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The metabolism of the antithyroid drug
2-thiouracil to the thiouracil nucleotide (thio-
UMP) can occur by several pathways. In the
two pathways characteristic of animal tis-
sues, 2-thiouracil is first converted to 2-thi-
ouridine by the action of uridine phosphory-
lase (1) or by thymidine phosphorylase (2,
3). Further metabolism of 2-thiouridine to
thio-UMP is catalyzed by uridine kinase
which uses thiouridine as a substrate almost
as readily as uridine (1). Thiouracil can also
be converted to thio-UMP by direct phos-
phoribosylation with PRPP (4). This reac-
tion is catalyzed by UMP pyrophosphorylase,
an enzyme not found in measurable amounts
in most animal tissues.

Since conversion of 2-thiouracil to thio-
UMP is catalyzed by enzymes in pathways
normally utilizing uracil as a substrate, fur-
ther metabolism of thio-UMP to a di- and
triphosphate may also occur by uracil-
utilizing enzyme systems. Maley et al. (5)
described an enzyme preparation from rat
liver which contains a mixture of nucleoside
mono- and diphosphokinases. The enzyme
mixture was able to utilize almost any of the
naturally occurring nucleotides as a substrate
and was recommended for the preparation of
nucleoside di- and triphosphates. The utili-
zation of 2-thio-UMP by this enzyme prepa-
ration has been investigated to determine if
2-thiouracil metabolism to the nucleoside di-
and triphosphate can occur.

Materials and Methods. Thio-UMP, thio-
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UMP-"“C and thio-UMP-*3S were prepared
by the action of UMP pyrophosphorylase on
thiouracil as described by Lindsay ef al.
(6). Authentic thio-UMP and thio-UDP
were kindly supplied by Dr. R. W. Cham-
bers (New York University Medical Center)
from a chemical synthesis according to
Lengyel and Chambers (7). Phosphodies-
terase (Russel’s viper venom, lyophilized, B
grade) was obtained from Calbiochem. Nu-
cleoside mono- and diphosphokinases were
prepared according to the method described
by Maley et al. (5). Liver (22.5 gm) from a
normal rat was homogenized with 75 ml of
1.15% KCI and centrifuged at 37,000¢ for 30
min. Five ml of 0.5 M potassium phosphate
(pH 7.5) were added to the supernatant
which was then heated to 85° in a water bath
for 2 min. The suspension was cooled, then
centrifuged and the supernatant fraction lyo-
philized. The residue was dissolved in a mini-
mum volume of cold water and dialyzed
against two 2-liter changes of 0.001 M potas-
sium phosphate (pH 7.5). About 10 ml of
active enzyme extract were obtained.

Complex ribonucleotides were separated by
ascending two dimensional chromatography
on polyethylenimine (PEI)- cellulose MN
300 precoated plastic sheets (Brinkmann In-
struments, Inc.) with a solvent system
modified from that described by Randerath
and Randerath (8). Thin-layer chromatogra-
phy in the first direction was carried out by
sequential development with 0.1 M LiCl for
2 min, 0.5 M LiCl for 6 min, and 1.0 M LiCl
until the solvent front reached a point 13
cm above the origin. The plate was then
dried in a current of air and the LicCl re-

1089



1090

moved by dipping in an anhydrous meth-
anol bath for 15 min. After air drying
again, chromatography in the second direc-
tion was carried out in 0.5 M, 2.0 M and 4.0
M sodium formate buffers, pH 3.2 with de-
velopment being carried out, respectively, for
30 sec, 2 min and until the solvent front
reached a point 15 cm above the origin. The
plate was then dried and the nucleotides de-
tected under UV light.

Radioactive spots on the thin-layer chro-
matograms were visualized by autoradiogra-
phy. Thin-layer chromatograms were usually
covered with Mylar sheets (15 p in thick-
ness) placed in contact with Dupont Cronex
medical X-ray film and held in position with
masking tape. The thin-layer plate was out-
lined on the film with pencil and the corner
corresponding to the origin marked. Contact
exposure was allowed to occur for various
periods of time depending upon the type of
radiation emitted and the quantity of radi-
oactive material in the sample applied to the
chromatogram.

Results. One of the problems previously
encountered with thio-UMP was its instabili-
ty and propensity to form the corresponding
uracil derivative. Consequently, it was neces-
sary to develop methods for the separation of
uracil and thiouracil nucleotides before it
could be established that thio-UMP conver-
sion to thionucleoside di- or triphosphates
could occur and could be clearly distin-
guished from the incorporation of UMP, a
known degradation product, into uridine nu-
cleotides. Separation of authentic uracil and
thiouracil nucleotides was achieved by chro-
matography on AG-1 x8 anion exchange
columns as indicated in Fig. 1. Both thio-
UMP and thio-UDP were eluted from the
column after the corresponding uracil nucleo-
tide indicating that the thio compounds are
more acidic than the corresponding oxygen
analog, a situation generally encountered
when -S or —SH is substituted for ~O or —-OH
in organic compounds (9). An authentic thio-
UTP standard was not available but, by an-
alogy to the elution characteristics of thio-
UMP and thio-UDP, would most likely be
eluted after UTP.

A mixture of nucleoside mono- and diphos-
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Fic. 1. Separation of authentic uracil and thi-

iouracil nucleotides by column chromatography. Au-
thentic nucleotides were applied to AG 1 X 8
(formate form, 200400 mesh) and separated by
gradient elution. The mixing vessel contained 22 ml
H.O initially with addition of formic acid (F.A.) or
ammonium formate (A.F.) to the reservoir (a coni-
cal separatory funnel) as indicated at the top of the
figure.

phokinases was prepared from rat liver by
the method of Maley et al. (5) and incu-
bated with UMP or thio-UMP. The results
presented in Fig. 2A show that the enzyme
preparation actively converted UMP to UDP
and UTP, the only major metabolites
formed. Thio-UMP was incubated with the
enzyme extract under identical conditions
with the results presented in Fig. 2B. Only
one reaction product appeared to be formed
and its absorbance was higher at 273 mpu
than at 260 my, a trait characteristic of thi-
ouracil compounds. The material in the peak
was isolated, concentrated and subjected to
UV absorption analysis. The absorption spec-
trum of this compound was identical to that
of authentic thio-UDP in H,O with both
displaying maximum absorption at 275 mgu.
It was obvious from the relatively large
amounts of uridine di- and triphosphates
formed when compared to the very small
amount of product from thio-UMP that thio-
UMP utilization by these enzymes did not
readily occur and was certainly not compara-
ble to the rate of conversion of UMP. Since
the primary objective of the experiment was
to determine if this enzyme system could
utilize thio-UMP for the formation of nucleo-
side di- and triphosphates, a more sensitive
method of detecting product formation was
required. This was accomplished with radi-
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Fic. 2. Phosphorylation of UMP and thio-UMP by rat liver mono- and diphosphokinase. The
reaction mixture contained 8 umoles of UMP or 15.7 umoles of thio-UMP; 50 umoles of potassium
phosphate, pH 7.5; 0.5 umoles ATP; 3.0 umoles of MgCl.; 20 umoles of creatine phosphate; 0.5 mg
of creatine kinase; 10 wmoles of glutathione; 0.1 wmoles of Versene, 0.2 ml of enzyme
preparation (6.6 mg enzyme protein) and 2 drops of toluene in a final volume of 1.1 ml. After 26
hr incubation at room temperature, the reaction mixture was applied to a 0.5 X 20 cm column of
AG 1X8. Gradient elution was carried out as indicated at the top of each figure.

oactive thio-UMP and the results obtained
with thio-UMP-?>S are presented in Fig. 3.
Column chromatography after incubating the
enzyme with thio-UMP-?5S revealed the for-
mation of two major radioactive products.

Knowing that this enzyme system readily
converts UMP to UDP and UTP, these pro-
ducts appeared to be thio-UDP and thio-
UTP. The chromatographic characteristics on
AG 1 were consistent with this tentative
identification since the peaks were eluted af-
ter the corresponding uridine nucleotides
UDP and UTP.

The two radioactive peaks were isolated,
desalted, lyophilized and subjected to two
dimensional, thin-layer chromatography. In
the system used, UMP, thio-UMP, UDP,
thio-UDP and UTP are well separated (Fig.
4A) Thio-UMP travels more slowly than
UMP in both solvents and thio-UDP more
slowly than UDP. Authentic thio-UTP was
not available, but based on the positions of
the other two thio-nucleotides, it could be
predicted that thio-UTP would travel more
slowly than UTP in both solvent systems.

The peak from Fig. 3 tentatively labeled
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Fic. 3. Phosphorylation of thio-UMP-*S. The

reaction mixture was essentially the same as in

Fig. 1 except for the addition of 5.0 uCi of thio-UMP-*S (2.5 umoles) as substrate. UMP and UTP
were added prior to chromatography as references. Gradient elution on AG 1 X 8 columns was

carried out as indicated at the top of the figure.

thio-UTP was chromatographed on the thin-
layer plates (Fig. 4A). The greatest portion
of the radioactivity was concentrated in a
region nearer the origin than UTP and corre-
sponded to the position predicted for thio-
UTP. A second major radioactive spot was in
a position corresponding to inorganic sulfate
and a small amount of radioactivity was
coincidental with the spot occupied by non-
radioactive authentic thio-UDP. Since sepa-
ration of thio-UDP and the “thio-UTP” com-
pound was readily achieved by the column
chromatographic system used, the thio-UDP
is most probably a degradation product. The
inorganic sulfate must also be formed during
manipulation and indicates the instability of
the compound.

When incubated in a weak acid medium
(Fig. 4B), the “thio-UTP-?3S” was partially
hydrolyzed to form thio-UDP-%3S, Acid also
appeared to remove the phosphate from thio-
UDP-#S since a small amount of radioactiv-
ity was also found in the thio-UMP region.
Treatment with snake venom phosphodies-
terase, which catalyzes the removal of phos-
phate or pyrophosphate from nucleoside di-
or triphosphates, converted ‘thio-UTP-%3S”
to thio-UMP-*3S as shown in Fig. 4C.
Inorganic sulfate was also present in these
chromatograms.

The only compounds that could be con-
verted to thio-UDP and thio-UMP by these

two procedures are thio-UTP, thio-UDP and
thio-UDP conjugates. Thio-UDP was ruled
out since it is separated from the “thio-UTP”
product by both anion exchange and thin-
layer chromatography. Thio-UDP conjugates
can also be ruled out since no UDP con-
jugates were observed when UMP was used
as a substrate confirming that enzymes form-
ing conjugates were not present in the en-
zyme preparation used. Consequently, the
parent compound must have been thio-UTP.
When thio-UMP-C was substituted for
thio-UMP-35S in the incubation with mono-
and diphosphokinases, two labeled products
were formed which were identical to the two
3538-labeled products observed in Fig. 3.
Chromatography of the “thio-UTP-14C” pro-
duct on thin-layer sheets demonstrated that
the major portion of the radioactivity was
localized at the same site as “thio-UTP-3§”
(Fig. 4A) with some activity coincidental
with thio-UDP and thio-UMP. Hydrogen
peroxide treatment of the ‘“thio-UTP-14C”
product, which replaces the S of the thi-
ouracil moiety with 0 to form uracil, caused
most of the radioactivity to appear coinciden-
tally with the UTP standard (Fig. 4D) with
some appearing in the UMP spot. This con-
version to UTP could have occurred only if
the parent compound was thio-UTP. Thus
the chromatographic properties and the pro-
ducts formed after partial degradation



METABOLISM OF 2-THIO-UMP

1093

g A
. i ”,‘
_ . Ouwr
#-SULFATE™S  OTHio-umP
Qupe
QTHIO-UDP
|#=THIO-UTPS () -
onigin MW
* @rHio-ump
Qutep

O
-

QOuwmp

OTHIO-UMP

HCOONa

Fic. 4. Thin-layer chromatograms of the “thio-UTP-*S” or thio-UTP-"C product observed in
Fig. 3. UMP, UDP, UTP, thio-UMP and thio-UDP were authentic standards cochromatographed
with the sample, visualized under UV light and indicated as circles. The radioactivity was detected
by autoradiography and is shown as dark spots The details of chromatography are described in
Materials and Methods. Figs. A, B and C represent chromatography of 10 gl of the “thio-UTP-*S”
fraction from Fig. 3 incubated 30 min at 37° with 25 ul H:O (Fig. A) 10 gl 1 N HCI (Fig. B) and
25 ul snake venom phosphodiesterase (18 ug of enzyme protein), Fig. C. Fig. D represents a
chromatogram of 10 ul of “thio-UTP-*C” incubated 30 min at 37° with 10 ul of 6% hydrogen

peroxide.

provide strong evidence that the “thio-UMP”
product is indeed thio-UTP,

Attempts to confirm the identification of
the other thio-nucleotide product seen in Fig.
3, which had been tentatively labeled thio-
UDP, were inconclusive. Cochromatography
of the “thio-UDP-25S” compound with au-
thentic thio-UDP on thin-layer sheets pro-
duced the results shown in Fig. 5. The mi-
gration of the ‘“thio-UDP” was not compara-
ble to the authentic standard but moved con-
siderably further in the first dimension and
more slowly in the second. Cochromatogra-
phy of the “thio-UDP-**S” fraction with
authentic thio-UDP on an Ag 1 anion ex-
change column also demonstrated that these

compounds were chromatographically differ-
ent. The presence of inorganic sulfate-*3S in
both these chromatograms demonstrated the
labile nature of the thionucleotide which was
a serious problem throughout the study.
Discussion. The conclusion that thio-UMP
can be converted to thio-UTP by enzymes
from mammalian tissues is very strongly sup-
ported by the evidence presented. Although
UV absorption analysis and the nature of the
enzyme reaction suggested that thio-UDP
was also formed, the chromatographic results
failed to support its identification. On the
other hand, the results of the chromatograms
should not rule out the formation of thio-
UDP since Lindsay et el. (unpublished ob-
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Fic. 5. Thin-laver chromatogram of the “thio-UDP-*S” fraction from Fig. 3. Authentic stan-

dards are circled.

servations) demonstrated complex formation
between thiouracil and thiouridine with the
complex behaving differently chromatograph-
ically from, either parent compound. The ma-
terial in the “thio-UDP-35S” f{raction may
actually be a similar complex. Formation of
thio-UDP by the nucleoside mono- and di-
phosphokinase system must have occurred
even though it was not identified since the
nucleoside diphosphate is a mandatory in-
termediate in the formation of the nucleoside
triphosphate.

It is interesting to note that the mixture of
nucleoside mono- and diphosphokinases em-
ployed in this study utilized both UMP and
thio-UMP as substrates. There is no definite
proof that the same enzymes are involved in
the conversions of UMP and thio-UMP but
results with other systems suggest that this is
probably the case. All enzyme or enzyme
systems thus far reported to metabolize thi-
ouracil or a thiouracil derivative also utilize
the corresponding uracil compound. Another
characteristic of the systems utilizing thi-
ouracil, a characteristic shared by the nucle-
oside mono- and diphosphokinase system, is
that the uracil derivative is more actively
metabolized than the corresponding thi-
ouracil substance.

The pathways for thiouracil conversion to
thio-UMP utilize the same enzymes involved

in uracil conversion to UMP. Further con-
version of UMP and thio-UMP to nucleoside
triphosphates also involves the same, or very
similar, enzymes. Thus the pathways for
uracil and thiouracil conversion to the nucle-
oside triphosphate are either identical or very
similar.

The demonstration of pathways in mam-
malian tissues for thiouracil metabolism to
thio-UTP suggest that thiouracil incorpora-
tion into mammalian RNA might occur. Fur-
thermore, the pyrimidine nucleoside triphos-
phates are utilized to form pyrimidine nucle-
oside diphosphate conjugates which play
many important roles in physiological pro-
cesses. Thio-UTP may be similarly utilized.

Summary. The results presented demon-
strated that a mixture of rat liver mono- and
diphosphokinases metabolized 2-thio-UMP to
two substances. One was identified as thio-
UTP. The other had some properties similar
to thio-UDP but was chromatographically
different. The rate of UMP conversion to
UDP and UTP by this enzyme system great-
ly exceeded that of thio-UMP to nucleoside
triphosphate. Thio-UMP conversion to thio-
UTP demonstrates that pathways are present
in animal tissues for the metabolism of 2-thi-
ouracil to 2-thio-UTP. The enzymes in-
volved appear to be identical or very similar
to those converting uracil to UTP.
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