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53-Fluoropyrimidines are poterd iichibitors of cell growth aidd have foand nseful applieatione in the cheno-
therapy of certain weoplasni= of mur.  Thexe compotaads exert their netivity primarily as the 5'-monopliasphate
ol H-Huoro-2’-deoxyaridine.  Since the direct admindistration of the moworaeleotides of the fluoropyrimidias is
precinded, due to a perineability barrier, the possibility was cotesidered that dinuctegside phosphates containing
A-fluorouridine or 5-fluorodeoxyuridine as comporent residunes niight be able to penetrate the cell membrace.
Accordingly, the following dinueleoside phosphates were synthesized: 5-fluoro-2’-deoxyuridylyl-(5'—5")-
thymidine (I), thymidylyl-(3’—5")-2-deoxy-3-fluorouridine ( II), 5-fluore-2/-deoxyuridylyl-(3’—35’)-thymidine
(IIT), S-fluoronridylyvl-(53'—3-3-fluorowridire (IV), and 5-flaoroaridyivl-(5'—5)-uridine (V). The biological
activity of this series ol compounds wax evalnated, asing Streplococens faecalis 8043, While 5-fluorouracit and
1t= 1ueleosides fichibit the growth of this organi=ui by 5077 at 1--5 X 107 Af, the aetivity of the dinucleoside
phosphates is substmdially less; extending from 1 X 1073 3/ 102 X 1077 1/, Permeability studies show that the
cell membrane hmits the nptake of these compoardds into the eell.  Reversal patterns obtained from inhibition
analyses indicate that the divucleoside phosphatex exert their iichibitory action at the same metabolic site at
which the compowerdt wuecleaside analog= act. A <imilar corelusion was renched from cross-resistance studies.
Thexe data suggest that the dinueleoside phosphates exert their inhibitory activity following cleavage of the
exter bond.,  Chromatographic and mierobial determications show that the compounds indergo spontaneoas
hydrolysis, and it appears that this cleavage, possibly sapplmaed by =ome erzyinatic hydrolysis prior to their
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cutry into the cell, is respousible for their biological activity.

Siree the dinacleoside phosphates coutaiiing

fluoropyrimidines are capuble of slowly releaxing the ancleaside components, they may possess desirable chemno-
therapeutic properties not found in the coniponent 10cleoside aralogs alore

The 5-fluoro analogs of uracil, cytosine, and their
niicleosides are potent inhibitors of cell growth.!  They
are effective against several transplantable tumors®?
and have found useful application iu the chemotherapy
of certain neoplasing of man.*  However, the suscepti-
bility of these agents to metabolic degradation and ex-
cretion®® requires their prolonged administration m
comparatively high doses.  As a result, the selective ac-
tion of thesge drugs is decreased, and the chance for the
development of drug resistance is markedly enhanced.

The S-fluoropyrimidines inhibit cell growth pn-
marily by interfering with thymidylate synthetase we-
tivity, and to exert this inhibition their prior conversion
to I'dUMNPT ig required.*#—* The direct admimstra-
tion of nucleotides, such as FAUMP, is hindered by
permeability barriers attributable to the preseunce of the
charged phosphate group.’*  Preparation of dinn-
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(8) (a) R, 8. Cohen, Jd. G. Flaks, IT. 1), Rarner, M. R. Loeb, and . Lichen-
siein, Proc. Natl, Aead, Sci, U, S., 44, TOO (1958); (b) L. Tlarbers, N. K.
Chawdthury, ad C. Heidelberger, J. Biol. Chem., 284, 1255 {1850).

0y . eidelberger, (¢, Kuldor, K. 1. Mukherjee, and P, B. Dannebere,
Nancer Res., 20, 903 (1460).

(1) I-U0 Hartmaonn wonl C. leidetbeeses, J. Biol. Chem., 286, 1004
(1UB1).

Y11y Lt Teibman aad ¢ Neidelberzee, dad,, 216, 823 (16301

cleoside phosphates containing fluoropyrimidines as
residies was initiated because it was held possible that
esterification of the phosphate group with another
nuecleoside moiety may permit the transport of the re-
sulting  dinucleoside monophosphate into the cell,
followed hy the intracellular liberation of the nucleo-
tide by the action of esterases. It was also thought
that these diesters may be more resistant (o metabolic
degradation and elimination than are the component
niicleosides, resulting in the increased chemotherapeutic
effectiveness of the compounds. It was further con-
sidered possible that cells resistant to FUR or FdUR
may be susceptible to inhibition by the dinueleoside
phosphates,

This paper describes the synthesis of a number of di-
nucleoside monophosphates containing FUR or FAUR
residues and compares their biological effectiveness in
the Streptococeus faccalis 8043 test system.  On the
basix of uptake, reversal, and cross-resistance studies,
the likely mode of action of these compounds is dis-
erssed. Part. of this work has been presented pre-
viansly. ¢

Experimental Section

Paper Chromatography.—To determine the /£y valies of the
compowrads syithesized, Whatman No. 1 paper aud the sobvent
systems: A, 2-proparob-107 aqueous (NHa):804 (2:1); aad B,
2-propanol-water-conceatrated NH,OH (7:2:1) were used.

Electrophoresis.— Electrophoresis was carried out in a Gilkoa
clectropharator for 1 hr at 4500 (100 v/em) in 0.05 M ammordum
formate solutiow, pH 3.5, using Whatman No. 3 MM paper.

Synthesis of Dinucleoside Phosphates, 2’,3’-O-Isopropyli-
dene-5-fluorouridine -—5-Fluorouridine!® (0,07 g, 3.7 mmolex),
dit p-nitrophenyl) phosphate (0.126 g, 0.37 mmole) md 2,2-
dimethoxypropaae (3.55 g, 32 mmuoles) were discalved i« 40 «d
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of absolute acetone. The solution was stirred 2.25 hr after
which sufficient Amberlite IR-400 resin (OH ~ form) was added to
neutralize the acid. The resin was filtered off and washed with
ethyl acetate. The solvents were evaporated to dryness aud
the residue was crystallized from ethyl acetate and petroleum

ether (bp 60°). The yield was 0.85g (769,), mp 198.5°.
Anal. Caled for C.HisFN:Os: C, 47.68; H, 4.97; N, 9.27.

Found: C,47.73; H, 5.10; N, 9.20.

2/,3'-0-Isopropylidene~-5-fluorouridine 5’-Phosphate Pyri-
dinjum Salt.—2’,3’-O-Isopropylidene-5-fluorouridine (0.72 g,
2.4 mmoles) and 2-cvanoethyl phosphate reagent!t (5 mmoles)
were dissolved in 10 ml of pyridine. The solution was evaporated
to dryness and the residue was dissolved in 10 ml of anhydrous
pyridine. This step was repeated three more times. To the
solution of the residue in 20 ml of pyridine was added 5 g (24.1
mmoles) of dicyclohexylearbodiimide (DCC). The clear solu-
tion was incubated at 25° for 18 hr after which 4 ml of water
was added. The solution was allowed to stand for 24 hr. The
cyclohexylurea was filtered off and washed with pyridine. The
filtrate and washings were combined and were evaporated to
dryness. The residue was dissolved in 43 ml of 9 N NH,OH
and 40 m! of pyridine, and the solution was heated for 3 hr at
100°. It was evaporated to dryness and the residue was dis-
solved in 20 ml of water. Barium acetate (1.65 g, 6 mmoles)
was added and the solution was kept at 4° for 20 hr. The pre-
cipitate of barium phosphate was filtered off. Two volumes of
ethanol were added to the filtrate and the precipitate was col-
lected by filtration. The product was dissolved in water and
the solution was passed through a short column of Dowex 50
(50-100 mesh), pyridinium form. The column was washed
with water and the total effluent was lyophilized. The yield
was 0.83 g, 75%.

Anal. Caled for Ci;HaFN;O.P-2H.0: C, 41.04; H, 5.03;

N, 8.45. Found: C, 40.36; H, 4.88; N, 9.07.

5'-0-Trityl-2’-deoxy-5-fluorouridine 3’-Phosphate Pyridin-
fum Salt—5’-O-Trityl-2’-deoxy-5-fluorouridine’ (2 mmoles)
was phosphorylated by the method described for the preparation
of 2/,3’-O-isopropylidene-5-fluorouridine  5’-phosphate. The
vield wag 800 mg (60%).

Anal. Caled for CssHmFNsOsP‘HzO: C, 5938, H, 496,
N, 6.31. Found: C, 59.06; H,5.02; N, 6.13.

Dinucleoside Phosphates (General Procedure)—The quan-
tities of solvents and reagents are based on 0.5 mmole of nucleo-
tide. The actual quantity used varied with the amounts of
starting materials. The size of the column and the volume of
eluting buffer was constant for all five preparations. The
pyridinium salt of the blocked nucleotide (0.5 mmole) and the
blocked nucleoside (1 mmole) were dissolved in 10 ml of anhy-
drous pyridine and the solution was concentrated to dryness.
Evaporation with pyridine was repeated several times and
finally the residue was dissolved in 25 ml of anhydrous pyridine
and DCC (4.1 g) was added. The reaction flask was flushed
with dry nitrogen, tightly stoppered, and allowed to stand at
room temperature for 6 days. On day 3, more DCC (2 g)
was added. Water (5 ml) was added and the mixture was
left at room temperature overnight. After filtering, the mixture
was evaporated to dryness ¢n vacuo and traces of pyridine were
removed by evaporating with water, then ethanol. The residue
was treated with 809, acetic acid for 30 min at 100° in order to
remove blocking groups and the product was purified on a column
(1.9 X 36 cm) of DEAE-cellulose (carbonate). The cohimn
was developed with a linear gradient of triethylammonium
carbonate solution (0.01 M — 0.1 M, pH 8.6, total vol 2 1)
according to the general procedure described previousty.’® The
order of elution of the three principal constituents of each of the
mixture was nucleoside, dinucleoside phosphate, and mono-
nucleotide. In the case of the preparation of 5-fluorouridylyl-
(5'—5")-5-fluorouridine the order of elution was changed in that
the monomicleotide preceded the dinucleoside phosphate.
The fraction containing the product was concentrated to dryness
in vacuo and the excess triethylammonium carbonate was re-
moved by repeated suspension of the residue in absolute ethanol
and followed by evaporation of the solvent. The residue was
dissolved in a minimum amount of absolute ethanol (2 ml) and,
on addition of anhydrous ether, the product precipitated out of
solution. The product (triethylammonium salt) was collected
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by centrifugation, washed several times with anhydrous ether,
and dried over P;O; for 24 hr, The compounds prepared by this
procedure are described below.

5-Fluoro-2’-deoxyuridylyl-(5'—5’)-thymidine (I) was pre-
pared from 3’-0-acetylthymidine 5’-phosphate (2.4 mmoles)!” and
3’-0-acetyl-2’-deoxy-5-finorouridine (3 mmoles), The compound
was isolated as its triethylammonium salt, yield 900 mg (60%).

Anal. Caled. for CsH3eFN;00P-3H:0: C, 42.62; H, 6.38; N,

9.94. Found: C, 42.92; H, 6.06; N, 9.91.

Thymidyl-(3'—5)'-2’-deoxy-5-fluorouridine (III) was pre-
pared from 5’-O-tritylthymidine 3’-phosphate’® (1 mmole) and
3’-0-acetyl-2’-deoxy-5-fluorouridine!® (3 mmoles). The product
isolated as the triethylammonium salt weighed 900 mg (60%,).
This product moved as a single ultraviolet absorbing spot
when chromatographed on paper in four solvent systems and its
electrophoretic mobility is characteristic of that of a dinucleo-
side phosphate (Table I).

TasLe 1
PspER CHROMATOGRAPHY AND ELECTROPHORESIS
Distance
moved
Rt value toward
Solvent Solvent anode,
Compd A B em
5-Fluoro-2’-deoxyuridylyl-
(83’—3')-thymidine 0.50 0.224 15.8
Thymidylyl-(3'—5')-2'-
deoxy-5-fluorouridine 0.499 0.224 15.9

Thymidylyl-(3'—3")-2'-

deoxy-5-fluorouridine 0.47 0.194 16.4
Thymidine 0.73 0.67
2-Deoxy-5-fluorouridine 0.726 0.51
Thymidine 3’-phosphate 0.432 0.123 19.2

2-Deoxy-5-fluorouridine

3’-phosphate 0.372 0.049 18.8

5-Fluorouridine 0.71 0.48
2/,3’-Isopropylidene-5-

fluorouridine 0.86 0.77
5-Fluorouridine 5’-phosphate 0.53 0.27 19.1
5-Fluorouridylyl-(5'—5)-

uridine 0.44 0.06 16.6
5-Fluorouridylyl-(5'—3")-5-

fluorouridine 0.46 0.04 15.9
2’,3'-Isopropylidine-5-

fluorouridine 5’-phosphate 0.56 0.03 21.7
Uridine 0.65 0.50
Uridine 2’(3’)-phosphate 20.3

Anal. Caled for CosH3eFN;01.P.2H0: C, 43.66; H, 6.25;
N, 10.19; P, 4.51. Found: C, 43.93; H, 6.59; N, 9.94; P,
4.24.

5-Fluoro-2’-deoxyuridylyl-(3'—5')-thymidine (III) was pre-
pared from 5’-O-trityl-2’-deoxy-5-fluorouridine 3’-phosphate
(0.5 mmole) and 3’-acetylthymidine!® (1 mmole). The yield
was 150 mg (449%).

Anal. Caled for CyH3zoFN:O0:1.P-H.O: C, 44.84; H, 6.12;

N, 10.46. Found: C,44.78; H, 6.55; N, 9.97.

5-Fluorouridylyl-(5'—5')-5-fluorouridine (IV) was prepared
from 2’,3’-O-isopropylidene-3-fluorouridine 3’-phosphate (0.76
mmole) and 2/,3’-O-isopropyvlidene-5-fluorouridine (1.5 mmoles).
The product was obtained as the triethylammonium salt (yield
719,). It moved as a single ultraviolet-absorbing spot on paper
chromatography, and its electrophoretic mobility corresponded
to that of a diribonucleoside phosphate (Table I). Upon con-
version to the sodium salt »ia Dowex 50, neutralization, and
lyophilization, the product was analyzed as the sodium salt.

Anal. Caled fOI‘ C13H20FN4014NaP'3.5H202 C, 3219, H,

4.02; N,8.35. Found: C, 32.153; H, 3.76; N, 8.32.

5-Fluorouridylyl-(5’—5’)-uridine (V) was prepared from 2’,-
3’-O-isopropylidene-5-fluorouridine 5’-phosphate (1.69 mmoles)
and 2/,3-O-isopropylideneuridine (3.38 mmoles). The product
as obtained from the DEAE-cellulose column was contaminated

(17) P. T. Gilham and H. G. Khoransa, J. Am. Chem. Soc., 80, 6212 (1958).
(18) G. Weiman and H. G. Khorana, bid., 84, 419 (1962).
(19) A. M. Michelson and A, R, Todd, .J. Chem. Soc., 951 (1953).
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with 100, of uridine; therefore, arc additional purification step
witx required. The reaction product  was neutralized  withe
Dowex 50 resin (H*) mid the sohitiow after filtertg was evapo-
rated to dryness. The residue was dissolved in water aad thix
sohition was titrated with 0.1 ¥V Ba(OH). solition 1o pH 7.35
(14 m! consumed). The product was precipitated by the addi-
tion of 5 vol of ethanol, nnd the precipitate was collected by
centrifugation and washed with a few milliliters of ethanol

water (3:1). The produnet was dried over P.OQy e a desicentor
fors dayvs.  The vield was 0.89 g (8377).

tnal. (,‘alcd for C(g}Ig(FNﬂ)HP-( 3B&THJU [
H,4.59; N.7.35. TFound: C,2849; H, 3.71; N, 7.15.

A more satisfactory analy wuas obtained with the sodiam
snlt whiell was prepared as described above.

Jnal/, Caled for CeHo FNGNaOGP - 2HLO: C) 3441 H, 5.08:
N, 8.04. Found: C,34.78: H, 4.14; N, 8.60.

The hyperchromie effect of FUMP-FUR and FLMP-UR ix
12 and 8.3%, respectively. ‘These vahies were obtained ue-
vording to the procedure reported previously.®

Microbial Assay Procedures.-—-All growth experiments were
earreed out i the basal niedium of Flyun, ef af.,2! from which
nracil annd the purines had been omitted, mied to which I meg/ il
of folie acid wug added.  Portions 11 mb) of this double-strengile
medimn were placed fato 13 X 100 1an1 Pyrex cultnre tabes acd
1 ml of water or 1 ml of the solutiva earctaiaing the test com-
pouaad was thercadded to each tahe.  Sterilization of the medinm
was cacried ct by autoelaviag for t mie at 1165-121°. The
fimorhated pyrimidines and the diraeleoside phosphates eoa-
taining them were sterilized by filiration a1d added 1o the anto-
clived wmedium.  The noaila were prepared from caltures of
S. Joecalis grown i Al of the basal mediam for 20 hr at 37°.
Following eentrifugation and wasldug twice with isotorde saline,
the eells were resuspeinded in eroagh saline to give an optieal
density of 0.30 as measured in a Beekinan Model B spect copho-
tometer at 470 mu. A 1-ml portion of this suspension contatdng
approximately 1.4 X 107 cells was dibived 1:10 hie salive, aad 1
drop of this fiial diltion was placed 1o each axsay tube. Taen-
bation proceeded foc 20 hr at 37°, at wlaele time the contral
erdtace is =ull ia log phase. The extent of growtle was de-
termined by mema of a Klett—-Sammersow photoelectrie colorim-
eter, nsing a red filter (640-700 mep't. To determine rheir pn-
terey as inhibitors of growtly the acwalogs were added to the hasal
medbi in coreentrations rangiceg from 10-%10 1022 17,

The ability of various pyriniidires 1y prevewt the inhibitioronl
growth exerted by the fluoropyrinidiies awd their derivatives
wus evalanted by addiig the wmetabolites 1y the medium at et
ceatrativas ranging front 1073 1o {078 3/ and assaviag them
agnilsl concentrativas of the awlog extending fron: 1073 ()
fo= 47,

Selection of Mutant Strains.~Mutaars resistant o U,
FUR, FUMP, and FUNMP-FUR were ohtained from tlie pareid
sitee by serial transfer in inereasing conceutrations of the
drug.  The ba=al medinm served as the selection niediun.

Uptake of FU and FUMP-FUR by 8. faecalis.—The spectro-
photometrie procedure of Jacquez?®? was used to determiue the
uptake of the mnaloge. The cells were grown i the hasal
medinm containing 2 mug/mt of folie acid.  After 20 hr of
menbatioa at 37°, the caltures were washed twice with 0.2 3/
phosphate baffer, pH 7.0, and were resasperded in a snfficierct
amount of buffer to yield & eytoerit betweere 0.1 and 0.2, The
suspensions were preiacubated for 6 mic at 37° and were thec
icenbated for 5 min e the prescicee of varions concendrations of
the malogs. The cells were separated fram the extracellalar
finid hy centrifogation, midd the compoainds were extracted by
boiling the cells with 957¢ ethanol and 0.45¢¢ NaCl (4:1). 'The
concentration of analog irc this sohitionn was determined with a
Cary Model 14 recording spectrophaotometer.  Allowance was
mode for the amount of compound contained in the intercelhuar
space, the vohime of which was deterinined by the use of inulin.*
The coneentration of compounds e the extracelhular fluid was
estimated spectrophatometrically.

Purification of the Compounds and Determination of Their
Stability—The biolagical test system wused is highly sensitive to
inhibition by the fluorinated pyrimidine bases and micleosides

28.44;

2200 R. 'Thedfard, M. . Fleyvsher, and R. H. Hall, J. Med, {Them., 8, 486
(1963).

200 Lo ML Plynn, VoI Witliams, B b O Dell, sanl AL CL Dogan, J1nal.
Chrem., 28, 180 (1951;.

22y 10 AL Jaequez, Cancer Res., 17, 840 (11H).
AL Blaeh ool DO Yhoebisen, 49 24, 1354 1 Ut
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Aot an. To exelnde acetambded  breakdowa  prodnets,
the  dimeeleosile plosplates were  cleowatageaphed  amaedi-
ately before theeir nse. Claonwtogroples wos varewed oal overs
ragld iesolveat A are Whatnwme No. 3 paper, deseocding, wt 259
The dinuelenside phosplates were ebdaed Tmwe the puper by
~haking ia watee, pHL 7.0, for I hr.

T deteemine the possible hydrolysis of everw small portwoss
«f the compoards diviag chromatograple, bioantngraphy was
emploved. A 2.5-c1a strip, ceut alowg the length of the driel
chiromatogroia, was plced on the solidified hasab intrient mediaca
(18", agar), which had been seeded with 8. fuccalis 11 ml w6
starbavd amealem 100 mb of medianit,  Followlag iceabarino
for 20 Ta at 357, the loeatiorc of zoves of ndabitiore was colapiaed
with the positine of zmes popdaced by ile carrespondiag biese,
101eleaside, miad oeleatide analogs.

To deterndie the exteat of hydmlysis which the diaclen-
side plosphates mndergo npowe standing in solation, the oo
pomuds were dissolved i 0,001 3/ phoxphate baffer, pil 7.0
One part of 1he solatioe was frozen at onee, and the remaicdagy
poction wirs lenbated at 379 for 2-5 days. Al fractines weee
there n=saved <innltwaenasly for iadddbitione nf the genwtle of
8. farcalis.

Results and Discussion

Dinutcleoside monophaosphates contaming one or two
residues of an antimetabolite are of fundamental in-
terest in chemotherapy.  If capable of entering the cells
intact, nat only then poteney, but also their mode of we-
tion may differ from that of the mdividual residues,
They may he less prone ta eataholic inactivation and
may be uctive against cell stravus resistant to the free
analog residues.  The synthesis of dinucleoside phos-
phates containing FUR or FAUR as part of their stiue-
ture was carried ottt to permit i investigation of these
possibilities,  Chart 1 shows 1he struetural formnlas

Chaaner I

0 0
ot "
HN/TF HN IR’
oL L
OCH, 4 HOCH, o
oH 0

% / 2.,

0 «—P=0H Hn)j»cn3 O=P~OH HN)j-R,
l O:kN / Ozk

ocnw

OH OH

oCHy o

OH OH
3

0+—P=0H HN/j—F
l N

N
OCH2 o}

OH OH
I R=F
X R=H

of the dinucleoside phosphates which we have pre-
pared.  FAUMDP was combined with thymidine throngh
a 5'—=3" (1), 3'—=3" (II), and 3'=5" (III) linkage in
arder to permit an evaluation of the effeet of n given
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bond arrangement upon biological activity. FUMP
was attached in 5'—5’ linkage with a fluorouridine (IV)
and with a uridine (V) residue.

The growth inhibitory activity of these compounds
in the S. faecalis 8043 system is shown in Table II.
While FU, FUR, and FAUR inhibit the growth of this

TasLE 11

GrowrH INHIBITION OF S. fuecalis® by FLUOROPYRIMIDINES
Amt of analog (M)

Analog for 509, growth inhib
FU 5 X 1071
FUR 3 X 1071
FAdUR 1 X101
FAUMP-dTR-(3'—5") 1 X 10
FAUMP-dTR-(5'—3") 1 X 1078
FAUMP-dTR-(5'—=5") 2 X 108
FUMP 4 X 1078
FUMP-FUR 5 X 1078
FUMP-UR 5 X 1077

a Grown in a defined medium for 20 hr at 37°.

organism by 509, at 1-5 X 10! M, the activity of the
dinucleoside phosphates containing these analogs is less,
extending from 2 X 108 to 5 X 10—" M. A compara-
tive decrease in activity is shown by FUMP. These
dinucleoside phosphates are also inhibitors of Sarcoma
180 cells grown in tissue culture.?*

The marked difference in the potency of the free
nucleoside analogs as compared to that of the dinucleo-
side phosphates, or the nucleoside monophosphate, may
be explained in a number of ways. A permeability
barrier could impede the facile entrance of the dinucleo-
side phosphates, while permitting the simple diffusion
of the nucleosides. On the other hand, the dinucleo-
side phosphates might enter the cells freely, but may
act in a manner different from that of the free nucleo-
sides. Alternately, cleavage to the nucleoside or the
nucleotide stage may have to occur either outside or
inside the cell before the dinucleoside phosphates can
exert their inhibitory activity.

To establish which of these possibilities is most
likely responsible for the action of these compounds, a
comparative inhibition analysis was carried out.*
Central to such an analysis is the observation that in
S, faecalis, as in other biological systems, interference
with the biosynthesis of thymidylic acid represents the
primary mechanism by which the fluoropyrimidines
in the form of FAUMP exert their growth inhibitory
effect.2? The reversal capacity of a given pyrimidine
depends thus on the extent of its conversion to dUMP
(Figure 1). Table III shows that the reversal patterns
obtained with the dinucleoside phosphates coincide
closely with those of FUR and FAUR. There exists,
however, an approximately 1000-fold difference in the
magnitude of the inhibition indices, which parallels the
difference in potency of the compounds. Thymidine
and thymine are the best reversing agents, and al-
though they give rise to the product of thymidylate
synthetase activity (Figure 1), their reversal effect is
competitive, indicating some interference of the fluoro-
pyrimidines with the anabolism of endogenously sup-
plied thymine and thymidine 2% Deoxyuridine,
(24) Dr. M. T. Hakala, personal communication.

(25) W. Shive, Ann. N. Y. Acad. Sci., 63, 1212 (1950).

(26) P. 8. KKokolis and A, J. Weiss, Proc. Am. Assoc, Cancer Res., 6, 36
(1965).
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Figure 1.—Scheme of pyrimidine interconversions.

the immediate precursor of dUMP, is a somewhat less
effective reversing agent, but is more active in pre-
venting the inhibition than are the remaining pyrimi-
dines.

The reversal patterns obtained with the dinucleoside
phosphates coincide not only with those of FUR and
FJAUR, but also with that of FUMP., This indicates
that all of these fluoropyrimidines exert their primary
inhibition at the same metabolic site in the form of the
identical intermediate which, most likely, is FAUMP.

That the dinucleoside phosphates act in the same
manner as do their component analog residues is
also suggested by the data in Table IV. Mutant
strains of S. faecalis which require 4 X 10-% M FU
(SF/FU) or FUR (SF/FUR) for 509, growth inhi-
bition are cross-resistant to 3 X 10—% ¥ FUMP-FUR.
This is a ratio of approximately 1:1000. Alternately
the strain resistant to FUMP-FUR (SF/FUMP-FUR)
is cross-resistant to FU and FUR at approximately the
same ratio. In comparison the wild strain (SF/0) is
inhibited by 3 X 10~ M FUR and by 5 X 10-8 3/
FUMP-FUR which is also a ratio of about 1:1000.
This observation indicates that the mechanism of resist-
ance is directed against a site which is acted upon by a
common intermediate of these analogs. If the dinu-
cleosides were to inhibit growth in a manner different
from that of FUR, then this constant ratio of inhibi-
tion could not be expected. The same observation ap-
plies to FUMP. As determined with SF/0, the ratio
between the inhibitory activity of FUMP and FUR is
approximately 1000:1 (Table IV). In turn, the mu-
tant resistant to FUMP is cross-resistant to FU or FUR
to approximately the same extent. This coincidence
would not be likely to occur if the mode of action of
these compounds were to differ.

The weaker inhibitory activity of the dinucleoside
phosphates as compared to that of the free fluoropy-
rimidines must then result from a difference in the rate
of their conversion to the active intermediate. Figure
2 demonstrates that FUR enters S. faecalis cells
readily, the facile entry paralleling the unhindered up-
take of FU.?%% The entrance of the dinucleoside
phosphate FUMP-UR is, however, markedly retarded,

(27) J. A, Jaequez, Proc. Soc, Expl. Biol. Med., 109, 132 (1982).
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indicating a permeability barrier.  1"igure 2 also shows
that a shnilar barrier exists for FUMP, and since this
compound cannot enter the cellg in its intact form,!
the small amount of intracellular fluoropyrimidine re-
covered must have resulted from cleavage prior to en-
traitce.  On the other hand the demonstration that the
celt membrane limits the uptake of the dinucleoside
phosphates does not constitute proof for the extracellu-

lat eleavage of these compounds. Indications for
extracellular  cleavage is obtained, however, from

chronmntographic analysis of the dinucleoside phos-
phates.  When these compounds are removed from
cold storage in the lvophilized state and chromato-
graphed in solvent A (pH 6.5) or B (pH 11.5) at 23°,
zones of mhibition at positions corresponding to di-
nucleoside phosphate, micleoside monophosphate, and
nneleoside can be demonstrated by means of bioantog-
raphy.  If the material corresponding to dinueleoside

Amt of analog requirerl (M) for 506 wrowth («hibition of —

S, TUMP-FUR

SF/FUR Q[ FUMP
4 X 107> 5oX 1 X 10
4 X 10 4% 107 1% 10-°
5 X 10 5 X 10 2% T
5% 10 5K 107 5 % 107

phosphate is eluted with water, and rechromatographed
overnight, the same breakdown products can again be
demonstrated. If relatively large amounts (50-100
mg) of the dinneleoside phosphates are applied to the
paper, the products formed during chromatography ean
be detected by inspection under ultraviolet light.
Thus, this group of compounds is apparently subject
to some hydrolysis even mnder mild conditions and
during the restricted period of time (20 hy) required for
biological evaluation.

This hydrolysis iz also confirmed by the informution
presented in Figure 3, which demonstrates the inerease
i1 potency which results when the dinucleoside phos-
phates are stored in phosphate buffer, pH 7.0, at 37°
for varions lengths of time prior to biological evahia-
tion. The relative increase i activity of the com-
pounds following their standing in solution would indi-
cate that the brealkkdown products obtained during the
period required for biological assay, together with the
hydrolysis products invariably present in the starting
sohition, can account for much of the biological effects
seen. A 3 X 107 M concentration of FUMP-T'UR
would have to yield less than !/ th its amount of
I'CR (3 x 10-% A) to produce 509, growth inhibitiot
of SI°/0. Supplementation of this nounenzymic hy-
drolysis with enzymatic cleavage at the cell membrane
eann, however, not be excluded.

Ax shown by TFigure 3 the micleotide analog "GN P
algo undergoes nonenzymatic hydrolysis.  That cleayv-
age of this compound is required before it can enter the
cells has been demonstrated by Leibman and Heidel-
berger.'' This compound appears to be cleaved to the
game extent as are the dinucleoside phosphates, and its
enzymatic cleavage at the ccll membrane may supplant
the nonenzymatic hydrolysis.

When combined, the data obtained from the inhibi-
tion analysis and from the studies on cross-resistance,
uptake, and in vitre hydrolysis lead to the conclusion
that the dinucleoside phosphates exert their inhibitory
activity following their conversion to the uucleosides,
cleavage oceirring most likely outside the eell. Thus,
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it is questionable whether these dinucleoside phosphates
per se possess any biological activity. Despite this
fact, the compounds may be of real value in chemo-
therapy. The relatively slow release of the biologi-
cally active component may beneficially affect its
toxicity, and may retard its rapid inactivation. Com-
pounds such as FUMP-UR and FdUMP-dTR which
contain built-in reversing agents may possess selectivity
for tissues which do not use exogenous uracil or thymi-
dine.

As shown by the data in Table IV no advantage is
gained from the application of the dinucleoside phos-
phates to strains of S. faecalis resistant to the com-
ponent base or nucleoside analogs. This result parallels
the recent observation by Parsons and Heidelberger®
who reported that 5-fluoro-2'-deoxyuridylyl-(5'—5')-
5-fluoro-2’-deoxyuridine did not inhibit cells resistant to
FAUR. This lack of differential activity of the fluoro-
pyrimidine-containing dinucleoside phosphates in the
bacterial system differs from the marked activity ex-
erted in tissue culture by a dinucleoside phosphate con-
taining two 6-mercaptopurine residues. As shown by
Montgomery, et al.,*® this compound inhibits the
growth of G6-mercaptopurine-resistant H.Ep. No. 2
cells at about 1/, the concentration required for
equivalent inhibition by the free nucleoside or nucleo-
tide. This observation was held to demonstrate that
the molecule penetrates the cells intact.

Since the dinucleoside phosphates containing 5-
fluorouracil residues do apparently represent reser-
voirs capable of slowly releasing the nucleoside com-
ponents, they may, particularly in tissue culture,
produce the effect of a continuous treatment lasting
over many days and resulting in a cell response not seen
with a single high dosage of the free nucleoside or nu-
cleotide. Under such circumstances the cells in all
their phases of growth are subject to the action of the
drug, a fact which may result in increased inhibitory
activity.

Although small, from a chemical point of view, the
instability of this group of compounds is nevertheless

(28) D. G. Parsons and C. Heidelberger, J. Med. Chem., 9, 159 (1966).

(29) J. A. Montgomery, G, J. Dixon, E. A. Dulmage, H. J. Thomas, R. W.
Brockman, and H. E. Skipper, Natfure, 199, 769 (1963).
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Fignre 3.—Inerease in biological activity of dinueleoside phos-
phates containing 5-fluorouracil residues following standing in
neutral solution at 37° for various periods of time.

of theoretical interest. It is unlikely that the lability
is due to the fluoropyrimidine residues. Indeed, com-
pounds such as UMP-UR-(3'—5’) and 5-methyl-
UMP-5-methyl-UR-(3'—5") have also been observed
in this laboratory to undergo slow cleavage upon pro-
longed storage in the frozen state. While, in the ribo-
nucleoside series, the presence of a neighboring hy-
droxy group can be held responsible for the lability of
the (3'=-5') link, no such explanation can be ad-
vanced for the relative instability of the dinucleoside
phosphates combined in a (5'—5') link, or containing
two deoxyribonucleoside residues. It may well be that
the limited degradation seen with the dinucleoside phos-
phates containing fluoro analogs is a property of di-
nucleoside phosphate esters in general, independent of
the nature of their component residues.
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