
MOLECULA1I I’HARMACOLOGY, 8, 731-739

Copyright � 1972 by Academic Pres.�. Inc.

All rights of reproduction in any forii reserved.

Some Properties of a Pyrimidine Phosphoribosyltransferase

from Murine Leukemia Cells

DAVID T�ESSEL, JUDITH DEACON,’ BARBARA COFFEY, AND ANN BAKAMJIAN

Department of Pharmacology and l)ivi.s-ion of Oncology, University of Rochester School of M(’(licine and

Dentistry, Rochester, \r�� York 14642

(Received March 23, 1972)-

SUMMARY

A pyrimidinc phosphoribosyltransferase (approximate mol wt 100,000) is-ith a sharply

defined specificity was partially purified from ascitic cells of the P388/38280 murine lcu-
kemia. This enzyme is involved in the conversion of the antineoplastic drug 5-fluorouracil

(Km 100 ,�t) to pharmacologically active nuclcotides. The lowest Km value was obtained

is-ith orot-ic acid as substrate (Km 50 .tM) . The enzyme could also utilize 5-fluoroorotate

(Km 85 ,�i) and uracil (Km 5 m\I) . Inhibition studies, using fluorouracil as substrate,

indicate that this enzyme has a strong affinity for pyrimidines is-ith a carboxyl or amino

group at position 6, or a fluorine (but not a larger halogen) at position 5. A methyl group

at position 5 markedly decreases affinity of the enzyme for all pyrimidines. The affinity of
the enzyme for 6-carboxypyrimidines was greatly increased in the presence of dimethyl-
sulfoxide, but the rate of the enzyme-catalyzed react-ion was markedly decreased. The

enzyme requires Mg2� and phosphoribosyl pyrophosphate ; the latter promotes st-ability

at all temperatures. Enzyme extracted from a ccli line made resistant to fluorouracil showe(l
a decreased capacity to utilize fluorouracil as a substrate.

INTRODUCTION

Although purine phosphoribosyltransfer-
ases from mammalian sources have been
studied in detail (1-7), the analogous

pyrimidine-ut-ilizing enzymes have been
considered only briefly. One such enzyme

(8-12) seems to be involved in the biotrans-
formations of the antineoplast-ic drug 5-
fluorouracil. This enzyme can apparently

utilize fluorouracil, uracil, or orotic acid as

substrate, requires phosphoribosyl pyro-
phosphate and MgI+, and catalyzes the
formation of pyrimidine 5’-monophosphate.
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We have reported that this enzyme can
account for nucicotide formation from

fluorouracil in a murine cell line (P388/
38280) w-hich lacks uridine phosphorylase
(11). Iii the present report we have partially

characterized the phosphoribosyltransferase
from this cell line. Studies were carried out to

delineate the rather unusual substrate

sI)ecificity of the enzyme, kinetic constants,
and factors affecting enzyme activity . The

phosphoribosyltransferasc from a fluorou-

racil-resistant cell line was also examined.

MATERIALS AND METHOI)S

Substrates. Both 5-fluorouracil arid 5-
fluoroorotate, labeled with ‘4C in position 2
of the ring, is-crc purchased from New
England Nuclear Corporation; uracil, simi-

larlv labeled, is-as obtained from Calbiochem.
These substrates were purified by ascending
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thin-layer chromatography on cellulose

sheets, using 77 c/ 1-butanol-13 %- water-

10 % concentrated formic acid. The ultra-

violet-absorbing material at R� 0.4-0.6,

identified with appropriate markers, was
recovered and then diluted with water to 10
mM (3-5 mCi/mmole). The sodium salt of

PRPP2 and the other pyrimidincs were pur-

chased from Sigma Chemical Company. A

later assay of PRPP from this supplier

indicated an approximate purity of 50 �.

Its further purification as described by
Ilaks (13) did not alter the results showii
here, nor did the use of the sodium salt of

1�IU�l� prepared from dimagncsium PRPP
(Calbiochem) as described by Heycs (10).
The principal impurity in the Sigma PRPP

preparation was said to be the 3 , 5-cyclic

phosphate of ribose 1 -pyrophospliate. We
have not examined the properties of this

material in the present system. 2-Ethyl-
mercapto-�-fluoroorotic aldehyde and 6-(2-
thio-4-oxy-6- pyrimidylmethylidine) - 5’ - oxo -

2’-penyloxazoline were generously l)rovided

by Dr. .1. Logan Irvin, University of North

Caroli na.
Cell lines. CF�D, male mice were inoculated

with 1 X 106 P388/38280 cells, arid the

ascitic tumor was collected 7 days later as
described l)reviouslY (1 1) . Drug-resistant
cells were obtained by treating tumor-

bearing animals with 25 mg/kg of 5-fluorou-

racil from day 1 to day 10 after transplant.

After 50 transplant- generations, a fluoro-
uracil-resistant line was obtained. The drug-

resistant hiIl(’ was maintained iii animals

which received 25 mg/kg of flurorouracil on

days 1 and 2 after transplant.
Enzyme assays. The assay for l)hio5PhiO-

ribosvlt ransferase activity was described
previously (11) ; it involves the use of

DEAE-impregnated cellulose discs t o sepa-
rate pyrimidine 5’-monophosphate from the

pyrimidine substrates. The latter are readily
washed from the disc in 0.01 M citric acid.

This assay is suitable for use with either
ura(-il (final level, 5-10 m�i) or fluorouracil
( fiuial level, 0.5-1 m�i) as substrate. Since
both orotic and fluoroorotic acids are

2 The abl)reviatiolls used are : PHPP, phospho-

ril)osvl PYIophosphate ; F’U�IP, 5-fluot-ouridi tie

5’-nuiiophosphate ; I )MS( ), dirnet hylsulfoxide.

strongly bound by DEAE-cellulose, a dif-

ferent assay was used isith these substrates.
A 23-,�l volume contained 1 m� PR1�P, 1 m�

MgCl� , 0.5 m�i 2-mercaptoethanol, 100 m�i

buffer (generally glycine at pH 9), enzyme,
and 500 j.�3I substrate. The reaction is-as
terminated, usually after 10 miii at 37#{176},by

the addition of 5 Ml of 0.5 % phosphotungstic
acid in 0. 1 �i HCI. The precipitate is-as re-

moved by centrifugation, and a 15-,�l portion

of the supernatant fluid is-as applied near one
end of a 2 X 20 (m st-rip of Whatman No. 1
chromatography paper. The strip is-as de-
veloped overnight in the solvent system tie-
scribed above. Markers were used to identify

OMP (which remained at the origin) and
unreacted suhst rat e, which migrated down

the strip. In both assay systems, blanks were
run either by omitting enzyme or by termi-
nating the reaction immediately after adding

enzyme. Radioactivity �vas measuretl by

liquid scintillation counting.

RESULTS

Partial enzynre purification . Ten-gram
batches of tumor cells (wet weight) is-crc

suspended in 20 ml of buffer (50 m�i N-2-
hvdroxyet hvlpi perazme-�V’ -2-ethanesulfonic

acid, pH 6.8, and 50 m�n glycinc). The sus-
pelisioii �\1i5 frozen in a - 70#{176}bath, then
thiawed at 25#{176}.This process was repeated,

and the suspension was centrifuged at-
100,000 x �j for 60 miii. The supernatant-

fluid was treated with )�InCl1 (final level, 50
m�i) to remove nucleic acids. The precipitate
was removed by centrifugation, and the

solutioti was brought to 35 % saturation wit-h

ammonium sulfate. This precipitate was
discarded, and the ammonium sulfate con-

centration was then raised tO 60 % . The
resulting precipitate was retained, dissolved
in a minimal volume of 0.1 M glycine buffer

at pH 7.5, arid dialyzed against two changes
of the same buffer. The addition of 1 mis

l�RI�l� promot(’d enzyme stability, as dis-
cussed below. The resulting preparation was

stable to storage at- - 20#{176}.The murine
leukemia enzyme could be subjected to

further stel)s ill the procedure of Kasbckar
el al. (8), but difficulty in obtaining large

(luantities of tumor cells, together wit-h large
losses ill tottil activity during further
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purification steps, limited our studies along

these lines.
The methanol step involved treatment of

10 ml of the dialyzed enzyme from the am-
monium sulfate procedure with 2 ml of

methanol. This operation was carried out at
- 5#{176}.After 10 mm, the precipitate was col-
lected by centrifugation and discarded. The

supernatant fluid was mixed with 1.2 ml of
0.08 � sodium acetate buffer (pH 4.0) in

16.5 % methanol. The resulting precipitate

was removed by centrifugation, dissolved in
2-3 ml of 0.1 iu glycine buffer, pH 7.5, and

dialyzed against the same buffer containing 1
mM PRPP.

Chromatography was carried out on a 1
x 5 cm column of DEAE-cellulose cquili-

brated with 0.03 �i glycine buffer, pH 7.6.
The enzyme is-as elutcd with a linear gradient
beginning with 0.03 is glycine, pH 7.6, and

ending with 0.3 is glycinc, pH 7.0. Fractions

containing enzyme activity were pooled and
concentrated by repeat-ed dialysis against 0.1

31 glycine buffer containing 1 mM PRPP and

30 % polyethylene glycol (mol wt 6000)

and finally by dialysis against glycine buffer
plus 1 mM PRPP.

Purification data arc summarized in
Table 1.

Reaction products. With fluorouracil as
substrate, the reaction required PRPP and
Mg2�. The purified enzyme preparations
contained sufficient magnesium so that the
reaction was decreased to only 75 % of con-

TABLE 1

Enzyme purification

Cell extracts were treated as described in the
text. One unit of activity is defined as the con-

version of 1 Mmole of fluorouracil to FUMP per

Fraction Total
protein

Total
activity

Specific
activity

rng units units/g
protein

Cell extract 600 4.5 7.5

MnC1, 580 4.5 7.7

Ammonium 180 4.0 20
sulf ate

Methanol 60 2.1 35

DEAE- 6 1.1 180

cellulose

I

pH

FIG . I . Phosphoribosyltransferase actirity after

storage overnight at O� at pH 3-11

Ordinate, FUI\-IP formed during a standard

incubation (counts per minute); abscissa, p11 of

storage. The assay was carried out at pH 9 in
glycine buffer. 0, 2 mM PItPP present-; #{149},PRPP

absent- during storage at 0#{176}.

trol values by omission of MgC12 . Addition
of 2 mis EDTA inhibited the react-ion, how-
ever. Optimal utilization of fluorouracil at
saturating levels (5 X Km) occurred is-ith the

addition of 1 mis PRPP and 1 mis MgCl2.
The product, FTJMP, was characterized as
described by Reyes (10) and Dahi et al. (14).

With orotate as substrate, the product was
identified by thin-layer chromatography as
OMP plus UMP. With uracil as substrate,

only T.Th-IP was formed. Solvent systems are
described by Berlin (4) and Reycs (10) . The
preparations of phosphoribosyltransfcrase

used here were contaminated with OMP
dccarboxyiasc, as shown by catalysis of the

conversion of OMP to UMP. Any OMP thus
transformed is-as also detected in our assay
for enzyme activity, since either nucleotide
remains at the origin of the paper chro-
matographic system used, and both nucleo-

tides are therefore measured. The mag-

nesium requirement of the reaction has been
documented (10). In the present study, we
found the apparent Km for PRPP to be 100

j.&M with fluorouracil as substrate.
Enzyme stability. The enzyme, purified

through the ammonium sulfate step, is-as
protected against inactivation by 1 mr�r
PRPP. After 18 hr at 0#{176},optimal stability

was found if the enzyme had been main-
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tinned at pH 6.8 with PRPP present.
Without- PRPP, considerable inactivation

occurred, and the pH for optimal storage
was shifted to 5.5 (Fig. 1). Addition of 1

mis 1i/IPP strongly promoted stability at
both 50#{176}and 60#{176}(Fig. 2). Enzyme stability

is-as not enhanced by the addition of MgCl2,
orotate, uracil, fluoroorotate, or any corn-
bination of these substances, at 1-10 mis.

Addition of 1 mis MgC12 and 1 mis I�RPP
afforded less protection at 60#{176}than did

PRPP alone. However, the combination of 1
mis PRPP a-nd 2 mis EDTA was also less
effective than was PRPP alone. Endogcnous
levels of magnesium ion apparently con-

tribute to the protective effect of PRPP.
These data are summarized in Table 2.

Molecular -weight. A 2.5 X 45 cm column of
Sephadex G-150 was used, together with
markers of blue dextran, bovine -y-globulin,
ovalbuniin, cytochrome c, and tritiatcd
water. The column is-as equilibrated with
0. 1 is glycine buffer, pH 7.2, containing 1

mM PH PP ; this mixture was used to elute the
enzyme. In the absence of PRPP, no activ-
ity survived the treatment. Phosphoribosyl-
transferasc activity (substrate, fluorouracil)

was cluted in the region corresponding to a

molecular weight of 100,000 (Fig. 3). This
result may have been influenced by the possi-

Fin. 2. Heat inactivation of enzyme at 50#{176}or 60#{176}

0, 500 PRPP present; �, 50#{176},PItPP absent;
� , 60#{176},PRPP present ; #{149},60#{176},PRPP absent.

After heating for the specified interval, the enzyme
was chilled. Activity was measured at 37#{176}in the

standard assay at pH 9 in glycine buffer.

TABLE 2

Effect of magnesium and PRPP on enzyme

stability at 60#{176}

These assays were carried out by heating the

enzyme in 0.1 M glycine, pH 7, with specified
levels of MgCl2 , EDTA, and PRPP for 10 miii at

60#{176}.The mixture was chilled and then brought to
1 mM PRPP, 1 mM MgCl , and 1 m� fluorouracil.
Excess MgCl2 was added to compensate for EDTA,

if present. Activity was measured at pH 9 and

compared with an unheated control.

Additions Enzyme activity

Cl
/0

None

iniasPRPP

1 mM PRPP + 1 mM MgCI2
1manPRPP+2mMEDTA
2mMEDTA

0

75

50

40
0

30

�o-� x MW

FIG. 3. Relationship between molecular weight

and elution volume from Sephadex G-150

., standards: A, cytochrome c; B, myoglobin;

C, ovalbumin; D, bovine serum albumin; E, -y-

globulin. 0, enzyme activity.

ble aggregation of the enzyme with orotidyl-
ate decarboxylase, producing a complex of
higher molecular weight than either enzyme

alone (15). In addition, the presence of the
substrate PRPP may have changed the en-

zyrne configuration and thus altered the ap-
parent molecular is-eight as measured on a

Sephadcx column.
pH optima. With fluorouracil as substrate,

optimal activity was found at pH 9.3 (Fig.
4) . The optimum with uracil as substrate is-as
pH 10.5 (Fig. 5). With orotic acid as sub-
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FIG. 5. pH optimum of phosphoribosyltransferase
with uracil as substrate

See the legend to Fig. 4 for details.
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culated.

strate (Fig. 6) , a complex optimum was

found which was dependent on the particular
buffer employed. Glycine appeared to pro-

mote enzyme activity at high pH values, a
finding also reported with a purinc phos-

phoribosyltransferase (6) when the substrate

was guanine. To test the entire pH range, a

composite buffer composed of cquimolar
portions of glycinc, histidine, and Tris was
used.

7 8

pH

Fic. 4. pH optimum of phosphoribosyltransferase

with fluorouracil as substrate

Ordinate, rate of formation of FUMP. Buffers:

0 , N-2-hydroxyethylpiperazine-N’-2-ethaiiesul-

fonic acid; 0, Tris; L�, glycine; #{149},lysine. The
pK0 of fluorouracil is shown.

Activation energy. The initial rate of the
reaction with fluorouracil as substrate varied

with the incubation temperature. From these
data (Fig. 7) an activation energv of 11,200

cal/mole was determined.
Kinetic constants. The apparent Km for

fluorouracil at pH 9 in glycine buffer was
100 �iis ; in equimolar glycine-histidine-Tris

buffer at- pH 6.3, a Km value of 560 ,�is was

obtained. At pH 9 in glycine buffer, apparent

FIG . 6. pH optimum of phosphoribosyltransferase

with orotic acid as subsi rate

+ , equi molar glyci ne-hist idi ne-Tris buffer. For

other details, see the legend to Fig. 4.

33 35

TEMPERATURE l000/K

FIG. 7. Effect of temperature of incubation on

phosphoribosyltransferase activity with fluorouracil

as substrate

A value of �H = 11,200 cal/mole was cal-
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2,4-I )iketopyrimidines
Position 5 Position 6

H COOH

F COOH
NO2 COOH
NH2 COOH
CH3 COOH
11 NH2

F H

NH2 H
NO2 H
11 H

COOH H

N2� H
F3C H

Cu3 ii

Br H

50

85
300

1,300

10,000
500

100

850

2,300

5,000

8,000

10,000
10,000

>10,000

>10,000

800

3,300

100

2 , 500
2,000

5,000

8,000

>10,000

4,000

5,000

736 KESSEL ET AL.

K�, values of 50 �i for orotic acid, 80 j�is for

fluoroorotate, and 5 mis for uracil were ob-
tamed. Studies on the Vmax of the reaction

at pH 9 with the four substrates yielded the
following values (units are micromoles of

product formed per milligram of protein per

minute) : fluorouracil, 300 ; uradil, 70 ; orotate,
400 ; fluoroorotate, 600.

Inhibition studies. A group of substituted

pyrimidines were found to be competitive

inhibitors of the enzymatic conversion of

TABLE 3

Competitive inhibitors of pyrirnidine

phosphoribosyltransferase

The substrate was fluorouracil in 0.1 an glycine

buffer, pH 9. Initial rates of FUMP formation

were measured at 1, 2, and 5 mm. pK0 values are
fi-oni refs. 16 and 17.

Competitor K1 pK0

Other pyrimidines

L-I)ihvdroorOt ate

D-Dihvdroorot ate

OMP

UMP

2-ethyimercapto -5 -fluoro-

orotic aldehyde
6-(2-Thio-4-oxy-6-pyrimi-

tlylmethylidine)-5’-oxo-

2’ -pheii�’loxazoline

2-Ilydioxyprimidirie
2-Thiouracil

5-.-\.zauracil

6-Azautacil

TABLE 4

Effect of DMSO on inhibition of

phosphoribosyltransferase activity

These assays were carried out with 8% DMSO
present as specified. The level of inhibitor required

to inhibit the formation of FUMP by 50%, under

standard conditions, is shown. The level of in-

hibitor needed to cause 50% inhibition in the

absence of DMSO was also determined, and the

ratio of the two values was calculated.

Inhibitor I&o with
DMSO
present

Iso (DMSO absent)
I,0(DMSO present)

�i.if

Orotic acid

5-Fluoroorotate

OMP

5-Aminoorotate
5-Nitroorotate

3

6

25

65
150

17

14

4

20
2

5-Fluorouracil
6-Aminouracil

5-Aminouracil

Uracil

50
500

850

5000

1
1

1

1

fluorouracil to FUMP. Plots of velocity vs.
velocity/substrate concentration isTere used

throughout. The fluorouracil concentration
7 .93 was varied from 10 j�i to 1 mis. The most

8 15 potent such inhibitor was orotic acid (K� =
. 50 �is) . Fluoroorotate was almost as effective

5 . 56 (K1 = 85 m�i) , but uracil was much less
9 - 45 effective (K � = 5.0 mis). The K1 values

agree closely with the apparent Km values
for these compounds. It is not known
whether other substituted pyrimidincs can

serve as substrates for the enzyme. Of the
competitive inhibitors listed in Table 3, the
most effective were 6-aminouracil, 5-amino-

orotate, and 5-nitroorotate. Introduction of

a 5-methyl group strongly diminished inhibi-
tory capacity, as did a large halogen at posi-
tion 5. Other findings are discussed below.

Effect of dimethylsulfoxide. The addition of

DM50 (8 %, v/v) to incubation mixtures

decreased the rate of conversion of orotic
acid to OMP 10-fold. With fluorouracil or
uracil as substrate, the reaction rate was un-
affected by this DMSO level. Increasing the

- DM50 concentration to 30 % essentially
� -� abolished conversion of orotate to O�IP by

___i__ the phosphoribosyltransferase, but only
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3 j)K. values at-c found in refs. 19 and 20.

slowed the conversion of fluorouracil to

FUMP by 20 %. These data suggested that

DMSO might also decrease the affinity of the
enzyme for orotate. Orotate, however, was a

much more potent inhibitor of the enzymatic

conversion of fluorouracil to I’�UMP with
DMSO present. The dat-a (Table 4) show the

concentration of 6-carboxypyrimidines re-

quired to inhibit fluorouracil conversion to
FUMP by 50 % in the presence and absence

of DMSO.
Phosphoribosyltransferase activity in beef

thymus. We carried out the partial purifica-

tion of a pyrimidine phosphoribosyltrans-

ferase preparation from beef thymus as
described by Kasbekar et al. (8). At 600-fold

purification, the enzyme could utilize oro-

tate, fluoroorotate, fluorouracil, or uracil a�

substrate. The respective Km values were 50

MM, 75 his, SO �LM, and 4 mis. These studies
were carried out in 0.1 is glycine buffer, pH 9,

as described above.

Phosphoribosyltransferase activity in a

ft uarouracil-resistant cell line. We compared
the rates of conversion of orotate and fluoro-

uracil to nucleoside 5’-monophasphates, us-

ing homogenates of P388/38280 cells and the
drug-resistant subline P388/38280/FIJ. The
drug-resistant line had somewhat impaired
levels of enzyme activity toward orotate; the
analogous conversion of fluorouracil is-as de-
creased 10-fold (Table 5) . In other studies we

found that- the apparent Km for orotate was

60 zis, using enzyme derived from the P388/
38280/FU line, and the Km for fluorouracil
is-as 550 his. These determinations were
carried out at P11 9 in 0.1 is glycine buffer,

T.�i1I�F� 5

Rate of FUMP formation by P388/38280 and

P388/38280, ‘PU cells

Cell homogenates wete incubated in the

standard assay mixture with 1 nun radioactive

fluorouracil or 0.5 mit orotate. The data represent
the mean values of five determinations; the range

was ±15%.

Cell line FUMP formed OMP formed

�.zmoles/g protein/hr

P388/38280 7 - 5 22.0

P388/38280/FU 0 . 8 12.5

using enzyme purified through the ammo-

nium sulfate step.

DISCUSSION

This report describes some of the proper-

ties of a pyrimidine phosphoribosyltrans-

ferase PartiallY purified from P388/38280
cells. This cell line lacks uridine phosphoryl-

ase, so that the only route for I”UMP forma-
tion involves phosphoribosyltraasferase ac-

tivity (1 1) . Our studies on substrate specific-

ity initially showed that the enzyme could
utilize orotate (Km 50 his), fluoroorotate

(Km SO �n) fluorouracil (Km 100 �tM), or

uracil (Km 5 mis) as substrate. The low
apparent Km value found for orotic acid
suggests that the enzyme under study is the

orotidine 5’-monophosphate phosphoribosyl-

transferase (EC 2.4.2.10) described by Lieber-

man, Kronbcrg, and Simms (18). The ob-

served Km value for PRPP is-as 100 j�is.

The suggestion of a rather unusual sub-
strate specificity prompted a study of deter-

minants of enzyme-substrate affinity. lior
this purpose, fluorouracil is-as used as sub-
strate, and K� values were measured for

other substituted pyrimidines. The K1 values

obtained is-ith orotate, fluoroorotate, and

uracil (Table 2) agree closely with the
apparent Km values obtained with these corn-

pounds as substrates. These data suggest

that a single enzyme is capable of using any
of these four pyrimidines as a substrate.
Addition of a methyl group at position 5

markedly decreased competitive inhibition.
In the case of 5-met-hylorotatc, the decrease
was more than two orders of magnitude.

Substitution of the electronegative fluorine

atom at position 5 strongly increased
enzyme-pyrimidine affinity, but the larger

bromine atom had no such effect. Further-
more, substitution at position 5 with the
more strongly electronegative trifluoro-

methyl grout), Which lowers the ph0 of the
pyrimidine to 5#{149}7,3yielded an inactive corn-
pound. Substitution of nitro or amino groups
at position 5 lowered, but did not abolish, the
affinity of the enzyme for pyrimidines such
as 5-nitroorotate. The hydrophobic nature of

the 5-methyl group may make 5-methyl-
pyrimidines unsuitable substrates for the
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phosphoribosyltransferase. Steric factors

could be responsible for the apparent poor

affinity of 5-bromouracil and 5-trifluoro-

methyluracil for the enzyme.
Studies carried out in the presence of

DMSO showed that the addition of this corn-

pound has two demonstrable effects. The
rate of conversion of 6-carboxypyrimidines

(orotate, fluoroorotate) to nucleoside 5’-
monophosphates is decreased, but the ability

of these compounds to inhibit enzyme is

promoted. These findings suggest that sub-
strate (or product) affinity of 6-carboxy-

j)yrimidines for the phosphoribosyltransfer-

ase is so strongly increased in the presence of

l)MSO that the reaction rate is decreased.
Tli(� eff(�ct- of DM50 on pyrimidines unsub-

stituted at position 6 was negligible; 5-nitro-
orotic acid was affected to an intermediate

extent.

Tis-o pyrimidines which inhibit the conver-
sion of orotic acid to OMP by intact Ehrlich

ascites tumor cells, 2-ethylmercapto-5-

fluoroorot-ic aldehyde and 6-(2-thio-4-oxy-6-

�)yrimIdylmethylidine) - 5’ - oxo - 2’ - phenyl-
oxazoline (21), were poor inhibitors of the

analogous reaction with fluorouracil. Perhaps

biotransformation of these compounds by

intact cells promotes their inhibitory ability.
Alternatively, these compounds may be
more effective as inhibitors of the conversion
of orotate to OMP. Our studies on the j)hos-
phoribosyltransferase with orotate as sub-

strate will be described later.

There is considerable variation in reports

oh the substrate specificity of pyrimidine
phosphoribosyltransferases. In bacterial sys-
tems two enzymes have been described (22),
OI1C utilizing orotate and fluoroorotate as

substrates, the other utilizing uracil and
fluorouracil. The structural specificity of the
former enzyme has been extensively ana-

lyzed (16). A yeast enzyme (14) utilizes oro-

tate and fluoroorot-ate, but not fluorouracil;

5-nit-roorotate is not an inhibitor. An enzyme

from beef cryt-hrocytes utilizes orotate or
uracil (12) as substrate; the highly purified
�)hoSph )ribosylt ransferase from calf t-hymus

utilizes orotate or fluorouracil as substrate
(8). We have confirmed the suitability of

either compound as substrate for the last-

mentioned eiizyme, using a 600 fold-purified

preparation. An enzyme isolated from

murine leukemia l�1534.J (10) could appar-

ently utilize fluorouracil, uracil, or orotate

as substrate. The high pH optimum of the

reaction, with uracil as substrate, together
with the low � and high Km values, may

be responsible for the failure of other investi-

gators to identify a uracil-utiizing phos-
phoribosyltransferase in mammalian cell cx-
tracts (e.g., ref. 17).

There is no present- evidence for multiple

forms of pyrimidine phosphoribosyltranfer-
ases in mammalian cell extracts. Kinetic

constants is-hich we have obtained suggest
that a single such enzyme is present.

Data on pH optima have suggested to
other investigators that pyrimidines are

utilized as substrates in their aluonic form,

since optimal values of pH were alis-ays

above the corresponding PKa values. The
pH optimum with orotate as substrate is-as
complex (Fig. 6), a finding also reported pre-
viously (8). There is some evidence that
glycine stabilizes the enzyme at high pH.

This pyrimidine phosphoribosyltransfcr-

ase was stabilized by PRPP at all tempera-

tures. The addition of Mg2� antagonized

this stabilization, as did EDTA. Apparently
the endogenous magnesium in enzyme prep-

arations is sufficient to permit maximum

stabilization by PRPP. P1�PP was also
found to protect purine phosphoribosyl-

transferascs against inactivation by sulf-
hydryl reagents (2). With the aid of PRPP,
is-c could stabilize the pyrimidine transferase

sufficiently to permit determination of its

molecular is-eight on Sephadex G-150. The
value of 100,000 obtained is higher than the
60,000 (3) and 45,000 (4) reported for purine
transferases or the value of 62,000 reported

for a pyrimidine phosphoribosyltransferase
from pea cotyledons (23). The present data
may reflect the molecular weight of a trans-
ferase-orot-idylate decarboxylase complex

(15) or the effect of PRPP on the enzyme
configuration. The activation energy of the
pyrimidine transferase reported here (11,200

cal/mole) agrees closely is-it-h the value of
12,600 cal/mole reported for a purine phos-
phoribosyltransferase (1).

The data of Table 4, together is-ith Km

measurements reported above, show that
phosphoribosyltransfcrase from a fluoro-

uracil-resistant subline of P388/38280 had a
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reduced affinity for fluorouracil. Since this

enzyme is presumably involved in an im-

portant metabolic process, the conversion of
orotate to OMP, it would clearly be ad-
vantageous to a fluorouracil-resistant cell to
diminish enzymatic activity toisTard fluoro-
uracil while retaining the capacity to form
OMP. The conversion of exogenous cytidine

derivatives to uracil nucleotides via a deami-

nation process could provide an additional
route of pyrimidine synthesis in drug-resis-

tant cells with a defective OMP phospho-

ribosyltransferase.

We conclude that the enzyme studied here

is clearly capable of catalyzing the formation

of FUMP from fluorouracil and ha.s indeed
been implicated as a major determinant of

responsiveness to this drug (24) in murine

leukemias. Considerations of structural spec-
ificity indicate that the substitution of an
electronegative fluorine atom at position .5 of

the uracil molecule serves to promote en-
zyme-pyrimidine affinity. Substitution of

bulkier or more hydrophobic atoms impedes

such affinity. The finding that DM50
strongly promotes enzyme affinity for 6-

carboxypyrimidines, hut not for fluorouracil,

i�uggests that this enzyme may associate

with the former compounds somewhat dif-
ferently than with the latter. The finding
that a fluorouracil-resistant cell line contains
pyrimidinc phosphoribosyltransferase is-ith

impaired affinity for fluorouracil but not for
orotate provides additional evidence that
orotate and fluorouracil may interact differ-

ently with the active site of the enzyme. Al-

terations in the enzyme, apparently under
genetic control, can alter substrate spec-

ificit-y.

REFERENCES

2. B. E. A. Uadd and J. F. Henderson, J. Biol.

(‘heni. 2-15, 2979 (1970).

3. T. A. Krenitsk�-, H. Papaioannou and (. B.

Ilioi,, J. Rio!. (‘hem. 244, 1263 (1969).

4. It. 1). Bei-liii, Arch. Biochem. Iliophys. 134,
120 (1969).

5. T. A. lKienitsky 2111(1It. Papaioaiiiiou, J. Biol.
Chew. 244, 1271 (1969).

6. 1). L. Hill, Biochein. Pharinacol. 19, 545 (1970).

7. W. J. Arnold and W. N. Kelley, J. Rio!. Client.

246, 7398 (1971).

8. 1). K. Kashekar, A. Nagahhushanam arid 1).

M. (ieeiiberg, J. Riot. Chew. 239, 4245

(1964).

9. 1). K. Kashekar and 1). M. (lreenherg, Cancer

Res. 23, 818 (1963).

10. I�. Beyes, Biochemistry 8, 2057 (1969).

11. 1). Kessel, T. C. hall and P. lteyes, Mo!.

Pharmacol. 5, 481 (1969).

12. 1). hatfield and J. B. Wyngaarden, J. Rio!.

Che,,, . 239, 2580 (1964).

13. J. ( 1. Flaks, .i!ethods Enzyinoi. 6, 473 (1963).

14. J. L. l)ahl, J. L. Way and 11. E. Parks, Jr.,

J. Rio!. Chein. 23-1, 2998 (1959).

15. II. I’�i1. Fox, M. II. Wood and W. J. O’Sullivan,

J. Cliv. invest. 50, 1050 (1971).

16. J. J. Kaneti and J�. V. (iolovinsky, Chem. -Biol.

interactions 3, 421 (1971).

17. A. (�ih#{225}kand F. �orm, Biochein. Pharmacol. 21,

607 (1972).

18. I. Lieberman, A. Kornherg and E. S. Simms,

J_ Rio!. Chem. 215, 403 (1955).

19. J. Jonas and J. Gut-, Coil. Czech. Chern. Corn-

mon. 27, 716 (1962).

20. 1). J. Brown, “The Pyrimidines,” p. 472.

Interscience, New York, 1962.

21. C-B. Chae, J. L. Irvin and C. Piantadosi,

J_ Med. Chem. 11, 506 (1967).

22. U. A. O’l)onovan and J. Neuhard, Bacteriol.

Rev. 34, 278 (1970).

23. M. (�1. Murray and C. Ross, Phytochemistry 10,

2645 (1971).

24. P. Reyes and T. C. Hall, Biochem. Pharmacol.

18, 2587 (1969).




