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Ultraviolet Absorption Spectra.—The spectra were meas-
ured with a Beckman spectrophotometer, model DU, using
solutions containing 10 mg. per liter. For solutions of pH 1,
0.1 N hydrochloric acid was used, for pH 11, a glycine-
sodium hydroxide buffer.
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The complete catalytic hydrogenation of the 4,5-double bond of pyrimidine nucleotides has been carried out under mild

conditions with a rhodium catalyst.

Dihydrouridylic acid, formed from either uridylic or cytidylic acid, is cleaved by dilute

alkali at room temperature to give the N-ribosyl phosphate of -ureidopropionic acid. Dilute acid at room temperature
hydrolyzes this substance to ribose phosphate and g-ureidopropionic acid without appreciable isomerization of the phos-

phate group, thus making available the sugar phosphates of pyrimidine nucleotides.
have been carried out on cytidine, thymidine and deoxycytidylic and thymidylic acids.

Similar reductions and degradations
From uridylic acids a and b, ribose

2- and 3-phosphates, respectively, were obtained, thus confirming the identity of the pyrimidine nucleotide isomers.

Introduction

The accessibility of the sugars of pyrimidine nu-
cleosides, or of the sugar phosphates of pyrimidine
nucleotides, is severely limited by the resistance to
acid hydrolysis of the N-glycosidic linkage. It has
long been known that this stability is dependent on
the ethylenic unsaturation between the adjacent
carbon atoms in the ring; reduction or bromination
of the 4,5-double bond destroys the resonating
structure and renders the N-glycosidic linkage sus-
ceptible to acid hydrolysis. In this manner Levene
and LaForge? identified ribonic acid from cytidine,
following bromination and oxidation, establishing
ribose as the sugar in these substances as well as the
purine nucleotides. Bromination has also been
used to render the ribose susceptible in colorimetric
procedures used to identify pentose reducing
groups.*—® Hydrogenation of pyrimidine nucleo-
side, although as old as bromination, was originally
used to identify only the dihydrouracil compo-
nent3® and subsequently to show that the dihydro-
pyrimidine nucleotide had the same rate of acid
hydrolysis as purine nucleotides as judged from the
appearance of reducing groups.” A variety of pro-
cedures have been utilized to effect the reduction of
pyrimidines, e.g., hydrogenation under pressure
with colloidal platinum’=?% or palladium,®¢ the
dropping mercury cathode!® and sodium and
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ethanol in liquid ammonia.l'=1? In only a few
cases has reduction of nucleosides or of nucleotides
been successful. 361112

Now the sugar moiety has been isolated as such,
for the first time without oxidation or other sig-
nificant change, from both natural and synthetic
pentosides and from deoxypentosides reduced by
sodium and ethanol in liquid ammonia?! and cleaved
with a sulfonic acid cation-exchange resin.!? In the
deoxyribosides, this marked the first chemical iden-
tification of deoxyribose in the pyrimidine com-
pounds. In all other cases recorded, the sugar has
been identified indirectly, and in no case has a
sugar phosphate been isolated. The purpose of
this investigation was to recover quantitatively the
sugar phosphate component of pyrimidine nucleo-
tides, under conditions mild enough to avoid phos-
phomigration, in order to identify it both as to
sugar type and phosphate location. The avail-
ability of a new rhodium catalyst,** which is par-
ticularly suited for the reduction of heterocyclic
compounds, made a reinvestigation of this route
seem feasible. With it, it was possible to achieve
complete reduction of the 4,5-double bond at 1-1.2
atmospheres of hydrogen at pH 2-5 and at room
temperature. Disappearance of the ultraviolet
absorption at 260 mu was used as a criterion of re-
duction, for it has been shown that the same double
bond that is critical for the integrity of the N-gly-
cosidic linkage is also critical for the characteristic
ultraviolet spectrum of the pyrimidine nucleo-
tides.’® It was found that the increase in pentose
concentration as detected by conventional orcinol
reaction could be directly correlated with the disap-
pearance of ultraviolet spectrum, as expected. It
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was also found that the cleavage of the 1,6-bond1®
of dihydrouridylic acid by mild alkali markedly pre-
disposes the N-ribosidic linkage to acid hydrolysis,
making it possible to recover the sugar phosphates
under sufficiently mild conditions (pH extremes of
1-13 for short duration at room temperature) to
avoid isomerization as well as decomposition. The
uracil (or cytosine) moiety of the original was re-
covered as ureidopropionic acid (plus ammonia, if
cytosine was used).

Experimental

Reduction.—The catalytic hydrogenation of the 4,5-
double bond of the pyrimidine nucleosides and nucleotides
was carried out in dilute aqueous solution in a low pressure
(1.0-1.5 atm.) hydrogenation apparatus!® with a 5% Rh
on alumina catalyst.!* The theoretical amount of hydrogen
(for 1-3 mmoles of compound) was taken up in 1-5 hr. at
pH'’s of 2.0 to 5.0. The conditions used for uridylic acid
were 0.1-3.1 mmoles of nucleotide in 5-25 ml. of water and
5-250 mg. of Rh catalyst. Cytidylic acid, 0.3 to 1.5 mmoles
in 10 to 60 ml. of water, was reduced with 20 to 200 mg. of
catalyst at a noticeably slower rate than uridylic acid. At
pH 6 to 7 the reduction was slow; only 609 of the theoretical
amount of hydrogen was absorbed in 24 hr. Barium ion,
in one experiment, inhibited the hydrogen uptake as did
adenylic acid in three of the cytidyvlic acid experiments.
The catalyst was removed by centrifugation and the dihy-
drouridylic acid (H.URP) isolated by ion-exchange chro-
matography?® on a Dowex-1-chloride column (10 cm. X
O.g)sq. cm., 200-400 mesh, 2-3 ml. 0.01 N HCl/min.) (Fig.
24).

Hydrolysis.—(a) The 1,6-linkage of the dihvdrouridylic
acid (obtained from the Dowex-l-chloride column) was
opened!®® at room temperature by the addition of sufficient
alkali to bring the free OH™ concentration to 0.016-0.1 X
(Fig. 2B-E); the conversion to ureidopropionyl ribose phos-
phate (UPRP) being essentially complete in 1 hr. at the
higher alkalinity. The UPRP was separated on a Dowex-1-
chloride column in a manner similar to the H;URP. (b)
The hydrolysis of the N-ribose linkage of UPRP was accom-
plished with dilute (0.02-0.1 V) HCl, Dowex-50-H+ or Am-
berlite IR-120-H * at room temperature (Fig. 2 F-H) and the
ureidopropionic acid (N) separated by ion-exchange chro-
matography.

Isolation of Ureidopropionic Acid.—Uridylic acid, 1.01
g. (3.1 mmoles) was dissolved in 25 ml. of water (pH ca. 3)
and hydrogenated in the presence of 50 ml. of catalyst. The
reduction was complete (disappearance of ultraviolet spec-
trum, theoretical hvdrogen absorption) in 3 hr. The cata-
lyst was removed by centrifugation and the solution made
0.1 N in OH ™ by the addition of alkali. After 1 hr. at room
temperature Dowex-50-H * was added to pH 2.3, filtered off,
the filtrate made 0.1 N in HCl and heated on the steam-
bath 15 min. The B-ureidopropionic acid was absorbed on
a Dowex-1-OH ~ column and eluted with 0.01 N HCl. The
eluate contained 2.6 mmoles (849, based on uridylic acid)
ureidopropionic acid. After concentration in wacuo to a
small volume and crystallization at 5° for 2 days, 210 mg.
(1.6 mmoles) of crude crystals, m.p. 155-160°, were ob-
tained. Extraction with and recrystallization from hot
absolute methanol yielded 50 mg. melting at 169-170°. The
melting point of B-ureidopropionic acid, prepared by the
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method of Lengfeld and Stieglitz,?! was 170-171°. The

mixed melting point was 169-170°.

Uridvlic acids a and b, thymidylic acid, deoxycytidylic
acid, cytidine and thymidine were reduced and chromato-
graphed in a similar manner. The ribose phosphates ob-
tained were chromatographed in a sulfate-borate system on
a Dowex-1-sulfate column.?022,28

Nitrogen was determined spectrophotometrically accord-
ing to a Nesslerization procedure?t and phosphorus, ribose
and deoxyribose spectrophotometrically assayed by a modi-
fication of the method of Griswold, ef al.,2% and the conven-
tional orcinol and diphenylamine methods,? respectively.
The nucleotides used were either commercial products or
were prepared by chromatography?’? from hydrolyzates
of ribonucleic acids.

Results

The course of a typical hydrogenation of uridylic
acid is shown in Fig. 1. After an initial rapid up-
take by the catalyst, the rate is essentially linear
until 809, reduction is achieved.

The dihydrouridylic acid produced in the experi-
ment described in Fig. 1 was freed of catalyst by
centrifugation, made 0.016/V in free hydroxide ion,
and allowed to stand at room temperature. Sam-
ples of the solution were absorbed on ion-exchange
columns at various times and chromatographed
with the results indicated in charts A through E in
Fig. 2. A continuous and complete transforma-
tion of the dihydrouridylic acid (H;URP) to a sub-
stance of higher cationic affinity, containing all the
nitrogen, phosphorus and ribose reactivity of the
original, was thus observed. The rate of this trans-
formation was such as to reach 259, in 5 min. and
759, in 60 min. (charts B and C, Fig. 2), based on
the orcinol assay of the effluents. The product,
called ureidopropionylribose phosphate (UPRP)
was stable in the alkaline solution up to at least
50 hr. (charts D and E). Dihydrouridylic acid
allowed to stand in 0.1 N HCI, on the other hand,
did not change in 9 days.

The remaining solution was then made 0.1 &V in
free H+ with HCI, and fractions of this were simi-
larly chromatographed. As shown in charts F, G
and H of Fig. 2, a conversion of the ureidopropi-
onylribose phosphate to substances identified as ri-
bose phosphate (cross-hatched peak) and to ureido-
propionic acid (arrow N) and a small fraction of
other components, including some dihydrouridylic
acid, was observed. The amount of ribose phos-
phate formed was 479 at 40 min. and 829 at 24
hr. (charts F, G and H, respectively. Fig. 2). In
each case, 2 moles of organic nitrogen (1 mole of
ureidopropionic acid) per mole of ribose phosphate
formed appeared in the effluent at the pH break in
the elution sequence. This lability in HCI is in
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Fig. 1.—Catalytic hydrogenation of uridylic acid: 3.0
mmoles in 20 ml.; pH 5.4; 50 mg. of Rh catalyst; 25°;
1.15 atm. of H,; ®, final point corrected for catalyst H,
consumption; @, ribose assay.

contrast to the stability observed without prior
alkali treatment.

In experiments in which the separate a and b iso-
mers of uridylic acid?? were used, the ribose phos-
phates derived from them, as described, were
analyzed in the sulfate-borate system of Khym,
Doherty and Cohn?® in order to determine which
was ribose 2-phosphate and which the isomeric 3-
phosphate. Ounly partial reductions and degra-
dations were achieved but the results (Fig. 3) in-
dicate a predominance of ribose 2-phosphate from
the a uridylic acid and of the 3-phosphate from the
b (Fig. 4). Other experiments in which the deg-
radations were carried out more completely (over-
all ribose phosphate yields of 80 and 607, respec-
tively) gave similar results (709, ribose 2-phosphate
from the a, 95% ribose 3-phosphate from the b).
In these experiments, any reconstituted dihydrouri-
dylic acid was again treated with alkali and acid to
obtain its ribose phosphate. Thus the designation
of uridylic acids a and b as the 2’- and 3’-isomers,
respectively, which has hitherto rested on the physi-
cochemical properties of the cytidylic acids?® and
the deamination linking of a cytidylic to a uridylic
and of b to b¥-%1 {s now confirmed by direct isolation
and identification of the ribose phosphate moiety as
with the purine nucleotides.2223

Thymidylic acid was reduced under the same con-
ditions, but at a slower rate, as were the ribotides.
Consumption of hydrogen, disappearance of spec-
trum and appearance of reactivity in the diphenyl-
amine reaction were used as the criteria of reduc-
tion. Deoxyribose phosphate was demonstrated
but not isolated. Cytidine, thymidine and deoxy-
cytidylic acid were also reduced, yielding com-
pounds which underwent the same alkali and acid
degradations although at varying rates (e.g., the
methyl group of thymidylic acid retards the alkali
degradation; the deoxy products are more labile).

Evidence for the formation of dihydrocytidylic
acid in experiments involving cytidylic acid was the
elution, just ahead of the position of cytidylic acid,
of a small amount of a substance assaying for nitro-
gen, phosphorus and ribose in the ratio 3:1:1.
Most of the material was usually recovered as dihy-
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Fig. 2.—Ion-exchange chromatography of dihydrouridylic
acid and derivatives: dihydrouridylic acid (H,;URP) (A)
treated with 0.016 N NaOH at 25° for 5 min., (B); 1 hr.
(C): 24 hr., (D), and 50 hr. (E) to yield ureidopropionyl-
ribose phosphate (UPRP). UPRP treated with 0.1 N
HCI for 20 min. (F), 40 min. (G), 24 hr. (H) to yield ureido-
propionic acid (N) and ribose phosphate (RP), cross hatch-
ing is orcinol assay.

drouridylic acid, and free NH; in equimolar amount
could be demonstrated. Presumably, the amino
group of dihydrocytidylic acid is hydrolyzable un-
der the mild conditions of the reduction and absorp-
tion steps.

Discussion

No previous isolation of a sugar phosphate from
a pyrimidine nucleotide has been reported, and
even the reduction of such substances, presumably
necessary to achieve labilization of the N-glycosidic
linkage, has been achieved only rarely.” The
sodium—ethanol-liquid ammonia procedure, so effec-
tive with nucleosides, is seemingly ineffective with
nucleotides.!?

The conversion of 3-ureidopropionic acid to di-
hydrouracil?%$? and of the unsaturated analog to
uracil®® are the reverse of the alkali lability shown

(32) S. Gabriel, Ber., 88, 631 (1905).

(33) R. Behrend, Ann., 229, 5 (1883), quoted by J. J. Donleavy and

M. A, Kise in ‘‘Organic Synthesis,”” Col. Vol. II, A. H. Blatt, Editor
John Wiley and Sons, Inc., New York, N. Y., 1947, p. 422,
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by the reduced pyrimidine bases.®** That this
may occur also with dihydrouridylic acid, to give
the nucleotide analog (8-ureidopropionylribose
phosphate) is now demonstrated and the rate is
similar to that for the alkaline decomposition of
dihydrouracil.® The additional carboxyl group
formed is presumably responsible for the greater
ion-exchanger affinity, just as the further break-
down product, 8-ureidopropionic acid, shows more
acidic properties than urea or ammonia.
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Fig. 3.—Ion-exchange chromatography of reduced uri-
dylic acids: A, 38 umoles of uridylic acid a (75% reduced)
treated with 0.1 .V OH~ for 1 hr. and then by 0.1 & H* for
2 hr., B, 76 uwmoles of uridylic acid b (45% reduced)
treated with 0.1 N OH~ for 16 hr. and then by 0.1 N H~-

for 5 hr. Numbers under peaks refer to amounts (umoles)
recovered: — , ribose phosphate; -~ —, uridylic

aCid; ——————, .\Jvz
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Fig. 4.—Ion-exchange chromatography of ribose phos-
phate derived from uridylic acid a (A) and uridylic acid
b (B). R-2-P, ribose 2-phosphate; R-3-P, ribose 3-phos-
phate. Eluted with 0.005 M sulfate plus 0.005 M horate.
Numbers under peaks refer to amounts (umoles) recovered.

The increased labilization of the N-glycosidic
linkage caused by this alkali-catalyzed splitting of
the reduced pyrimidine ring, to the point where it
hydrolyzes rapidly in 0.1 & HCI at 25°, is a novel
and unexpected finding. This makes possible the
cleavage of the glycosidic linkage under coudi-
tions mild enough to preclude phosphomigration.®
Direct cleavage of dihydrouridylic acid would ap-
parently, as judged by its relative stability in acid,
require conditions prejudicial to the identification
of isomers.
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