCORPORATION OF “C-FORMATE® 1xTO NUCLEIC ACIDS
AND PrRoOTEINS BY VaRi10Us PYRIMIDINE ANaLogs (IT1I-VI)
—————————— Av exptl values (% of controls)
Conen, RNA~ RNA- DN A=
Compd M 2’ 4+ 3" AMP 27 4+ 3 GMP thymine Protein ASF
None 0 1008 100% 100° 100 100®
AICAr 0.20 D72 600 99 94 230
0.5) 1230 1400 61 40 9d0
0.2 md AICAr
-+ III 1.70 97 (17)¢ 79 (13)° 0 (0)° 32 (32)c 81 (35)
+ IV 1.62 204 (36)c 158 (26)¢ 14 (14)¢ 29 (31)¢ 160 (70)¢
+V 1.86 140 (25H)¢ 67 (11)¢ H (D) 13 (14)¢ 140 (60)¢
+ VI 1.60 120 (20)¢ 43 (7)e 3(3) 12 (13)¢ 120 (H2)¢
2 0.0064 md/, 8 uCi. ° The absolute values of specific activities and epm for these controls are identical with those given in footnotes
to Table IV. ¢ Average experimental values as per cent of the corresponding data of line 2.

CAR in cells by the addition of AICAr seems to imply
that there is no competition between either AICAR or
FFAICAR and the analogs.

The somewhat lower per cent of control values of the
2" + 3’ GMP fraction in comparison with the 2 + 3’
AMNP fraction obtained with ITI-VT in the presence of
AICAr suggests the presence of another block. How-
ever, this conclusion is contradictory to the one made
before on the basis of the results listed in Table IV.
The same situation, however, was encountered in the
experiments with 4-aminopyrazolo[3,4-d [pyrimidine,3®
and it was suggested that a metabolic bypass may exist
from AICAR to AMP without passing through INP.3°

Inhibition of incorporation of formate into proteins
seems not to be due to the inhibition of total RN A syn-
thesis. The specific activities of RNA obtained in the
presence of 0.2 mA/ AICAr + 1.6-1.8 mi/ concentra-
tions of ITIT-VI were somewhat higher than that of cells
untreated with either AICAr or analogs, and the radio-
activities of treated cells (AICAr 4+ III-VI) were above
1009, untreated cells, but the per cent of inhibitions
of formate-'4C incorporation into proteins obtained
with AICAr 4+ III-VI were the same as the value ob-
tained with the analogs only (Table IV).

The possibility of the inhibition of the formylation
of THFA* by the analogs was tested with an extract of
an acetone powder of Ehrlich ascites cells. N2°-For-
myl-THFA synthetase plus eyclohydrolase activity was
assayed according to the procedure of Slavikova,
et al.,*' with some modifications. The amount of
No1_methenyl-THFA, produced by either cyclohydro-
lase®? or by treatment of N-formyl-THFA with acid*?
at the end of reaction, was measured,** Compound I11
showed no effect on the enzyme activity. Compounds
IV-VI were not investigated, but it is expected that
these three compounds would behave similarly to
compound III. The effects of these analogs on folate
reductase activity are under investigation.

Inhibition of DNA Synthesis.—Compounds II1I-VI
were much weaker than I'U as inhibitors of the utiliza-
tion of formate for the synthesis of DNA-thymine

(38) 3. A. Booth and A. Sartorelli, J. Biol. Chem. 286, 203 (1961).

(39) C. E. Carter and L. H. Colien, Federation I'roc., 14, 189 (1955).

(40) G. R. Greenberg, L. Jaenicke, and M. Silverman, Biochim. Biophkys.
Acta, 17, 589 (1955).

(41) V. Slavikov4, M. Semonsky, K. Slavik, and J. Volejnikov4, Biochem.
Pharmacol., 15, 763 (1966).

(42) J. (. Rahinowitz aud W, 1, Pricer, Jr., J. 4m. Chem. Soc., 78, 5712
(19561,

(43) D. B. Cosulich, B. Rotli, J. M. Smith, M. E. Hultquist, and R. P.
Parker, thid., 78, 5006 (1957).

(44) H. Tabor and L. Wyngaaden, J. Biol, Chem., 284, 1839 (1959).

(Table IV). TU inhibits thymidylate synthetase
specifically after its conversion to FAUMP, and I'U,
¥UR, and FAUR do not inhibit incorporation of
thymidine into DNA-thymine.®* The inhibitory ef-
fects of III-VI also may be due to the inhibition of
thymidylate synthetase, but there is an alternative pos-
sibility that, unlike FU, these pyrimidine analogs may
inhibit at some stage beyond TMP. To test this pos-
sibility the effects of III-VI on the incorporation
of thymidine-*H into DNA-thymine were studied
(Table VI). Compounds ITI-VI produced only weak

TasLe VI
ErrFecr oF Variots PYRIMIDINE ANALOGS ON INCORPORATION OF
TrYMIDINE-*H* IN10 DNA-THYMINE OF EHRLICH AsCITES
Carcixoma CELLs

Conen Av exptl values (9 of control)
of analog, DNA-
Compd mM thymine ASF
None 0 100? 100¢
III 0.80 87 110
1.72 7 94
v 0.94 <0 115
1.62 O 136
V 0.92 65 113
1.86 6 07
VI 0.80 77 128
1.60 10 165
FU 1.60 330 143

« Thymidine-CH;-*H, 0.036 m3, 27 uCi.
wumole. € 3.13 X 10° cpm.

b 4.47 X 10* cpm/

inhibitory activity at a concentration of 0.8-0.9 mi/,
but a twofold increase of the concentration (1.6-1.8
mlf) of the analogs showed 909, inhibition of thymi-
dine-*H incorporation into DNA-thymine. U at
the same concentration showed a stimulatory effect.
Thus, the introduction of an aldehyde group at C-6 of
I'U drastically reduced its inhibitory effect on incor-
poration of formate into DNA but yielded strong in-
hibition of incorporation of thymidine into nucleic acid.

The results of double-isotope labeling experiments?®
with “C- and *H-tabeled thymidine have shown that
IIT-VI inhibit incorporation of thymidine into DNA
by iunhibiting the phosphorylation of TdR to form
TAIP, the subsequent formation of TTP, and by direct
or indirect inhibition of the DNA polymerase reaction.
These experiments also suggest the possibility that the

(45) C. Heidelberger, Progr. Nucleic Acid Res. Mol. Biol., 4, 1 (1965).
(46) C.-B. Chae, Ph.D. Tliesis, University of North Carolina, Chapel
Hill, N. C., 1967.
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Figure 4. —Litfects of pyrimidine analogs (III and V) v in-
corporation of glyeine-1-*C iuto proteins of Ehrlich ascitex
carcinoma cells in wire.  Incuabation proceeded for 1 hr at
370 glveine-1-4C, 0.02 mM, 0.2 uCi. @ = 11,0 = V.

mhibition of ineorporation of formate mto DNA--thy-
mine by II1-VI is attributable principally to inhibition
of these phosphorylation and DNA polymerase reac-
tions.  I'urther studies on these biochemical sites of
inhibition are now in progress.

Inhibition of Protein Biosynthesis.-——Compounds
III--VI inhibited the incorporation of formate-14C into
proteins (Table IV), and these analogs also inhibited in-
corporation of phenylalanine-1-1#C (Table VII) and

TauLe VI1I
ErFrects or Vagots PyRIMIDINE ANALOGS ON
INcoRPORATION OF PHENYLALANINE-1-14C 1NTO
ProTEINs or EnnLica Ascites Cruis in 1740

CHag, J. L. Invin, axp C. Praxrapost
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Generally the =ame trend was observed with gly-
cine-1-"C.  Compounds III and V (I'igure 4) inhibited
ncorporation of glyeine-1-14C into proteins by 50 and
90%¢ at a concentration of 1 and L.G-1.9 ml/, vespee-
tively. The same per cent inhibition wax obtained with
IV and VI at comparable concentrations (1ot <hown
here).  Compound II wax less active than TIT VI:
70%¢ inhibition at 2.0 md/. The radioactivity of the
ARSI was about 40--30%¢ of controls at Lt 1.86 m./
conteentrations of 111 -VI in contrast to the aceumula-
tion of radionctivity i the ASE in the case of phenyl-
alanine. U at the coneentration tested showed no
effeet on incorporation of glyeine into proteins,  The
results with I'U are in agreement with previous studies!
which have found that I'U hax little or no inhibitory
effecet o incorporation of amino acids into proteins in
both mamalian and bacterial cells,

It is of interest to determine whether the inhibition of
protein synthesis by ITI-VI is related to the inhibition
of RNA syuthesis by these analogs in view of the im-
portant roles of varions types of RNA in protein syvn-
thesi<. The data of Table V show that the addition of
ATCAT to a concentration of 0.2 ./ removes the in-
hibition of total RNA synthesis by 1.6--1.8 m.d/ cou-
centrations of 111--VI, but thix coneentration of ALCAr
failed to reverse the inhibition of incorporation of
phenylalanine-1-4C" into proteins (Table VIII).  This

Tane VITI
Lerrecrs o ATCAR N 1112 INTDBTToN OF PHENYLALANINE-
1-1C INcourousaTroN INTO PROTEINS BY VARIOUS
PYREMIDINE ANALOGS

Caonen
of analog, Av exptil values (Vg of toulrols)
Compd m.M I'rotein ASE
None 0 100" 100~
1 0,065 100 110
1.96 31 170
I 0.62 83 1
.86 16 12
11t 0.06 2 115
.66 26 S0
IV 0.5 107 S
1.65 it 124
V 12 IN 157
1.8¢ 15 130
Vi (0,50 14 108
1.=0 1o 153
[t (.65 NT =3
2.60 =1 No

« Phenylalanine-1-4C, 0.02 md/, 0.2 Ci.
mg. ©4.54 X 10* epm.

glveine-1-4C (I'igure 4).

Up to a coneentration of

¥ T80 X 10 epmy

Conen, Av oexptl values (' of coutrol)
Compd m. P’roleins AN
None a ook 10
AICAY a2 100 Y
02wl ALCAY
-+ IIT 1.06 1 16
+ IV 162 1 ™
+ v | 4 Hs
+ VI 1.5 15 110

0.55-0.68 md/ (Table VII) incorporation of phenyl-
alanine-1-#C into proteing was not inhibited appreci-
ably by the analogs listed in Table VII with the exeep-
tion of V which gave 409, inhibition, but at a concen-
tration of 1.65-1.96 mM V and VI produced 859 iu-
hibition and I, III, and IV gave 709, inhibition. I'U
and compouiud IT showed only a slight inhibition. The
radioaetivity was accumulated in the ASI" by 1 and
[V--VT at this high concentration, but IIT showed quite
the opposite result (509 of control).

» Phenyvialanine-1-11C, 0.02 m3/, 0.2 pCio #7535 X 10% epmf

mg. <454 X 10 ephu

observation seems to suggest that the inhibition of pro-
tein synthesix by IT1--VI is not due to ithibition of RNA
synthesiz.  However, Caffery and Irvin® in this labora-
tory found that VI inhibits the hydrocortisone induc-
tion of tryptophan pyrrolase in mouse liver, hut this
compound does not inhibit the substrate, tryptophan,
induction of this enzyme. This result favors the con-
clision that the inhibition of protein synthesis by VI
oceurs at the messenger RNA level,  This conclusion
is based on the current hypothesis that tryptophan
stimulation of tryptophan pyrrolase activity depends
upon an inhibition of enzyme degradation®® while the
liydrocortisone induction depends upon an merease in
messenger RNA synthesis with a concomitant hiercase
I enzyme protein synthesis,®  Therefore it scenis
likely that there are two different mechanisms for the
inhibition of protein biosynthesis by these pyrimidine

A7) J AL Caffery and J. 1. Irviv, uppublished observations.

IR) (a) R 1. Sehimke, 1 AV, Sweeny, and C. M. Berlin, J. Biol. Chene.
240, 322 (1965); () R, 1. Schimke, ibid., 240, 4609 (1965).

49) (a) 1. . Garren, R, R. 1lowell, G. M. Tomkins, and R. A, Croveo.
Natl, dend. Sei. U, S, 62, 1121 (1964); () P. Feigelson, M. T'cigelsou, al
Q. Greengard, Kecent roge. Hoemoye Kes., 18, 481 (1962).
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analogs—a direct effect and an indirect effect mediated
through inhibition of messenger RNA synthesis.

General Discussion

The experimental results presented i this paper
show that the derivatives of 5-fluoroorotic aldehyde
have biochemical inhibitory properties which are quite
different from FU in Ehrlich ascites carcinoma cells.

Compound VI inhibits incorporation of orotic acid
into RNA by blocking the conversion of orotic acid to
OMP in contrast to the weak inhibitory effect of I'U on
incorporation of orotic acid into RNA, but the inhibi-
tion of DNA synthesis was greater with FU than VI.
On the basis of the results obtained with the structural
analogs of VI it is concluded that, in addition to the 6-
carboxaldehyde, the 2-ethylmercapto group and the 5-
fluoro group of VI are important for the inhibition of
orotic acid incorporation. Compound VII shows even
stronger inhibition of incorporation of orotic acid into
RXA and DNA, and again the primary site of inhibi-
tion seems to be the conversion of orotic acid to OMP,
The unsubstituted phenyl group on the azlactoue ring
and the intact hydrogen atom at C-5 of VII are neces-
sary for the inhibition. Although VI and VII are much
inferior to AzUR as inhibitors of orotic acid metabolism,
they are much superior to AzU.

The analogs having a 5-fluoro and 6-carboxaldehyde
group, III-VI, inhibit incorporation of formate-14C
into purines of RNA and thymine of DNA in contrast
to the lack of inhibition of purine biosynthesis by FU.
The structural requirements for the inhibition of purine
biosynthesis are a C-6 carboxaldehyde and a C-5
fluorine. The inhibition seems to occur at a step pre-
ceding IMP., Compound III (and possibly IV-VI)
do not inhibit N°-formyl-THFA synthetase and cyclo-
hydrolase activity,

8-AZA-9-CYCLOPENTYLPURINES 513

The incorporation of formate-“C and thymidine-*H
into DNA-thymine is inhibited by the 5-fluoroorotic
aldehydes III-VI, but FU inhibits formate incorpora-
tion only. By comparison of III with FU, the alde-
hyde group of III seems to play an important role iu
the inhibition of thymidine incorporation into DNA-
thymine. This inhibition is obtained at a concentra-
tion somewhat higher than that used for the experi-
ments with orotic acid-*C and uracil-"*C. The
double-isotope labeling experiments with *C- and *H-
thymidine have shown*® that the kinase reaction for
conversion of TdR to TMP and the DNA polymerase
reaction are the primary sites of inhibition by these
analogs. The introduction of an aldehyde group into
position C-6 of FU, however, seems to reduce markedly
the activity as an inhibitor of thymidylate synthetase.

Protein biosynthesis also is affected by the deriva-
tives of 5-fluoroorotic aldehydes as shown by inhibition
of formate-*C, glycine-1-1*C, and phenylalanine-1-14C
into proteins. By contrast, }'U showed no inhibitory
activity for protein syuthesis at the concentrations
tested. The inhibition of RN A-purine biosynthesis by
these analogs seems not to be responsible for the in-
hibition of protein synthesis since the restoration of
purine synthesis by the addition of AICAr did not re-
verse the inhibition of phenylalanine incorporation into
proteins. However, Caffery and Irvin* have made
observations which support the conclusion that the in-
hibition of proteiu syuthesis by VI may occur at the
messenger RNA level: VI inhibits the hydrocortisone
induction but not the substrate induction of tryptophan
pyrrolase in liver of the adrenalectomized mouse,
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The preparation of a number of 6-substituted 8-aza-9-cyclopentylpurines is deseribed. Using ethyl malo-
nate-1-14C, a mixture of 4-14C- and 6-1¢C-labeled 6-chloro-8-aza-9-cyclopentylpurine has been synthesized. The
results of the biological evaluation of these compounds as antineoplastic agents and as inhibitors of T2osr bac-
teriophage induced lysis of Escherichia coli B are reported.

It has been shown that 2'-deoxyadenosine inhibits
the steroid-induced synthesis of A*-3-keto steroid iso-
merase in Pseudomonas testosteroni, whereas adenosine
was completely inactive.? A subsequent study of struc-
ture-activity relationships, in which analogs of 2'-
deoxyadenosine were tested as inhibitors of the forma-
tion of induced enzyme, indicated that inhibitory ac-

(1) This work was supported by a grant (CA-02817) from the National
Cancer Institute, U. S. Public Health Service, and by the Connecticut Divi-
sion of the American Cancer Society.

(2) Presented in part before the Division of Medicinal Chemistry at the
154th National Meeting of the American Chemical Society, Chicago, Ill.,
Sept 1967.

(3) A. D. Welch, Proc. Natl. Acad. Sci. U, S., 54, 1359 (1965).

tivity was enhanced when (a) the 6-amino group of
adenine was substituted by chlorine, and (b) the 8-
carbon in the purine ring was replaced by nitrogen.
The presence of a 2’-hydroxy substituent on the pen-
tose moiety or a deviation from the natural 8,0 cou-
figuration of 2’-deoxyribose caused the loss of activity
as an inhibitor of the synthesis of induced enzyme,
whereas analogs deficient in 2’-hydroxy-containing
substituents, such as 2’,3’,5'-trideoxyadenosine and
9-cyclopentyladenine, retained activity, These ob-
servations led to the design and synthesis of 6-chloro-
8-aza-9-cyclopentylpurine (3-cyclopentyl-7-chloro-u-
triazolo[4,5-d lpyrimidine, 1), This compound, as pre-
dicted from structure-activity considerations, proved to



