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Phosphoribosylpyrophosphate (PRPP) synthetase participates in the biosyn-
thesis in bacteria of purine nucleotides, pyrimidine nucleotides, tryptophan, and
histidine. The regulation of the synthesis of PRPP synthetase in Salmonella typhi-
murium was studied. Addition of end products to the growth medium, singly or in
combination, resulted in small decreases in the specific activity of PRPP synthe-
tase, but levels of the enzyme were never decreased to less than half of those found
when the bacteria were grown on minimal medium. Growth of the bacteria on sev-
eral different carbon sources or starvation for phosphate had little effect on the
specific activity of PRPP synthetase. Over-production of histidine in a histidine
regulatory mutant, which would be expected to result in a depletion of intracellular
PRPP pools, did not alter PRPP synthetase specific activity. PRPP synthetase
levels were examined in auxotrophic strains of S. typhimurium that had been
starved for the end products of PRPP. In each case derepression of an enzyme in
the biosynthetic pathway for the limiting end product was demonstrated. However,
only alterations in the levels of pyrimidine bases in the culture medium brought
about derepression and repression of PRPP synthetase. Excess pyrimidines do not
completely repress the enzyme. Deprivation of exponentially growing cells for py-
rimidines by growth of an auxotrophic mutant on media containing orotic acid,
which enters the cells slowly, resulted in a 10-fold derepression of PRPP synthe-
tase. Derepression of PRPP synthetase during uracil starvation was prevented by
chloramphenicol. The PRPP synthetase activities of extracts from repressed and
derepressed cells responded in identical fashion to heat inactivation, cellulose ace-
tate electrophoresis at several pH values, and in kinetic experiments.

The biosynthesis of 5-phosphoribosyl-a- 1-py-
rophosphate (PRPP) from adenosine triphos-
phate (ATP) and ribose-5-phosphate may be
viewed as the first step of a highly divergent bio-
synthetic pathway leading to pyrimidine nucleo-
tides (15), purine nucleotides (12), histidine (4),
tryptophan (27), and pyridine nucleotides (21).
Utilization of exogeneous purine and pyrimidine
bases via the nucleotide pyrophosphorylase reac-
tions may substitute for de novo synthesis of
these compounds, but both metabolic routes re-
quire PRPP. Several other branched pathways of
biosynthesis have been reported to be subject to
elaborate metabolic control (8, 23, 24). The en-
zyme PRPP synthetase (ATP: D-ribose-5-phos-
phate pyrophosphotransferase, EC 2.7.6.1)
might therefore be expected to be regulated by
products of PRPP metabolism.
A previous paper (25) described the isolation

of PRPP synthetase from Salmonella typhimu-
12,

rium and listed some of the properties of the
enzyme. Inhibition of the enzyme by purine and
pyrimidine nucleotides and by tryptophan has
been reported (R. L. Switzer, Fed. Proc. 26:560,
1967). This paper is concerned with the regula-
tion of the synthesis of the enzyme by metabo-
lites biosynthetically derived from PRPP. The
results indicate that of the metabolites examined
-tryptophan, histidine, pyrimidine nucleotides,
purine nucleotides, and PRPP itself-only py-
rimidine nucleotides appear to function as re-
pressing metabolites for PRPP synthetase. Some
possible interpretations of this unusual control
mechanism are discussed.

MATERIALS AND METHODS
Bacterial strains. The bacteria used in this study

were all derived from S. typhimurium LT-2. Table 1
lists the strains used and their origin. Strain E 1-2 was
derived from strain pyr S73 by treatment with N-
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methyl-N'-nitro-N-nitrosoguanidine (I) followed by
penicillin selection and replica plating to select orga-
nisms which grew only on plates supplemented with
uracil and adenine, each at 40 yg/ml. Strain E 1-2 re-

quires uracil and either adenine or guanine for growth.
Media and culture methods. The E medium of Vogel

and Bonner (26) with 0.5% glucose served as the min-
imal medium. Supplements to the minimal medium are
indicated in context. Effects of metabolites on the spe-
cific activity of PRPP synthetase in wild-type bacteria
were evaluated by growing the organisms in supple-
mented medium at 37 C with vigorous aeration after a

2% (v/v) inoculation with a culture grown overnight on

minimal medium. The cultures were harvested in the
late logarithmic phase of growth, except where other-
wise noted, by centrifugation and then frozen until
assay.

Derepression experiments were performed by
growing the appropriate auxotrophic strain for 14 to 16
hr at 30 C in minimal medium supplemented with an

excess of the required end product. The cells were har-
vested by centrifugation, washed once with 0.85% sa-

line solution, and suspended (about 0.3 mg dry weight
of cells per ml) in minimal medium that contained lim-
iting amounts of the end product as described. The
bacteria were grown at 30 or 37 C for 4 to 6 hr, har-
vested, and used for the appropriate enzyme assays.
The relative amount of growth was determined from
the absorbancy at 660 nm in a Klett-Summerson col-
orimeter and comparison to a standard curve that re-

lated milligrams of dry cells per milliliter to Klett
units.

For experiments on the effects of carbon source on
PRPP synthetase specific activity, the media contained
(per liter): KH2PO4, 3.94 g; anhydrous K2HPO4, 4.97
g; NaH(NH4)PO4 * 4H2°, 3.5 g; and MgSO4 * 7H20°
0.2 g (7). Carbon sources were autoclaved separately
and added at a final concentration of 0.5% (w/v). The
cultures were inoculated with 20% (v/v) of a culture
that had been adapted to the appropriate carbon source

by overnight growth in medium containing the same
carbon source. Cells were harvested in the late loga-
rithmic phase of growth. The pH of the media was 6.9
to 7.0 throughout the period of bacterial growth.
To determine the effects of inorganic phosphate on

the level of PRPP synthetase, the bacteria were grown
in synthetic media modeled after the high- and low-
phosphate media of Engelsberg et al. (10). The media
were identical except that the high-phosphate medium
contained 1% potassium phosphate (pH 7.0) and the
low-phosphate medium contained only 5 Asg of
phosphorus/ml (0.16 mm potassium phosphate). Both
media contained 0.1 M tris(hydroxymethyl)amino-
methane (Tris)-hydrochloride (pH 7.0), 0.1% ammo-
nium sulfate, 0.1% trisodium citrate*2H20, 0.1%
MgSO4-7H2O, and 0.5% glucose. Each culture was

grown in duplicate. An inoculum grown in the low-
phosphate medium was used to avoid transfer of phos-
phate into the cultures with the inoculum.

Enzyme assays. Sonic extracts were prepared by
suspension of the cells at about 0.1 g (dry weight) per
ml in 50 mm potassium phosphate (pH 7.5) and expo-
sure to 30-sec bursts at 0 to 5 C with a Branson probe-
type sonic oscillator. The sonically treated suspension
was centrifuged at 20,000 x g for 20 min, and the su-

pernatant liquid was used for assays. Protein was deter-
mined by the method of Lowry (16) with crystalline
bovine serum albumin as a standard protein.

In most cases, the assay for PRPP synthetase ac-

tivity was a 32P-transfer assay, which was previously
described (25). The assay is based on enzymatic
transfer of radioactivity from ATP- y-_2P to PRPP and
its acid degradation products. The unreacted ATP is
removed from solution by adsorption onto charcoal,
and samples of the supernatant fluid are counted by
liquid scintillation techniques. The method is suitable
for the assay of PRPP synthetase in crude extracts, so
long as each assay tube is corrected for a blank from
which ribose-5-phosphate is omitted. This correction is
necessary because not all of the adenosine triphospha-
tase activity of crude extracts is inhibited by NaF. The
standard assay mixture contained 50 mm triethanol-
amine-50 mm potassium phosphate buffer (pH 8.0),
0.75 mm ethylenediaminetetraacetic acid, 5 mM MgCl2,
3 mM ATP-.y-32P (100,000 to 200,000 counts/min), 5
mM ribose-5-phosphate, and 25 mm NaF. In some ex-
periments, toluene-treated cells were used in the S2p_
transfer assay instead of sonic extracts. In these cases,
the activity in micromoles per minute per milligram
(dry weight) of toluene-treated cells multiplied by 4.4
yields the equivalent activity in micromoles per minute
per milligram of protein in sonic extracts of the same
cells. The orotate removal assay of Lieberman et al.
(15), which is based on conversion of PRPP to oroti-
dylic acid, was used in a few experiments. This assay is
less convenient but yields results that are very similar
410%) to the 32P-transfer assay.

Histidinol phosphate phosphatase (EC 3.1.3. 15)
was assayed as described by Ames et al. (2). Before
phosphatase assay, the sonic extracts were desalted by
passage through small Sephadex G-25 columns and
elution with 10 mm triethanolamine-hydrochloride
buffer (pH 7.6).
The activity of component I of anthranilate synthe-

tase from strain trpBEDC43 was determined fluorome-
trically (5). The reaction mixture contained 25 mM
Tris-hydrochloride buffer (pH 7.8), 5 mm MgCl2, 10
mM L-glutamine, 0.5 mm chorismate, 26 mm 2-mercap-
toethanol, and enzyme. The assay was performed at 37
C. The fluorescent emission of the reaction product,

TABLE 1. Strains of Salmonella typhimurium used in
this study

Strain Phenotype Source

LT-2 Wild type B. N. Ames
LT-2, pyrS73 Pyr- B. N. Ames
LT-2, trpA 148 Trp- 1. C. Gunsalusa
LT-2, trpBEDC43 Trp- 1. C. Gunsalusa
LT-2, purC452 Pur- P. Sypherd°
LT-2, hisElI His- B. N. Ames
LT-2, hisA30 His- B. N. Ames
LT-2, hisG70 His- B. N. Ames
LT-2, hisOI202 His-constitutive, B. N. Ames
hisGI109 feedback-resistant

LT-2, pyrA81 Arg- Pyr- J. L. Ingraham
LT-2, E 1-2 Pyr- Pur- This study

aOriginally from P. Margolin.
b Originally from E. Balbinder.
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anthranilate, was measured at 410 nm; the wavelength
of the exciting light was 308 nm. Component I of an-

thranilate synthetase was assayed in the presence of an

extract from strain trpA148 which lacks component I
(6). To insure that the extract from strain trpA148
contained an excess of component II, we grew the or-

ganism for 14 hr in minimal medium with a limiting (5
gg/ml) amount of L-tryptophan added. Sonic extracts
of strains trpBEDC43 and trpA148 were prepared as
described above, except that the buffer contained 20
mM Tris-hydrochloride, 10 mM MgCl2, and 13 mM 2-
mercaptoethanol in addition to the usual 50 mm potas-
sium phosphate (pH 7.5).
The determination of aspartic transcarbamylase

(ATCase, EC 2. 1.3.2) activity followed the method of
Yates and Pardee (28), except that the colorimetric
method of Prescott and Jones (22) was used for deter-
mination of carbamyl aspartate. In some cases, the
ATCase assays were performed with toluene-treated
cells rather than sonic extracts. In these cases, toluene
(1% by volume) was added to the cell suspension, and
the tubes were incubated at 30 C with shaking for 20
min. The cells were collected by centrifugation, washed
once with one volume of 50 mm potassium phosphate
(pH 7.5), and suspended in 0.1 volume of the same
buffer. Cells treated in this way were suitable for both
ATCase and PRPP synthetase assays.
The procedure of Magasanik et al. (18) was used for

assay of inosine 5'-monophosphate dehydrogenase
(IMP dehydrogenase, EC 1.2.1.14).

RESULTS

Effect of addition of end products of PRPP
metabolism to the growth medium. Table 2 sum-
marizes the results of experiments in which S.
typhimurium LT-2 (wild type) was grown in the
presence of high concentrations of end products
derived from PRPP, and the specific activity of
the PRPP synthetase was compared with the ac-
tivity found in cells grown on a minimal glucose-
salts medium. The addition of end products-
singly or in combination-had only small effects
on the specific activity of PRPP synthetase.
Small reductions in specific activity were repro-
ducibly found, especially when purine plus pyrim-
idine compounds were added. The results indicate
that either PRPP synthetase is not repressed by
end products, or, perhaps more likely, that the
enzyme is very nearly fully repressed when grown
on minimal medium. This is the case for the en-
zymes of the histidine biosynthetic pathway in S.
typhimurium, which are largely repressed during
growth on minimal medium. Derepression of the
enzymes of histidine biosynthesis can only be
demonstrated by starvation for histidine in mu-

tant strains (2).
Effect of growth on various carbon sources. It

is possible that the specific activity of PRPP syn-
thetase could depend on the carbon source used
by the bacteria, either because of direct effects or
because of differences in growth rate or availa-

bility of substrates, e.g., ribose-5-phosphate.
Table 3 presents a summary of experiments
which test this possibility with a wild-type strain
of S. typhimunum. It is clear that the carbon
source generally has very little effect on the spe-
cific activity of PRPP synthetase, although we
have consistently observed slightly elevated levels
of the enzyme after growth of the bacteria on
Casamino Acids and appreciably depressed spe-
cific activities in succinate-grown cells. There
does not appear to be any relation between
growth rate and PRPP synthetase activity.

Effects of starvation for inorganic phosphate
and PRPP. PRPP synthetase has been shown to
require high concentrations of inorganic phos-
phate for activity (25). Thus, it was possible that
the bacteria would respond to phosphate starva-
tion by increased synthesis of PRPP synthetase.
The cells were grown in synthetic media modeled
after the high- and low-phosphate media of En-
gelsberg et al. (10). During the logarithmic phase
of growth, the doubling time of the low-phos-
phate cells was 70 min, compared with 62 min
for the cells grown in high phosphate. The cells
grown in high-phosphate medium reached the
stationary phase of growth at an absorbancy at
650 nm of 1.35, whereas the cells grown in low-
phosphate medium ceased growing when the
absorbancy was 0.66. The pH of both media
remained above 6.9 throughout the growth pe-
riod. The cells were harvested in the stationary
phase for PRPP synthetase assays. The specific
activity of PRPP synthetase was the same in the
cells grown in the two media (0.11 Mmole per
min per mg).

An attempt was made to determine whether
derepression of PRPP synthetase occurs in a
mutant in which the PRPP supply is under unu-
sually high demand. The organism chosen was a
double regulatory mutant which is constitutive
for the histidine biosynthetic operon and in
which the first enzyme of histidine biosynthesis is
resistant to feedback inhibition. This mutant
excretes sufficient histidine to feed a histidine-
requiring auxotroph (3). Thus, because of an
unusual rate of synthesis of histidine and hence
excessive demand for PRPP, one might expect
derepression of the enzyme if pool sizes of PRPP
can regulate synthesis of PRPP synthetase. The
results (Table 4) show that no significant in-
crease in PRPP synthetase was found in the reg-
ulatory mutant. Elevated levels of histidinol
phosphate phosphatase serve to show that the
histidine operon was derepressed in the mutant.
The experiment confirms the conclusion, reached
with other histidine auxotrophs grown under de-
repressing conditions for histidine, that PRPP
synthetase and the histidine biosynthetic enzymes
are not coordinately regulated in Salmonella.
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Effect of starvation for end products of PRPP
metabolism. The possibility remains that the syn-
thesis of PRPP synthetase is controlled by an
end product (or products) of PRPP metabolism,
but that levels of the product(s) are sufficiently
high during growth on minimal medium to bring
about repression of enzyme synthesis. To test
this possibility, mutant strains of the bacteria
were grown under conditions that were growth
limiting due to lack of end products of PRPP
metabolism. In each case, derepression of a bio-
synthetic enzyme for the end product in question
was demonstrated, a result that demonstrates
that starvation was indeed brought about by the
culture conditions used and that the starved bac-
teria were capable of protein synthesis.

S. typhimurium cells that had been starved for
histidine were obtained by growing three dif-

TABLE 2. Effect ofadditions to the culture medium on
the level ofPRPP synthetase

Doubling Relative
Expt Addition to mediuma time specific

(min) activityb

I None 57 (1.0)
L-Histidine 57 1.1
L-Tryptophan 54 0.9
Adenine 55 0.9
Uracil 56 0.8
Histidine + tryptophan 54 0.9
Adenine + uracil 54 0.7
Histidine + tryptophan 54 0.6
+ adenine + uracil

II None 57 (1.0)
Adenine + uracil 54 0.9
Adenosine 54 0.9
Uridine 56 0.7
Adenosine + uridine 55 0.6
Adenosine + uridine + 56 0.5

histidine + tryptophan

a Each addition was 200 ;g/ml, except histidine,
which was 250 ,g/ml.

"Orotate removal assay. Specific activity was 0.13
,umole per min per mg in experiment I and 0.12 zmole
per min per mg in experiment II.

ferent histidine-requiring mutants (hisEl 1,
hisA30, hisG70) on minimal medium supple-
mented with 0.05 mM histidinol and 0.4 mM ade-
nine (2, 3). The specific activity of PRPP synthe-
tase in wild-type cells grown on minimal medium
was the same or higher (range: 0.06 to 0.13
;mole per min per mg) than in cells which had
been starved for histidine (range: 0.03 to 0.07
jsmole per min per mg).
A tryptophan-requiring mutant (trpBEDC43)

which had been grown on limiting amounts of L-
tryptophan was derepressed for a tryptophan
biosynthetic enzyme, component I of anthrani-
late synthetase, but starvation for tryptophan did
not result in a significant alteration in the spe-
cific activity of PRPP synthetase (Table 5).

Purine-requiring auxotrophs of S. typhimu-
rium were starved for adenine or guanine by
growth in media containing growth-limiting
amounts of these compounds (Table 6). At the
end of the 5-hr growth period, the bacteria that
were grown on media supplemented with low
amounts of adenine or guanine (2 to 10 &g/ml)
had apparently exhausted the supply of purine
bases, with a consequent depletion of their in-
ternal purine nucleotide pools. This conclusion
follows from the observation that these cells con-
tained elevated concentrations of inosine-5'-
phosphate dehydrogenase, an enzyme required
for biosynthesis of guanine nucleotides. Inosine-

TABLE 3. Effect ofcarbon source on specific activity
ofPRPP synthetase

Doubling PRPP
Carbon source time synthetaseCarbon(sourcmim specific

(mmn) activity"

Glucose ................ 80 0.19
Casamino Acids ........ 75 0.22
Glycerol ............... 100 0.18
Acetate ................ 200 0.18
Succinate .............. 175 0.10
Noneb ................. No growth" 0.20

a Expressed as micromole per minute per milligram.
° Glucose-grown cells starved for 4 hr.

TABLE 4. Relation ofPRPP synthetase to expression of the histidine operon

Doubling PRPP Histidinol
Strain Description timea PRPP phosphate

(min) synthetasel phosphatasec

LT-2 Wild type 60 0.13 0.56
hisO1202hisGI109 Histidine-constitutive, feed- 62 0.15 4.35

back-resistant

a The bacteria were grown in minimal medium at 37 C and harvested in the late log phase of growth.
Orotate removal assay. Results are expressed as micromole per minute per milligram.

c Results are expressed as micromoles per hour per milligram.
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5'-phosphate dehydrogenase has been shown to
be specifically repressed by some guanine deriva-
tive (14). The enzyme can also be derepressed by
adenine starvation in mutants with a growth re-
quirement for either guanine or adenine, prob-
ably because depletion of adenine nucleotide
pools leads to depletion of guanine nucleotide
pools (14). Depletion of purine nucleotide pools
in this manner did not result in significant altera-
tions in the specific activity of PRPP synthetase
in either of two mutant strains that were starved
for either adenine or guanine (Table 6).
A similar approach was used to investigate the

influence of pyrimidine nucleotide pool size on
the synthesis of PRPP synthetase. A pyrimidine-

TABLE 5. Relation ofPRPP synthetase to tryptophan
starvation

Specific activityb

Culture mediuma Anthranilate PRPP
synthetase, synthetasecomponent I

Minimal + I gg of 2.5 0.085
L-tryptophan/ml

Minimal + 50 gg of <0.1 0.075
L-tryptophan/ml

aSalmonella typhimurium trpBEDC43 was used in
these experiments.

Results are expressed as micromoles per minute
per milligram of protein.

TABLE 6. Relation ofPRPP synthetase to purine
starvation

Specific activity
Addition to

Strain grown minimal Inosine-5'- PRPPmedium phosphate synthe-(pig/mi) dehydro- tae
genasea tasehe

purC452 None 9.6 0.11
Adenine, 2 24.3 0.082
Adenine, 5 29.3 0.070
Adenine, 10 35.4 0.071
Adenine, 40 <0.2 0.062
Adenine, 50 <0.2 0.086

E 1-2 (Pur-, Pyr-)c Guanine, 2 17.4 0.13
Guanine, 40 3.9 0.15
Adenine, 2 18.2 0.13
Adenine, 40 2.3 0.11

a Results are expressed as nanomoles of product per
minute per milligram of protein.

b Results are expressed as micromoles of product per
minute per milligram of protein.

c Uracil (100 ug/ml) was also added to the minimal
medium in experiments with this strain.

requiring mutant of S. typhimurium (pyrS73)
was grown in minimal medium supplemented
with various initial concentrations of uracil (Fig,
1). In media containing low concentrations of
uracil, the cells ceased growing when the pyrimi-
dine supply was exhausted. The derepression of
ATCase in these cells demonstrated depletion of
internal pyrimidine nucleotide pools (28).
Growth was not limited by pyrimidine supply
when the media contained higher concentrations
of uracil; in such cultures, ATCase is fully re-
pressed. The growth conditions that led to dere-
pression of pyrimidine biosynthetic enzymes also
elicited increased specific activity of PRPP syn-
thetase, an increase that was not found when
higher concentrations of uracil were added to the
culture medium (Fig. 1). The parallel changes in
ATCase and PRPP synthetase specific activities
suggests that both activities are regulated by in-
ternal pools of pyrimidine nucleotides. Figure 2
summarizes several experiments in which the two
enzymes were measured after growth of the bac-
teria on media containing various levels of uracil.
Conditions that lead to the derepression of
ATCase result in higher levels of PRPP synthe-
tase, but the synthesis of the two enzymes does
not appear to be coordinately regulated. It will
be noted that the relative increase in ATCase
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FIG. 1. Derepression of aspartic transcarbamylase

and PRPP synthetase. Salmonella typhimurium pyr573
was grown on minimal medium plus 1 mM uracil, the
cells were then washed and grown for 4 hr in minimal
media containing the indicated initial concentrations of
uracil. The toluenized cell assays for aspartic transcar-
bamylase (A TCase) and phosphoribosylpyrophosphate
(PRPP) synthetase were used in these experiments.
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FIG. 2, Relation between aspartic transcarbamylase
and PRPP synthetase during derepression. Each type
of symbol (0, 0, A, A) refers to an experiment sim-
ilar to that described in Fig. 1, where each different
symbol corresponds to a different initial concentration
of uracil in that experiment. Toluenized cell assays
were used.

(10- to 20-fold) is much greater than for PRPP
synthetase (2- to 6-fold). The specific activity of
PRPP synthetase in cells grown on media con-

taining excess of uracil is approximately the
same as that of wild-type cells grown on minimal
medium. Growth of the mutant on minimal me-
dium supplemented with 5 ug of cytosine per ml,
instead of uracil, results in similar increases in
specific activity of PRPP synthetase and ATC-
ase. Hence the effect appears to be general for
pyrimidine starvation, rather than specific for
uracil deprivation.
Recently we found a method for starving S.

typhimurium cells for pyrimidines while the bac-
teria are growing exponentially rather than
ceasing to grow because of depletion of a pyrimi-
dine base in the medium. This was accomplished
by culturing a pyrimidine auxotroph in a me-

dium containing orotic acid as the pyrimidine
source (9). Orotic acid is taken up from the me-

dium much more slowly than uracil. As a conse-
quence, a pyrimidine auxotroph grows at a rate
that is limited by the rate of entry of orotic acid
into the cells. The strain used in these studies
was strain pyrA81, a deletion mutant lacking

carbamyl phosphate synthetase (20). A deletion
mutant was chosen to avoid reversion of the
strain to prototrophy under conditions of pyrimi-
dine starvation. The mutant strain grew only on
media containing high concentrations of orotic
acid (greater than 100 ug/ml) and at a rate that
was dependent upon the concentration of orotic
acid in the medium (Table 7). Growth in me-
dium containing 50 gg of uracil per ml was
rapid; cells grown in this manner contained re-
pressed concentrations of ATCase and PRPP
synthetase. On the other hand, pyrimidine limita-
tion by growth at the expense of orotic acid re-
sulted in a sharp decrease in intracellular pyrimi-
dine nucleotide pools (9). This effect is almost
certainly due to the slow rate of entry of orotic
acid into the cells, because the enzymes needed
for conversion of intracellular orotic acid to uri-
dine monophosphate are derepressed under these
culture conditions (9). Pyrimidine-limited cul-
tures exhibited a very large derepression of
ATCase and up to 10-fold derepression of PRPP
synthetase (Table 7). These experiments
strengthen the conclusion that pyrimidine nucleo-
tide pools exert a regulatory control over syn-
thesis of PRPP synthetase. This method of py-
rimidine limitation has also provided a conven-
ient means for reproducibly obtaining cells that
are maximally derepressed for PRPP synthetase.
The increase in specific activity of PRPP syn-

thetase elicited by pyrimidine starvation is abol-
ished by inclusion of chloramphenicol in the cul-
ture medium (Table 8). In this experiment the
pyrimidine auxotroph pyrA81 was grown on ex-
cess uracil and then transferred to media con-
taining limiting uracil. Since the cells must grow

TABLE 7. PRPP synthetase levels in cells limitedfor
pyrimidines by growth on orotic acid

Specific activity
Addition to Doubling

minimal mediuma time PRPP
(ag/ml) (hr) synthe- ATCasec

tase°

Uracil, 50 ........... 0.85 0.061 0.18
Orotic acid, 200 ...... 12.6 0.52 24.1
Orotic acid, 500 ...... 4.4 0.59 5.5

a Strain pyrA81 was used in these experiments. The
inoculum was grown on medium supplemented with 50
gg of uracil/ml. The cells were harvested, washed three
times, and suspended in the media described above. All
media also contained 50 gg of arginine/ml. The cells
were harvested while in the exponential phase of
growth.

b Results are expressed as micromole per minute per
milligram.

cResults are expressed as micromoles per 20 min
per milligram.
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TABLE 8. Effect of chloramphenicol on increase in PRPP synthetase resulting from uracil starvation

Uracil in Chloramphenicol Time of adding Specific activity
growth medium in growth medium chloramphenicol Relative increase

('Ug/ml) (Ug/m0) (hr after culture in cell massa ATCaseb PRPP(~~g/ml) (~~g/ml)~inoculated) ATae synthetasec

5 0 _ 3.14 11.3 0.17
50 0 - 5.49 0.37 0.09
5 50 1.5 2.48 0.85 0.11
5 50 1.8 3.37 6.1 0.13
5 50 2.1 3.14 9.7 0.19

a Strain pyrA81 was grown on minimal medium supplemented with 0.5% glucose and 50 jig of arginine and 50
Ag of uracil per ml; the cultures were harvested, washed, and suspended in minimal plus 0.5% glucose medium
containing the indicated amounts of uracil and arginine (50 ug/ml). Chloramphenicol was added at the times indi-
cated. All cultures were harvested and assayed after 2.5 hr of growth at 37 C.

b Results are expressed as micromoles per 20 min per milligram.
c Results are expressed as micromole per minute per milligram.

and exhaust the uracil from the medium in order
to be derepressed, chloramphenicol was added at
various times just before or early in uracil star-
vation. Uracil limitation had already begun in
such cultures, as is indicated by partial derepres-
sion of aspartic transcarbamylase. Addition of
chloramphenicol at these times largely prevented
derepression of PRPP synthetase. On the other
hand, addition of chloramphenicol at approxi-
mately 30 min after onset of uracil starvation did
not block derepression of either PRPP synthe-
tase or ATCase. Control experiments indicated
that the concentration of chloramphenicol used
(50 ug/ml) did not decrease the viable count of
the culture when the antibiotic was diluted out.
The results indicate that protein synthesis is re-
quired for the increase in specific activity of
PRPP synthetase and strongly suggest that uracil
starvation brings about derepression of enzyme
synthesis.
Are there isozymes of PRPP synthetase? A

simple interpretation of the results of the pyrimi-
dine starvation experiments is that there are two
isozymes, one which is subject to repressive con-
trol by pyrimidines and the other which occurs at
constant levels under all growth conditions exam-
ined. To test this hypothesis, sonic extracts of
strain pyr573 cells grown under conditions of
uracil starvation (specific activity of PRPP syn-
thetase: 0.19 ,mole per min per mg) were com-
pared to extracts of the same strain grown on an
excess of uracil (specific activity: 0.08 gmole per
min per mg). No significant differences in the
PRPP synthetase activities of the two extracts
could be demonstrated by the following criteria:
sensitivity to inhibition by adenosine diphos-
phate, uridine diphosphate, or Ca2+ ions; pH ac-
tivity profile; or rate of inactivation at 60 C. In
another series of experiments, extracts of strain
pyrA81 grown on 50 ,g of uracil per ml (specific
activity: 0.06 Mmole per min per mg) were com-

pared with extracts of this strain grown on media
supplemented with 200 Mg of orotic acid per ml
(specific activity: 0.31 umole per min per mg) by
electrophoresis on the Millipore Phoroslide (cel-
lulose acetate) system. Activity of the enzyme
was detected with a staining reaction to be de-
scribed in detail elsewhere (S. Rosenzweig and
R. L. Switzer, unpublished data). The activity
stain is based on formation of ATP from adeno-
sine monophosphate and PRPP in the reverse of
the PRPP synthetase reaction. ATP formation is
coupled to formation of reduced nicotinamide
adenine dinucleotide phosphate (NADPH) via
the hexokinase and glucose-6-phosphate dehydro-
genase reactions. NADPH is detected by reduc-
tion of nitrobluetetrazolium. Electrophoresis of
the extracts in buffers with pH values from 6.0
to 9.7 revealed a single band of PRPP synthetase
activity in all cases. The patterns were identical
with repressed and derepressed extracts. We con-
clude that it is unlikely that multiple PRPP syn-
thetase isozymes are present in S. typhimurium,
but further attempts to test this possibility are in
progress.

DISCUSSION
The experiments in this paper lead to the re-

markable conclusion that, of all the end products
of PRPP metabolism-histidine, tryptophan,
purines, pyrimidines-only pyrimidine com-
pounds exert regulatory influence over PRPP
synthetase synthesis. The increases in enzyme
activity seen during pyrimidine starvation are
specifically associated with pyrimidine depriva-
tion rather than a general effect of growth limi-
tation, because starvation for other metabolites
does not bring about changes in the enzyme ac-
tivity. The correspondence between the response
of the synthesis of ATCase and of PRPP synthe-
tase to pyrimidine starvation, either by exhaus-
tion of exogenous pyrimidine bases or by slow
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growth on orotic acid, strongly indicates that
both enzymes are regulated by intracellular levels
of a pyrimidine metabolite, probably a pyrimi-
dine nucleotide. It is clear, however, that AT-
Case and PRPP synthetase are not regulated
coordinately. The maximal increase in PRPP
synthetase specific activity which has been ob-
served (10-fold) is somewhat smaller than the
10- to 25-fold derepression usually seen with uni-
functional biosynthetic pathways. However, the
comparison is misleading because the unifunc-
tional enzymes are repressed to very low levels,
whereas substantial levels of PRPP synthetase
are found when the bacteria are cultured with
excess pyrimidines. It is likely that the altera-
tions in specific activity of PRPP synthetase re-
sult from repression and derepression of enzyme
synthesis, since the effect is blocked by chloram-
phenicol, a specific inhibitor of protein synthesis.
Alternative possibilities, such as a protein syn-
thesis-dependent activation of previously present
enzyme or decreased rate of PRPP synthetase
degradation, seem less likely but have not been
excluded.

Repression of PRPP synthetase by its product
PRPP would yield a simple and effective control
mechanism. Hence, the possibility that the ob-
served alterations in enzyme activity actually
result from fluctuations in PRPP pool sizes must
be carefully examined. Several lines of evidence
militate against the hypothesis that PRPP serves
as a co-repressor for PRPP synthetase. Excessive
production of histidine by the regulatory mutant
(Table 4) would be expected to result in a de-
creased intracellular concentration of PRPP, and
hence derepression of PRPP synthetase. This
was not observed. The experiment is not conclu-
sive, however, since the growth rate of the mu-
tant suggests that PRPP pools were not substan-
tially lowered. If PRPP acts as a co-repressor,
the results require that the effect of starving aux-
otrophic strains fot pyrimidine bases is to lower
PRPP pools. If this were the case, one would
expect starvation for purine bases to have the
same effects on PRPP pools as pyrimidine bases,
yet starvation for purines does not derepress
PRPP synthetase. In any event, it is very un-
likely that bacteria that cease growth because of
exhaustion of pyrimidine bases in the media and
contain depleted pools of pyrimidine nucleotides
will contain lowered pools of PRPP. The pools
of PRPP would be expected to increase under
these conditions, because PRPP cannot be used
for either reaction with bases or de novo syn-
thesis of pyrimidine nucleotides. Finally, pyrimi-
dine deprivation by growth on orotic acid, which
enters the cell very slowly, should not lower
PRPP pools, but rather bring about accumula-
tion of PRPP. The hypothesis that PRPP acts as

a co-repressor can be accommodated only if py-
rimidine deprivation brings about an accumula-
tion of purine nucleotides, which in turn act to
lower PRPP pools through feedback inhibition
of PRPP synthetase. Because de novo purine
biosynthesis is itself under strict feedback con-
trol, we consider this possibility to be unlikely.
Thus, while it must be admitted that it is very
difficult to confidently predict the effects of var-
ious culture conditions on the intracellular pool
sizes of PRPP, there is no evidence that PRPP
acts as the co-repressor for PRPP synthetase.
The question cannot be definitively settled until
direct measurements of PRPP pools under var-
ious growth conditions are made.

It is important to recognize that pyrimidines
bring about only a partial repression of PRPP
synthetase. In fact, fully repressed levels of the
enzyme are similar to those found in wild-type
organisms grown on a minimal salts-glucose
medium. Thus, growth on an excess of pyrimi-
dine bases does not prevent formation of PRPP
needed for synthesis of other end products or for
conversion of the pyrimidine bases to the nucleo-
tide form. Indeed, it is difficult to imagine a set
of growth conditions where PRPP synthetase
activity is not required, since the product is re-
quired whether purine and pyrimidine bases are
present in the growth medium or synthesized de
novo. For this reason, we tend to view the ob-
served regulation of PRPP synthetase as a form
of ""reserve synthetic capacity" which is called
upon in periods of rapid nucleic acid synthesis
when nucleotide pools are depleted.

If the total composition of the bacterial cells
may be taken as an indication of the relative
amount of PRPP used for various end products,
it is not surprising that nucleotides serve as the
major regulatory metabolites rather than amino
acids. If one assumes that the gross composition
of S. typhimurium cells is the same as Escheri-
chia coli cells, the proteins of the organism make
up about 50% of the dry weight (17). Of this
protein, histidine and tryptophan make up
roughly 1% each (17), so that approximately 1%
of the cell mass is made up by these products.
On the other hand, nucleic acids make up as
much as 20 to 24% of the cell mass in rapidly
growing cells (17). Thus, approximately 20 times
as much PRPP is utilized for nucleotide syn-
thesis as for amino acid synthesis. However,
from 50 to 55% of the nucleic acid of the orga-
nism is made up of purine nucleotides (19), and
free pools of purine nucleotides are probably
substantially higher than pyrimidine nucleotide
pools (13). Hence it was unexpected that only
pyrimidines would serve as repressing metabo-
lites for PRPP synthetase. It might be expected
that purines alone, or purines and pyrimidines
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together, would be more appropriate repressing
metabolites. Such "multivalent repression" (11)
by purines and pyrimidines is excluded by the
results. The view that the capacity of pyrimidine
starvation to derepress PRPP synthetase reflects
"reserve capacity" for support of nucleic acid
synthesis is tenable only if purine and pyrimidine
nucleotide pool sizes fluctuate in parallel during
variations in nucleic acid synthesis. It is, of
course, possible to vary these pools independ-
ently by starving appropriate auxotrophic strains,
but in wild-type organisms such independent
fluctuations in the nucleotide pools may be rare,
if they occur at all. It has been demonstrated
that purine and pyrimidine pools do decrease
together during the "stringent" response of bac-
teria to amino acid starvation (13), but further
testing of the suggestion is needed. If pyrimidine
nucleotide pools are a good general indicator of
the supply of precursors for nucleic acid syn-
thesis, certain advantages may accrue from con-
trolling PRPP synthetase levels by pyrimidines
alone. Namely, involvement of purine nucleo-
tides in energy metabolism and protein synthesis
presents additional causes for fluctuations in
these pools to which pyrimidine nucleotide pools
may be less sensitive.
An alternative view is that, for PRPP synthe-

tase, repressive control and feedback inhibition
act in a complementary rather than cumulative
fashion. According to this view, PRPP synthe-
tase is regulated by pyrimidine nucleotides at the
level of enzyme synthesis and by purine nucleo-
tide by feedback inhibition. The enzyme is much
more sensitive to inhibition by purine nucleotides
than pyrimidine nucleotides (R. L. Switzer and
D. C. Sogin, unpublished data).
The results underscore the highly individual-

ized character of regulatory mechanisms of
branched biosynthetic pathways. It would be of
great interest to learn whether alternate regula-
tory patterns for PRPP synthetase are found in
other organisms.

ACKNOWLEDGMENTS
The initial phases of this investigation were done when R. L.

Switzer was a postdoctoral fellow of the Public Health Service
in the laboratory of Earl R. Stadtman at the National Heart
Institute, Bethesda, Md. Dr. Stadtman is grate(ully acknowl-
edged for his support and valuable suggestions.
We are grateful to B. N. Ames for his useful suggestions

and for supplying mutant strains used for this work. Richard
Haas is acknowledged for isolating and characterizing strain E
1-2.

This work was supported by Public Health Service grant
AM 13488 from the National Institute of Arthritis and Meta-
bolic Diseases. Joyce Olszowy was a predoctoral trainee of the
National Institutes of Health (grant 2G 321).

LITERATURE CITED

1. Adelberg, E. A., M. Mandel, and G. C. C. Chen. 1965.

Optimal conditions for mutagenesis by N-methyl-N'-
nitro-N-nitrosoguanidine in Escherichia coli K-12.
Biochem. Biophys. Res. Commun. 18:788-795.

2. Ames, B. N., B. Garry, and L. A. Herzenberg. 1960. The
genetic control of the enzymes of histidine biosynthesis
in Salmonella typhimurium. J. Gen. Microbiol. 22:369-
378.

3. Ames, B. N., and P. E. Hartman. 1963. The histidine op-
eron. Cold Spring Harbor Symp. Quant. Biol. 28:349-
356.

4. Ames, B. N., R. G. Martin, and B. J. Garry. 1961. The
first step of histidine biosynthesis. J. Biol. Chem. 236:
2019-2026.

5. Baker, T. I., and I. P. Crawford. 1966. Anthranilate syn-
thetase. Partial purification and some kinetic studies on
the enzyme from Escherichia coli. J. Biol. Chem. 241:
5577-5584.

6. Bauerle, R. H., and P. Margolin. 1966. A multifunctional
enzyme complex in the tryptophan pathway of Salmo-
nella typhimurium: comparison of polarity and pseudo-
polarity mutations. Cold Spring Harbor Symp. Biol. 31:
203-214.

7. Berkowitz, D., J. M. Hushon, H. J. Whitfield, Jr., J. Roth,
and B. N. Ames. 1968. Procedure for identifying non-
sense mutations. J. Bacteriol. 96:215-220.

8. Datta, P. 1969. Regulation of branched biosynthetic path-
ways in bacteria. Science 165:556-562.

9. Dennis, P. P., and R. K. Herman. 1970. Pyrimidine pools
and macromolecular composition of pyrimidine-limited
Eschenchia coli. J. Bacteriol. 102:118-123.

10. Engelsberg, E., J. A. Watson, and P. A. Hoffee. 1961. The
glucose effect and the relationship between glucose per-
mease, acid phosphatase, and glucose resistance. Cold
Spring Harbor Symp. Quant. Biol. 26:261-276.

11. Freudlich, M., R. 0. Burns, and H. E. Umbarger. 1962.
Control of isoleucine, valine, and leucine biosynthesis. 1.
Multivalent repression. Proc. Nat. Acad. Sci. U.S.A. 48:
1804-1808.

12. Hartman, S. C., and J. M. Buchanan. 1958. Biosynthesis
of the purines XXI. 5-Phosphoribosyl-pyrophosphate
amidotransferase. J. Biol. Chem. 233:451-461.

13. Iff, J., and J. Gallant. 1969. The control of ribonucleic
acid synthesis in Escherichia coli. II. Stringent control
of energy metabolism. J. Biol. Chem. 244-2233-2239.

14. Levin, A. P., and B. Magasanik. 1961. The effect of pu-
rines on the formation of two enzymes involved in pu-
rine biosynthesis. J. Biol. Chem. 236:184-188.

15. Lieberman, I., A. Kornberg, and E. S. Simms. 1955. Enzy-
matic synthesis of pyrimidine nucleotides, Orotidine-5'-
phosphate and uridine-5'-phosphate. J. Biol. Chem. 215:
403-415.

16. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

17. Luria, S. E. 1960. The bacterial protoplasm: composition
and organization, p. 1-34. In I. C. Gunsalus and R. Y.
Stanier (ed.), The bacteria. Academic Press Inc., New
York.

18. Magasanik, B., H. S. Moyed, and L. B. Gehring. 1957.
Enzymes essential for the biosynthesis of nucleic acid
guanine; inosine-5'-phosphate dehydrogenase of Aero-
bacter aerogenes. J. Biol. Chem. 226:339-350.

19. Mahler, H. R., and E. H. Cordes. 1966. Biological chemis-
try, p. 176. Harper and Row. New York.

20. Neuhard, J., and J. Ingraham. 1968. Mutants of Salmo-
nella typhimurium requiring cytidine for growth. J. Bac-
teriol. 95:2431-2433.

21. Preiss, J., and P. Handler. 1958. Biosynthesis of diphos-
phopyridine nucleotide. II. Enzymatic aspects. J. Biol.
Chem. 233:493-500.

22. Prescott, L. M., and M. E. Jones. 1969. Modified methods
for the determination of carbamyl aspartate. Anal.
Biochem. 32:408-419.

130 J. BACTERIOL.



REPRESSION OF PRPP SYNTHETASE

23. Stadtman, E. R. 1968. The role of multiple enzymes in the
regulation of branched metabolic pathways. Ann. N.Y.
Acad. Sci. 151:516-530.

24. Stadtman, E. R., B. M. Shapiro, H. S. Kingdon, C. A.
Woolfolk, and J. S. Hubbard. 1968. Cellular regulation
of glutamine synthetase activity in Escherichia coli.
Advan. Enzyme Regul. 6:257-289.

25. Switzer, R. L. 1969. Regulation and mechanism of phos-
phoribosylpyrophosphate synthetase. I. Purification and
properties of the enzyme from Salmonella typhimurium.

131

J. Biol. Chem. 244:2854-2863.
26. Vogel, H. J., and D. M. Bonner. 1956. Acetylomithinase

of Escherichia coli: partial purification and some proper-
ties. J. Biol. Chem. 218:97-106.

27. Yanofsky, C. A. 1956. Indole-3-glycerol phosphate, an in-
termediate in the biosynthesis of indole. Biochim. Bio-
phys. Acta 20:438439.

28. Yates, R. A., and A. B. Pardee. 1957. Control by uracil of
formation of enzymes required for orotate synthesis. J.
Biol. Chem. 227:.677-692.

VOL. 108, 1971


