
Uridine 5*-Monophosphate Synthase Is Transcriptionally
Regulated by Pyrimidine Levels in Nicotiana plumbaginifolia1

Djoko Santoso2 and Robert Thornburg*

Department of Biochemistry and Biophysics, Iowa State University, Ames, Iowa 50011

To understand the regulation and expression of pyrimidine bio-
synthesis in plants, we have examined the effect of the metabolic
inhibitor 5-fluoroorotic acid (FOA) on uridine-5*-monophosphate
synthase (UMPSase) expression in cell cultures of Nicotiana plum-
baginifolia. UMPSase is the rate-limiting step of pyrimidine biosyn-
thesis in plants. Addition of FOA causes an up-regulation of UMP-
Sase enzyme activity in cell cultures after a lag phase of several
days. Western-blot analysis demonstrated that the up-regulation in
enzyme activity was caused by increased expression of the UMP-
Sase protein. Northern-blot analysis demonstrated a higher level of
UMPSase mRNA in the FOA-induced tissues than in control tissues.
Run-on transcriptional assays showed that the UMPSase gene was
transcriptionally activated after FOA treatment. The mechanism of
toxicity of FOA is through thymine starvation. We found that addi-
tion of thymine abrogated the FOA-mediated up-regulation of UMP-
Sase. In addition, methotrexate and aminopterin, which affect thy-
mine levels by inhibiting dihydrofolate reductase, also up-regulate
UMPSase in N. plumbaginifolia cells.

Pyrimidines play a central role in cellular regulation and
metabolism. They are substrates for DNA/RNA biosynthe-
sis, regulators of the biosynthesis of some amino acids, and
cofactors in the biosynthesis of phospholipids, glycolipids,
sugars, and polysaccharides. The classical de novo pyrim-
idine biosynthetic pathway ends with the synthesis of
UMP, and other divergent pathways lead to the formation
of CTP and TTP (Neuhard and Nygaard, 1987). Also, sev-
eral salvage pathways exist that allow cells to utilize pre-
formed nucleotides, thereby avoiding the high metabolic
cost of biosynthesis (Jones and Hahn, 1979; Neuhard and
Nygaard, 1987).

The enzymatic activities of the de novo pyrimidine bio-
synthetic pathway are well known and invariant in all
examined organisms; however, the gene organization of
these several steps varies among organisms. Plants differ
from most higher eukaryotes in that the first three steps of
the de novo pathway are carried out by separate enzymes
that are individually encoded (Williamson and Slocum,
1994; Williamson et al., 1996; Zhou et al., 1997). In mam-

mals, some fungi, and insects, however, the genes encoding
these enzymes have been rearranged during evolution (van
den Hoff et al., 1995) into a single transcriptional unit that
encodes a single polyprotein termed CAD (Kim et al.,
1992). This polyprotein has three enzymatic activities, car-
bamoylphosphate synthase, aspartyl transcarbamoylase,
and dihydroorotase.

An additional polyprotein, UMPSase, is present in both
plants and animals and includes the last two steps of the de
novo biosynthetic pathway (Jones, 1980; Nasr et al., 1994;
Maier et al., 1995). These last two enzymatic steps are
orotate phosphoribosyltransferase and orotidine decarbox-
ylase. During evolution the mRNAs encoding these two
enzymes have become fused into a single transcript that
encodes one protein having both enzymatic activities
(Jones, 1980). UMPSase is one of the key enzymes of the de
novo biosynthesis of pyrimidines (Fig. 1). It is the rate-
limiting step of the pathway in both mammals (Traut and
Jones, 1977) and plants (Santoso and Thornburg, 1992).

We have examined the role of UMPSase in plants in a
variety of studies. First, we restructured a UMPSase gene
from Dictyostelium discoideum (Shi and Thornburg, 1993)
and expressed this protein with a novel form of regulation
in transgenic plants. Plants transformed with this gene
show altered nucleotide pool sizes (L. Zhou and R. Thorn-
burg, unpublished data).

We have also used a negative selection scheme based on
pyrimidine metabolism to produce plant cell lines that
have stable alterations in gene expression (Santoso and
Thornburg, 1992). This selection uses FOA to generate a
toxic metabolite, 5-FdUMP, which provides the basis of
selection. Because UMPSase is the rate-limiting step in
pyrimidine biosynthesis, its expression is frequently af-
fected by FOA selection. By far, the majority of the selected
cell lines show reduced levels of UMPSase. This was ex-
pected from previous studies of selection in Saccharomyces
cerevisiae (Boeke et al., 1984) and D. discoideum (Kalpaxis et
al., 1991). However, in recent work with Nicotiana plumbag-
inifolia, we have isolated some cell lines that show elevated
rather than reduced levels of UMPSase activity. Of the 143
cell lines isolated in 8 separate replicates of FOA selection,
14% of the surviving cell lines had 3-fold or higher levels of
UMPSase enzyme activity (D. Santoso and R. Thornburg,
unpublished data). In an effort to understand the regula-
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tion of UMPSase levels in these selected cell lines, we have
investigated the expression of UMPSase in wild-type N.
plumbaginifolia cells in response to growth on fluoroorotic
acid.

MATERIALS AND METHODS

Nicotiana plumbaginifolia plants in sterile culture were
kindly provided by Dr. Laszlo Martón (University of South
Carolina, Columbia). The Nicotiana tabacum UMPSase
cDNA, pRT327, was used routinely as the template to
prepare either 32P-labeled DNA or RNA probes (Maier et
al., 1995). A polyclonal antibody raised against UMPSase
protein isolated from squash fruit was produced in a fe-
male New Zealand white rabbit (Santoso and Thornburg,
1995).

Phosphoribosyl pyrophosphate, orotic acid, FOA, uracil,
nitrosomethyl urea, nucleotide metabolites, MTX, and
AMT were purchased from Sigma. Media for plant tissue
culture and plant hormones were purchased from either
Sigma or Gibco Laboratories. Restriction enzymes were
from Promega. RNA transcription kits were obtained from
Stratagene. The radiochemicals, 7-[14C]orotic acid with spe-
cific activity of 48.5 mCi/mmol, [125I]rProteinA (9.0 mCi/
mg), a-[32P]UTP (800 Ci/mmol), and a-[32P]dCTP (3000
Ci/mmol) were purchased from New England Nuclear.
Other materials were of the highest purity available and
were obtained either locally or from Fisher Scientific.

Tissue Culture and Induction by FOA

Cell lines were maintained on Murashige-Skoog medium
(3% Suc, 100 mg/L myo-inositol, 1 mg/L thiamine, 0.5
mg/L pyridoxine.HCl, 0.5 mg/L nicotinic acid, 2 mg/L
IAA, 0.2 mg/L 6-benzyl amino purine, 250 mg/L casein
hydrolysate, 20 mL/L sterile coconut water, and 8 g/L
agar). To induce UMPSase, small pieces of calli were cul-
tured in Murashige-Skoog induction medium without ca-
sein or coconut water. The media were prepared by adding
filter-sterilized additives into the Murashige-Skoog me-
dium to the final concentration indicated in each experi-
ment. Small pieces (0.2–0.3 g) of calli were inoculated onto

the induction medium with a density of about 1 to 1.5 g of
tissue per 10 mL of medium and incubated at 26°C with a
16-h day and 8-h dark period. After the indicated times, the
cells were harvested and washed with half-strength
Murashige-Skoog liquid medium; the excess liquid was
removed with filter paper, and the cells were stored at
270°C until all samples were ready for assay.

UMPSase Assays

UMPSase was determined by a CO2-release assay mod-
ified from Walther et al. (1984) as previously described
(Santoso and Thornburg, 1992). [14C]Orotic acid labeled at
the carboxyl group (7-[14C]orotic acid) was used as primary
substrate. The reaction was linear for the first 20 min but,
routinely, the reaction was carried out for only 5 to 10 min
to ensure that the initial velocity was being measured.

Blots

Western blots were performed as described by Timmons
and Dunbar (1990). The incubation of the transferred pro-
teins in the antisera was performed overnight at 4°C.

Total RNA was isolated from cells of N. plumbaginifolia
with the method of Wadsworth et al. (1988). The average
yield was about 50 mg RNA/g tissue. The RNA samples
were denatured and electrophoresed as described in Tiri-
manne and Colbert (1991). Northern blots were conducted
according to the work of Ausubel et al. (1987).

In Vitro Runoff Transcription

Nuclei were isolated from tissue-cultured cells using a
method adapted from Watson and Thompson (1986). All
operations were performed in RNase-free conditions at
4°C. The conditions for the in vitro transcription assay
were according to the method of Kimpel et al. (1990) with
the following modification: after the proteinase K digestion
step, 50 mg of tRNA was added, and the RNA solution was
ethanol precipitated. After centrifugation the pellet was
washed with 70% ethanol and air dried. The pellet contain-
ing labeled RNA was dissolved in diethyl pyrocarbonate-

Figure 1. Action of UMPSase. UMPSase has both orotic acid phosphoribosyl transferase activity as well as OMP decar-
boxylase activity.
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treated deionized water and counted to determine the
amount of radioactivity.

UMPSase-antisense mRNA was transcribed in vitro us-
ing a transcription kit (Stratagene) from the plasmid
pRT327. Binding of the in vitro-transcribed antisense UMP-
Sase RNA onto the GeneScreen membrane (DuPont) was
performed according to the manufacturer’s instructions.
After prehybridization for 4 h at 58°C in 150 mL of the
hybridization solution per cm2 of membrane, the mem-
brane was hybridized overnight at 58°C with 2 to 8 3 106

cpm of 32P-labeled RNA from the runoff transcription per
milliliter of hybridization solution (10% dextran sulfate, 1%
SDS, 200 mg/mL denatured-salmon sperm DNA, and 1 m
NaCl). After washing, the damp membrane was wrapped
with plastic and autoradiographed for 1 to 3 d.

RESULTS

Effect of FOA on UMPSase Activity

In yeast (Boeke et al., 1984) and Dictyostelium discoideum
(Kalpaxis et al., 1991) selection of mutants on FOA plus
uracil usually produces mutations in the final two enzy-
matic steps of pyrimidine biosynthesis (UMPSase). We
therefore examined the effect of FOA on UMPSase enzy-
matic activity. Normal N. plumbaginifolia cells growing on
Murashige-Skoog solid medium expressed a relatively low
UMPSase activity of about 200 milliunits/mg total protein
(Fig. 2, lane 1). After growth on medium containing FOA,
however, UMPSase activity increased 2- to 4-fold (lane 2).
If orotic acid is added to the medium, UMPSase activity is
not increased (data not shown).

To determine whether the increase of UMPSase enzyme
activity correlated with an increase in the UMPSase protein
levels, we used western blots to examine the expression of
UMPSase protein in the presence and absence of FOA. The
antiserum was raised against purified UMPSase from sum-

mer squash (Curcurbias pepo), and cross-reacted with to-
bacco UMPSase (Santoso and Thornburg, 1995). The
western-blot analysis (Fig. 2, lanes 3 and 4) demonstrates
that the level of UMPSase protein accumulated to a higher
level in the presence of FOA than in its absence. Because
the amount of UMPSase protein changes in the N. plum-
baginifolia cells in response to FOA, and because these
changes correlated with enzyme activity, we conclude that
this increase in UMPSase activity in response to FOA is not
regulated posttranslationally, but rather is regulated at
some step prior to translation.

Is the UMPSase mRNA Regulated?

To determine whether the UMPSase mRNA is also reg-
ulated, we isolated mRNA from the hNp28 cell lines grown
in the absence and presence of FOA for northern-blot anal-
ysis. The probe in these studies was 32P-labeled RNA tran-
scribed from the N. tabacum UMPSase cDNA (Maier et al.,
1995). These studies, presented in Figure 3, again show that
FOA caused an increase in the level of UMPSase mRNA
present in the wild-type cells. Quantification of these bands
by cutting them from the blots and counting by liquid
scintillation revealed that at least 3 times the amount of
UMPSase mRNA was present in the cells incubated in the
presence of FOA than in the cells incubated on induction
medium without FOA.

UMPSase Transcription

Northern-blot analyses alone cannot determine how the
UMPSase gene is regulated. To determine whether the

Figure 3. Northern-blot analysis of transcripts isolated from the
hNp28 cells. Lanes 1 and 2 are the ethidium bromide-stained gel
before transfer. Lanes 3 and 4 are the same lanes as lanes 1 and 2
after transfer to Genescreen Plus and hybridization with radiolabeled
UMPSase probe. Lanes 1 and 3 are from the hNp28 cells without
FOA preculture. Lanes 2 and 4 are from the hNp28 cells with
preculture on 120 mM FOA.

Figure 2. Western-blot analysis of UMPSase protein. Lanes 1 and 2
represent the amount of UMPSase activity from six pooled hNp28
calli grown on the absence (lane 1) and presence (lane 2) of 120 mM

FOA for 13 d. Lanes 3 and 4 are western-blot analyses of UMPSase
from the same cells as in lanes 1 and 2. Lane 3 is from the same
pooled, uninduced cells as lane 1. Lane 4 is from the same pooled
FOA-induced cells as lane 2. mU, Milliunit.
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UMPSase gene was transcriptionally regulated, runoff
transcription experiments were conducted on nuclei iso-
lated from FOA-induced and uninduced hNp28 cells.
UMPSase enzyme activities were determined before the
isolation of nuclei so that we could correlate this informa-
tion with the run-on transcription.

Following nuclear isolation and mRNA radiolabeling,
the labeled mRNAs were hybridized to UMPSase antisense
transcripts bound to nylon membranes. After washing
away unbound counts, the membranes were exposed to
x-ray film to localize the bands, and subsequently the
bands were cut from the membranes and counted in a
liquid scintillation counter. These data are presented in
Table I. In a total of nine hybridizations from three inde-
pendent nuclear isolations, we consistently observed a 2- to
3-fold higher level of labeled transcripts produced in the
nuclei from the induced cells than in the nuclei from the
uninduced calli. In addition, we observed good agreement
between the induction of UMPSase activity by FOA (2.38 6
0.19-fold) and the induced UMPSase transcripts in cells
grown on FOA (2.37 6 0.59-fold). Thus, analysis of the
RNAs transcribed from isolated nuclei of FOA-induced
and uninduced hNp28 tissues indicate that the observed
increase in expression of UMPSase is transcriptionally
regulated.

FOA Toxicity Is Regulated by Thymine Starvation

Thymine starvation is the mechanism responsible for
FOA-mediated cell death. FOA is converted into 5-
fluorouridine-59-monophosphate by the action of UMP-
Sase. Further cellular metabolism converts 5-fluorouridine-
59-monophosphate into FdUMP, which is a suicide inhibi-
tor of the enzyme TS (Chouini-Lalanne et al., 1989; Rathod
et al., 1992). Thus, during selection on FOA, inhibition of
TS by FdUMP causes a severe reduction of thymine bio-
synthesis. This thymine starvation results in cell death.

As a direct test of this thymine starvation hypothesis, we
sought alternative methods unrelated to FOA toxicity that
would also modify thymine levels in vivo. DHFR inhibitors
are known to block the synthesis of thymine nucleotides by
limiting the regeneration of tetrahydrofolate. Tetrahydro-
folate is the precursor of N5,N10- methylenetetrahydrofo-

late, which is the one-carbon donor required for synthesis
of dTMP from dUMP. We therefore tested two inhibitors of
DHFR to determine whether inhibition of thymine synthe-
sis by blocking DHFR would also up-regulate the levels of
UMPSase.

As shown in Figure 4, when we grew the wild-type
hNp28 cells on medium containing 0.2 mm AMT or 0.2 mm
MTX, UMPSase was induced by both metabolic inhibitors.
The kinetics of induction of UMPSase by these metabolic
inhibitors were similar to the induction by FOA. Thus,
methods that alter thymine levels in vivo via processes
unrelated to the mechanism of toxicity of FOA also resulted
in the up-regulation of UMPSase.

To further demonstrate the role of thymine in the regu-
lation of UMPSase, we examined the effects of added thy-
mine on FOA-induced UMPSase levels in wild-type cells.
Figure 5 shows the kinetics of UMPSase up-regulation
following the addition of FOA. UMPSase increased slowly
for about 1 week prior to a rapid induction of UMPSase
activity after about 7 d. This lag phase of induction is due
to the time required for the cell to use up its thymine
reserves.

After UMPSase had been induced on d 9, some of the
calli were moved onto media in the presence and absence
of thymine. As can be seen in Figure 3, the addition of
thymine caused UMPSase activity to decline immediately
to near wild-type levels. In the absence of added thymine,
the UMPSase activity remained high. As shown in Figure
5B, western-blot analysis demonstrated that the expression
of UMPSase protein correlated with UMPSase enzymatic
activity, both during the up-regulation of UMPSase and the
down-regulation phase following addition of thymine.
Lanes 1, 2, and 3 show the expression of UMPSase protein
on d 0, 6, and 9 prior to transfer onto thymine-containing
medium. Lanes 4 and 5 show the expression of UMPSase
protein on d 13 in the presence and absence of thymine,
respectively. Thus, the addition of thymine results in a
rapid down-regulation of the UMPSase protein and corre-
sponding UMPSase enzymatic activity to near wild-type
levels.

To determine whether this effect is specific for thymine,
we grew cells on Murashige-Skoog medium containing the
FOA metabolite 5-fluorouracil, plus other pyrimidines. As

Table I. The levels of UMPSase mRNA transcribed from uninduced and FOA-induced hNp28 nuclei

Experiment
UMPSase Activitya

Hybridization
Radioactivity Bound

Uninduced FOA-Induced Uninduced FOA-Induced

milliunit % milliunit %b cpm % cmp %c

1 330 100 714 216 1 43 100 101 234
2 94 100 206 220

2 208 100 625 251 3 371 100 960 259
4 736 100 928 126
5 1148 100 2658 232
6 573 100 2035 355

3 270 100 672 248 7 47 100 93 198
8 90 100 196 218
9 85 100 246 290

a Activity is expressed in milliunits per milligram of protein. One unit is defined as the amount of enzyme activity that liberates 1 nmol of CO2

per min at 25°C. b Average (6SD) was 238 6 19 (n 53). c Average (6SD) was 237 6 59 (n 5 9).
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can be seen from Table II, fluorouracil caused a 2-fold
increase in UMPSase activity. The addition of thymine
abrogated the fluorouracil induction of UMPSase. The ad-
dition of cytosine resulted in an intermediate expression of
UMPSase activity, lower than fluorouracil alone, but twice
the level of fluorouracil plus thymine.

DISCUSSION

We have produced a large number of cell lines selected
to grow in the presence of FOA. To better comprehend the
mechanisms of toxicity of FOA and the types of lesions that
selection on FOA provides, we have examined the effect of
FOA on UMPSase expression. UMPSase is the rate-limiting
step of pyrimidine biosynthesis in plants. When we tested
wild-type cells grown in the presence and absence of FOA,
both the UMPSase enzymatic activity and the protein itself
were induced 2- to 3-fold by the addition of FOA.
Northern-blot analysis of the UMPSase mRNA from unin-
duced and induced tissues demonstrated that the regula-
tion of UMPSase occurred at the mRNA level.

This observation led us to investigate whether the induc-
tion of UMPSase mRNA is transcriptionally regulated. We
used nuclear runoff transcription experiments with either
uninduced or FOA-treated nuclei to examine transcrip-
tional expression. These studies demonstrated that the reg-
ulation of UMPSase gene following treatment by FOA oc-
curs transcriptionally.

When FOA is metabolized in cells, the normal pyrimi-
dine metabolic machinery converts this compound into
FdUMP. Inhibition of TS enzyme leads to thymine starva-
tion. We therefore directly tested the effect of thymine
starvation using MTX and AMT, which are metabolic in-
hibitors of DHFR. The mechanism of action of MTX and

AMT is dissimilar to the mechanism of action of FOA.
Inhibition of DHFR also resulted in an up-regulation of
UMPSase. These experiments confirm that the normal cel-
lular response to thymine starvation is a transcriptional
up-regulation of the rate-limiting step of the de novo py-
rimidine biosynthetic pathway.

It is possible that other enzymes are also up-regulated in
plants in response to FOA. TS is the enzyme that is blocked
by FdUMP. We have preliminary evidence to show that TS
is also up-regulated after growth of cells on FOA. Whether
the kinetics of this up-regulation is similar to those of

Table II. Effect of pyrimidines on 5-fluorouracil
induction of UMPSase

Cells were grown on Murashige-Skoog solid media supplemented
with 400 mM 5-fluorouracil (5-FU) alone or 400 mM 5-fluorouracil
plus 400 mM nucleotide for 12 d. Then all cells were frozen at 270°,
thawed, and assayed for UMPSase activity as described in “Materials
and Methods” (n 5 4).

Treatment UMPSase Activity Control

milliunits/mg pro-
tein

%

None 234 6 7 100
5-FU 497 6 9 212
5-FU 1 thymidine 144 6 1 62
5-FU 1 cytidine 339 6 10 145

Figure 4. The effect of DHFR inhibitors on the UMPSase activity of
the N. plumbaginifolia cell. Numbers under the bars represent the
culture time in days. The open bar represents UMPSase activity in the
absence of inhibitors (0 d). Hatched bars represent UMPSase activity
in the presence of 200 mM AMT. Stippled bars represent UMPSase
activity in the presence of 200 mM MTX at the indicated times. mU,
Milliunit.

Figure 5. Regulation of N. plumbaginifolia UMPSase by FOA and
thymine. A, UMPSase activity of the wild-type cells after being
cultured for several days in the Murashige-Skoog medium with no
additional supplement (f) or with 0.12 mM FOA (F). After 9 d, some
cells were placed on medium containing 120 mM FOA and 200 mM

thymine (E). B, Western-blot analysis of the callus extracts using
anti-C. pepo UMPSase. Lane 1 is from cells at 0 d. Lane 2 is from cells
after 6 d of inoculation. Lane 3 is from cells after 9 d of inoculation.
Lane 4 is from cells after 13 d of inoculation as follows: on FOA for
9 d then 4 d on FOA plus thymine. Lane 5 is from cells after 13 d of
inoculation on FOA.
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UMPSase or whether thymine also alleviates the up-
regulation of TS are not known at this time.

When high levels of thymine are provided to the cells
following the induction of UMPSase, the induced UMPSase
rapidly declines. Thus, either thymine or a thymine metab-
olite is responsible for the transcriptional regulation of
UMPSase in tobacco cells.

In other examples of metabolite-mediated transcriptional
regulation in eukaryotes, transcriptional activation pro-
teins are involved (Giniger and Ptashne, 1988; Grone-
meyer, 1991; White et al., 1997). Although we have no
direct biochemical evidence that such a regulatory cascade
is functioning in these tobacco cells, it is clear that they do
have a mechanism to detect the level of thymine and to
transcriptionally regulate UMPSase and possibly other
genes in this pathway.

To account for this regulation, we propose the existence
of one or more proteins within the cell that must be able to
detect the level of thymine and to transmit that information
to the promoters of UMPSase, and perhaps to other mem-
bers of this pathway. Intracellular measurement of thymine
could occur via one of several mechanisms. At least two
different thymidine triphosphatases are known from mam-
malian sources. One is a dimer of identical subunits with
specificity toward TTP (Dahlmann, 1982). The other is a
multifunctional enzyme with specificity toward both TTP
and dCTP (Schultes et al., 1992). Whether the enzymatic
hydrolysis of these pyrimidine triphosphates is linked to
other regulatory functions has not been explored. It is
conceivable that binding or hydrolysis of TTP could trigger
a regulatory cascade similar to the kinase cascades so well
characterized in yeast (Nishida and Gotoh, 1993).

Second, TTP is known to bind to and regulate the activity
of several enzymes in the pyrimidine biosynthetic path-
way, including thymidine kinase (Jansson et al., 1992) and
ribonucleotide reductase (Hruby, 1985; Ji et al., 1991). The
binding of thymine or a thymine metabolite by a nuclear
protein could measure the thymine levels within the cell.
Numerous examples of metabolite-binding proteins that
regulate gene expression are known. Some of these, such as
the steroid receptor superfamily, directly bind to and affect
promoter activity (Kumar et al., 1987; Gronemeyer, 1991).
Others, such as the GAL genes of Saccharomyces cerevisiae,
require multiple factors to achieve similar gene regulation.
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