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Toxoplasma gondii is a ubiquitous protozoan parasite that is
responsible for severe congenital birth defects and fatal toxoplas-
mic encephalitis in immunocompromized people1. Fundamental
aspects of obligate intracellular replication and pathogenesis are
only now beginning to emerge for protozoan parasites. T. gondii
has a fragmented pathway for salvaging pyrimidine nucleo-
bases derived from the parasite or host cell, and this limited
pyrimidine salvage capacity is funnelled exclusively through
uracil phosphoribosyltransferase2,3. Disrupting the function of
this enzyme does not affect the growth of T. gondii tachyzoites4,
which suggests that the de novo pyrimidine biosynthesis pathway
may be necessary for growth. We have examined the virulence of
T. gondii mutants that lack carbamoyl phosphate synthetase II
(uracil auxotrophs) to determine whether de novo pyrimidine
biosynthesis is required in vivo. Here we show that T. gondii
uracil auxotrophs are completely avirulent not only in immune-
competent BALB/c mice but also in mice that lack interferon-g.
A single injection of the uracil auxotroph into BALB/c mice
induces long-term protective immunity to toxoplasmosis. Our
®ndings indicate the signi®cance of the de novo pyrimidine
biosynthesis pathway for the virulence of parasitic protozoa,
and suggest routes for developing vaccines and chemotherapy.
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Figure 1 Pyrimidine salvage and de novo pyrimidine biosynthesis pathways in T. gondii.

Pathways that produce UMP, the precursor of all pyrimidines used by T. gondii, are

shown. The six steps of the de novo pyrimidine biosynthesis pathway and their

corresponding enzymes are shown. Salvage pathway2,3 steps that have been detected in

T. gondii are shown in solid lines. Double arrowheads indicate that the activity is capable

of both conversions. Enzyme activities: uracil phosphoribosyltransferase (1); nucleoside

phosphorylase (2); nucleoside deaminase (3); nucleoside 59-monophosphate phospho-

hydrolase (4); and thymidylate synthase (5; part of the bifunctional DHFR-TS6,19).

Thymidylate synthase is not considered a salvage enzyme; it is a key enzyme in the

interconversion of pyrimidine nucleotides. Many potential salvage enzyme activities have

not been detected in T. gondii 3.
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Because of its genetic accessibility5±7 and natural virulence in
mice, T. gondii is an excellent model for the discovery and evaluation
of auxotrophic mutants that capitalize on differences in metabolism
between protozoan parasites and their hosts. Like its host, T. gondii
has an intact pathway for de novo pyrimidine biosynthesis, but
differs in that it has only a limited pyrimidine salvage pathway
(Fig. 1). In T. gondii, as in other parasites of the phylum Apicom-
plexa, the key regulatory enzyme of de novo pyrimidine biosynthesis
is carbamoyl phosphate synthetase II (CPSII), a parasite enzyme
that has distinctive properties compared with the CPSII activity of
the mammalian host cell8. In addition, apicomplexan parasites have
a monofunctional CPSII domain fused onto the same polypeptide
as the glutamine amidotransferase domain, which produces an
enzyme architecture that is not observed in bacteria, fungi or
mammals9,10. These unique features of T. gondii CPSII make this
activity an attractive target to disrupt to obtain null mutants.

We cloned a 6.6-kilobase (kb) HindIII CPSII genomic DNA
fragment from strain RH that contains exons with signi®cant
similarity to CPSII from fungi, plants and mammals (Supplemen-
tary Information). The single chromosomal copy of this 6.6-kb

HindIII fragment was disrupted to obtain uracil auxotroph strains
cps1-1 and cps2-1. Neither strain had detectable CPSII activity
compared with the activity measured in the wild-type RH strain
(57 nmol h-1 mg-1). Without uracil supplementation the parasite
invaded normally, but it failed to replicate once intracellular.
Essentially, no growth was observed at uracil concentrations lower
than 20 mM (Fig. 2a). Normal parasite growth was seen between
about 0.2 and 0.6 mM uracil; however, growth was suppressed in
uracil concentrations higher than 0.8 mM, which indicates that
normal regulation of pyrimidine pools or salvage mechanisms may
be disrupted in the auxotrophic mutants. The ability of added uracil
to rescue this nonreplicating uracil auxotroph declined with time
(Fig. 2b).

We veri®ed that disruption of the CPSII gene was the genetic
lesion responsible for the uracil auxotrophy of cps1-1 and cps2-1.
Transfection of cps1-1 and cps2-1 with a linearized 6.6-kb CPSII
HindIII fragment from the wild-type strain RH rescued signi®cant
numbers of parasites (scored as plaques), which then grew normally
in the absence of uracil (Table 1). Rescued isolates (cps1-1rs) all had
the wild-type RH CPSII genotype and phenotype on the basis of
Southern blot (data not shown), CPSII activity (61 nmol h-1 mg-1

protein), and growth responses in uracil (Fig. 2a). In contrast,
transfection of cps1-1 or cps2-1 with only plasmid DNA, or with the
D6.6-kb CPSII HindIII plasmid containing an internal 1.1-kb
BamHI-generated deletion failed to rescue any additional plaques
in the absence of uracil (Table 1).

We tested the virulence of the T. gondii CPSII gene knockout
mutants in a BALB/c mouse model of lethal toxoplasmosis. The
parental RH strain is hypervirulent in all mice strains, with an
estimated 100% lethal dose of fewer than 10 parasites11. Mice
injected intraperitoneally with only a low dose of the parental
wild-type RH strain succumb rapidly to the infection (median
survival of 9 d). In contrast, mice injected with the cps1-1 or cps2-1
mutant survived the infection at inoculating doses of 103, 104, 105,
106 (data not shown) and 107 tachyzoites (Fig. 3a). Parasites could
not be recovered from the intraperitoneal cavity of mice at 3 weeks
after inoculation. Mice inoculated with the uracil auxotroph
mutants survived longer than 12 months with no evidence of any
phenotype of parasite persistence (tachyzoites or brain cysts). In
contrast, parasites such as cps1-1rs, which were rescued by transfec-
tion of the uracil auxotroph mutants with the wild-type 6.6-kb
CPSII HindIII fragment (Table 1), were highly virulent in BALB/c
mice (Fig. 3a).

We examined the virulence of cps1-1 in homozygous interferon-g
(IFN-g) knockout (gko) mice on a BALB/c background. Because the
cytokine IFN-g is necessary for host control of T. gondii infection,
IFN-g knockout mice rapidly succumb to toxoplasmosis even after
infection with normally avirulent strains12. As expected, gko mice
rapidly succumbed to the RH strain (median survival of 9 d; Fig. 3b).
Unexpectedly, gko mice injected with the cps1-1 mutant survived the
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Figure 2 Growth and viability of uracil auxotrophs of T. gondii. a, Growth rate of uracil

auxotroph mutants was measured as a function of the uracil concentration of the infection

medium. Parasites were allowed to invade HFFs for 3 h, the cells were then washed and

incubated with infection medium containing various concentrations of uracil. Host cells

were microscopically inspected 36 h later to identify individual vacuoles containing

parasites. The average number of tachyzoites per vacuole was determined by scoring 50

independent vacuoles for each data point. The average number of parasites per vacuole

was converted into `parasite doublings' (for example, 1 parasite doubling = 2 parasites

per vacuole, and 5 parasite doublings = 32 parasites per vacuole). Growth responses for

auxotrophic mutants cps1-1 and cps2-1 are compared with that of the RH parent and a

representative clone (cps1-1rs) of a rescued parasite obtained after transfection of cps1-1

with the wild-type 6.6-kb CPSII HindIII fragment (see Table 1). b, Ability of added uracil to

rescue the nonreplicating intracellular parasites was determined by a plaque assay

(Methods). For uracil addition on day 15, 18 and 21, plaques from the auxotrophic

mutants (cps1-1 and cps2-1) were reduced to about 0.2%, 0.02% and 0.003%,

respectively, of the control p.f.u.

Table 1 Frequency of rescue of uracil auxotroph mutants after transfection
of plasmid DNA

Plasmid DNA Parasite p.f.u. rescued (´ 10-7)
.............................................................................................................................................................................

6.6-kb CPSII HindIII cps1-1 24
6.6-kb CPSII HindIII cps2-1 21
D6.6-kb CPSII HindIII cps1-1 , 1
D6.6-kb CPSII HindIII cps2-1 , 1
pBluescript cps1-1 , 1
pBluescript cps2-1 , 1
Mock cps1-1 , 1
Mock cps2-1 , 1
.............................................................................................................................................................................

Auxotrophic mutants were transfected with plasmid DNA and plaques (p.f.u.) were scored in uracil-
free medium (Methods). Either HindIII-digested plasmid DNA (20 mg) was transfected, or no plasmid
was transfected (mock). Parasites (1.2 ´ 107) were transfected as indicated and were cultured in a
single large HFF ¯ask. Plaques were scored 8 d after transfection by visual and microscopic
inspection of plaques. Data shown are the mean from three independent experiments. In other
experiments, the spontaneous in vitro reversion frequency of cps1-1 and cps2-1 was determined to
be about 2.8 ´ 10-8.
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infection at inoculating doses of 103, 104, 105 (data not shown), 106

and 107 tachyzoites (Fig. 3b). The cps1-1-inoculated gko mice
showed long-term survival (. 6 months), with no apparent pheno-
type of parasite persistence.

We examined whether the avirulent uracil auxotrophic mutants
could protect mice from a lethal toxoplasma challenge infection.
Groups of BALB/c mice were injected once with various doses of
cps1-1 tachyzoites. These mice were injected 40 d later with a lethal
challenge dose of strain RH. Parasite doses greater than 104 cps1-1
tachyzoites were highly effective in inducing a long-term protective
immunity in BALB/c mice (Fig. 3c).

Our data indicate that the obligate intracellular T. gondii parasite
may have evolved to have a strict reliance on its own de novo
pyrimidine biosynthesis pathway in vivo. The parasite's pyrimidine
salvage pathway cannot apparently salvage signi®cant amounts of
pyrimidines from its host cell. This adaptation of the protozoan
parasite may have arisen as a consequence of the apparent low
availability of pyrimidines in animal tissues13,14. Notably, the pyri-
midine starvation phenotype of the cps1-1 and cps2-1 mutants
results in a complete block of parasite replication in vitro (Fig. 2)
and in vivo (Fig. 3). Identifying compounds that limit the de novo
biosynthesis of pyrimidines in T. gondii might be a route for
antiparasite drug design. The auxotrophic mutants described here
are remarkably avirulent and can also induce long-term protective
immunity to toxoplasmosis. To our knowledge, these are the ®rst
reported mutants of T. gondii that do not kill gko mice15. T. gondii
elicits a strong cell-mediated immune response that controls its own
growth and that can stimulate nonspeci®c resistance to unrelated
pathogens and tumours16,17. Consequently, these auxotrophic
mutants may offer even greater promise as a strategy for vaccine
development. Developing pyrimidine auxotrophs in other proto-
zoan parasites might verify drug targets in de novo pyrimidine
biosynthesis and might also provide a broad-ranging approach to
obtaining protozoan parasite mutants that are severely attenuated
in their virulence. M

Methods
Parasite culture and phenotypic analysis

Human foreskin ®broblasts (HFFs) were cultured in EMEM medium in 10% fetal bovine
serum (FBS) at 37 8C in 95% air/5% CO2. We cultured parasites in EMEM in 1% FBS at
37 8C in 95% air/5% CO2. Plaques were visualized by ®xing HFF monolayers in 50% (v/v)
methanol and 7% (v/v) glacial acetic acid, and staining with saturated Coomassie blue
dissolved in ®xative. The CPSII enzyme assays were done as described8. We isolated
parasite DNA and carried out Southern analysis as described18.

To determine whether added uracil could rescue intracellular mutants, replicate sets of
¯asks of con¯uent HFF cells were inoculated with 2 ´ 105, 2 ´ 104, 2 ´ 103 or 2 ´ 102 plaque
forming units (p.f.u.) of uracil auxotroph tachyzoites. After a 3-h incubation at 37 8C in
medium lacking uracil for attachment and invasion, the remaining extracellular parasites
were removed (t = 0) by washing the monolayer with PBS, and cultures were incubated in
medium lacking uracil. At various times, medium was removed from duplicate sets of the
inoculated ¯asks and was replaced with medium containing 0.2 mM uracil. We stained
monolayers and scored plaques by visual inspection 8 d after uracil addition.

Mutant construction and analysis

A genomic DNA fragment of the T. gondii CPSII gene (strain RH) was cloned using a
polymerase chain reaction (PCR) signature homology strategy. A CPSII PCR DNA
fragment of the expected size of 450 base pairs (bp) was isolated and subcloned into
pBluescript. We examined 30 individual clones, each of which had an identical sequence
with a high amino-acid similarity to other CPSII species. We used the 450-bp CPSII
fragment to identify a single-copy 6.6-kb HindIII fragment of genomic DNA by Southern
blot analysis and to screen a T. gondii HindIII plasmid library constructed in pBluescript to
obtain the 6.6-kb CPSII HindIII clone. The D6.6-kb CPSII HindIII plasmid was
constructed by creating a 1.1-kb BamHI deletion (deleting bp 2,261 to 3,347) in the central
part of the 6.6-kb CPSII HindIII clone.

We made the targeting plasmid by inserting a dihydrofolate reductase/herpes
simplex virus thymidine kinase/thymidylate synthase positive/negative selection marker18

adjacent to the 39 CPSII sequences in the D6.6-kb CPSII HindIII plasmid. This plasmid was
integrated into the CPSII locus by transfection18 of strain RH and selection in pyri-
methamine with uracil supplementation. We screened clones derived from this selection
for ones that grew normally in medium with 0.2 mM uracil, but had disrupted CPSII
activity and could not plaque in medium lacking uracil. These cps1 and cps2 mutants were
then subjected to negative selection in ganciclovir in the presence of uracil. This strategy
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Figure 3 Uracil auxotroph mutants are avirulent in mice and confer long-term protective

immunity. a, Tachyzoites of the indicated strains were injected i.p. into BALB/c mice

(n = 4) and monitored for more than 40 d (Methods). The inoculation doses are shown.

b, Tachyzoites of the indicated strains were injected i.p. into homozygous IFN-g knockout

(BALB/c background) mice (n = 4) and monitored for more than 40 d. The inoculation

doses are shown. c, Various doses of tachyzoites of cps1-1 were injected i.p. into BALB/c

mice (n = 4). Mice were challenged 40 days later with 200 p.f.u. of wild-type strain RH

tachyzoites administered by the i.p. route.
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selected parasites that lost expression of the integrated thymidine kinase marker18. We
subcloned ganciclovir-resistant and pyrimethamine-sensitive parasites from this selection
to produce T. gondii strains, cps1-1 and cps2-1. Uracil auxotrophs cps1-1 and cps2-1 have
two tandem copies of the targeting plasmid integrated into the CPSII locus. Only the
CPSII locus was disrupted, and integration was achieved by homologous recombination in
CPSII sequences on the 59 side of the BamHI sites of the 6.6-kb CPSII HindIII fragment
(data not shown). We maintained the uracil auxotrophs in culture in medium supple-
mented with 0.2 mM uracil.

Murine virulence assay

We obtained tachyzoites by allowing infected HFF monolayers to lyse completely.
Tachyzoites were puri®ed by ®ltration through sterile 3-mm nuclepore membranes,
washed in PBS and collected by centrifugation. We resuspended tachyzoites pellets in PBS
and counted them under the microscope. Tachyzoites were injected intraperitoneally (i.p.)
in 0.2 ml into mice aged 6±8 weeks. The actual p.f.u. in the inoculum was determined by
plaque assay. In all of the mouse injection experiments and for all of the parasite strains
tested, the p.f.u. to parasite ratio was between 0.4 and 0.6. We used four mice per parasite
dose with each strain. Experiments with groups of mice were repeated twice. Mice were
monitored for 40 d, and in some experiments for more than 1 year. We cared for mice
according to NIH guidelines.
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Eukaryotic cells use multiple, highly conserved mechanisms to
contend with ultraviolet-light-induced DNA damage1. One
important response mechanism is transcription-coupled repair
(TCR), during which DNA lesions in the transcribed strand of an
active gene are repaired much faster than in the genome overall2.
In mammalian cells, defective TCR gives rise to the severe human
disorder Cockayne's syndrome (CS)3. The best-studied CS gene,
CSB, codes for a Swi/Snf-like DNA-dependent ATPase, whose
yeast homologue is called Rad26 (ref. 4). Here we identify a
yeast protein, termed Def1, which forms a complex with Rad26
in chromatin. The phenotypes of cells lacking DEF1 are consistent
with a role for this factor in the DNA damage response, but Def1 is
not required for TCR. Rather, def1 cells are compromised for
transcript elongation, and are unable to degrade RNA polymerase
II (RNAPII) in response to DNA damage. Our data suggest that
RNAPII stalled at a DNA lesion triggers a coordinated rescue
mechanism that requires the Rad26±Def1 complex, and that Def1
enables ubiquitination and proteolysis of RNAPII when the lesion
cannot be rapidly removed by Rad26-promoted DNA repair.

In order to purify Rad26, yeast whole-cell extract derived from a
strain expressing Myc-decahistidine tagged Rad26 (MHRad26) was
fractionated into a DNA-free `soluble' fraction and a salt-stable
chromatin fraction as previously described5. MHRad26 partitioned
approximately equally between these fractions and was puri®ed to
homogeneity by a combination of conventional and af®nity chro-
matography. As can be seen in Fig. 1a, there was a noticeable
difference between the polypeptide composition of Rad26 isolated
from the soluble fraction and that isolated from chromatin after high
salt extraction. Silver staining of MHRad26 isolated from the soluble
fraction showed a single protein band (MHRad26) (Fig. 1a, lane 1),
whereas MHRad26 extracted and puri®ed from the salt-stable
chromatin fraction appeared to be a doublet (lane 3). Both fractions
were analysed by western blot analysis, and the proteins from the
doublet were identi®ed by a combination of peptide mass ®nger-
printing using matrix-assisted laser desorption/ionization-time-of-
¯ight (MALDI-TOF) mass spectrometry (MS), and mass spectro-
metric sequencing using NanoES triple-quadrupole MS/MS (ref. 6).
We found that the slower-migrating protein puri®ed from chromatin
was Rad26, whereas the faster-migrating protein was the product of
the YKL054C ORF on budding yeast chromosome XI (predicted Mr

83,900). We named this gene DEF1 (RNAPII degradation factor 1).
In order to investigate the biochemical behaviour of Def1 and to

con®rm its association with Rad26, decahistidine-haemagglutinin
(HA) tagged Def1 (Def1HH) was immuno-puri®ed from extracts
derived from MHRAD26 DEF1HH cells. The majority of Def1 was
found in the soluble (DNA-free) fraction, but only very small
amounts of Rad26 could be immunoprecipitated with it from this
fraction (data not shown). As in the case of Rad26, SDS±poly-

© 2002 Macmillan Magazines Ltd


	De novo pyrimidine biosynthesis is required for virulence of Toxoplasma gondii

