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Cryptosporidium spp. cause acute gastrointestinal disease
that can be fatal for immunocompromised individuals. These
protozoan parasites are resistant to conventional antipara-
sitic chemotherapies and the currently available drugs to treat
these infections are largely ineffective. Genomic studies suggest
that, unlike other protozoan parasites, Cryptosporidium is inca-
pable of de novo pyrimidine biosynthesis. Curiously, these par-
asites possess redundant pathways to produce dTMP, one
involving thymidine kinase (TK) and the second via thymidylate
synthase-dihydrofolate reductase. Here we report the expres-
sion and characterization of TK from C. parvum. Unlike other
TKs, CpTK is a stable trimer in the presence and absence of
substrates and the activator dCTP. Whereas the values of k_,, =
0.28 s™' and K,, o7p = 140 pu are similar to those of human
TK1, the value of K, (thymidine) = 48 um is 100-fold greater,
reflecting the abundance of thymidine in the gastrointestinal
tract. Surprisingly, the antiparasitic nucleosides AraT, AraC,
and IDC are not substrates for CpTK, indicating that Cryptospo-
ridium possesses another deoxynucleoside kinase. Trifluoro-
methyl thymidine and 5-fluorodeoxyuridine are good substrates
for CpTK, and both compounds inhibit parasite growth in an in
vitro model of C. parvum infection. Trifluorothymidine is also
effective in a mouse model of acute disease. These observations
suggest that CpTK-activated pro-drugs may be an effective
strategy for treating cryptosporidiosis.

Cryptosporidium spp. are intracellular parasitic protozoa
that cause cryptosporidiosis, an acute gastrointestinal disease
characterized by severe diarrhea. Cryptosporidium is a major
cause of malnutrition in the developing world (1). The disease is
typically short term and self-limiting in healthy individuals;
however, the infection can be chronic and life-threatening in
children and immunocompromised patients. Cryptosporidium
infection is transmitted by oocysts found in contaminated
drinking and recreational water (2). These oocysts are resistant

to standard water treatment. Cryptosporidium hominis, which
is specific for humans, and Cryptosporidium parvum, which
infects a wide range of hosts, are responsible for most human
disease. The prevalence of C. parvum infections in calves raises
serious concerns that C. parvum oocysts could be easily
obtained and used as a bioterrorism agent (3).

No effective treatment exists for cryptosporidiosis (4). Cryp-
tosporidium is resistant to conventional antiparasitic chemo-
therapies such as antifolates; several drug targets are either
absent or highly divergent in the parasite (5). In addition, Cryp-
tosporidium contains many putative drug efflux transporters,
which may also protect the parasite (6). Drug development is
further impeded by the inability to continuously culture Cryp-
tosporidium in vitro.

Nucleotide metabolism in general, and dTMP biosynthesis in
particular, provides a rich source of drug targets for many diseases.
Genomic analysis suggests that, unlike most protozoan parasites,
Cryptosporidium lacks de novo pyrimidine nucleotide biosynthetic
pathways and instead salvages pyrimidines from the host, produc-
ing dTMP via thymidine kinase (TK)? (E.C. number 2.7.1.21) and
thymidylate synthase-dihydrofolate reductase (TS-DHFR) (Fig.
1). Although several laboratories are developing inhibitors of
Cryptosporidium TS-DHER (7-9), the presence of these redun-
dant pathways calls to question whether blocking dTMP bio-
synthesis is a viable strategy for anti-cryptosporidial chemo-
therapy. Indeed, the intestinal parasites Giardia lamblia (10)
and Entamoeba histolytica (11) lack TS and appear to obtain
dTMP entirely via the phosphorylation of thymidine. Intrigu-
ingly, Cryptosporidium is the only Apicomplexan that pos-
sesses a TK (12), and it appears to have obtained its 7K gene
from bacteria via horizontal gene transfer. Together, these
observations suggest that Cryptosporidium may have adapted
its metabolism to exploit a unique abundance of thymidine in
the gastrointestinal environment (13).

TK plays a critical role in the activation of deoxynucleoside
prodrugs used in antiviral and anticancer chemotherapy (14).
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FIGURE 1. C. parvum pyrimidine nucleotide salvage pathways. Enzymes
that appear to have been obtained via horizontal gene transfer are shown in
red (bacteria) and green (plant). T, nucleoside transporter.

These compounds are converted to the mono-, di-, and triphos-
phates and then incorporated into DNA and RNA. TFT, AraT,
IUdR, IDC, and AraC, but not AZT and acyclovir, have been
reported to have anticryptosporidial activity in a cell culture
model of infection (15). All of these nucleosides are potential
substrates for CpTK, suggesting that CpTK may have very
broad specificity like a viral TK. Importantly, the antiparasitic
effects are observed at concentrations that do not affect the
host cells, which is surprising because the host cells also contain
these same deoxynucleoside salvage enzymes. Perhaps this
selective antiparasitic activity derives from the catalytic prop-
erties of CpTK.

We have expressed and characterized CpTK as part of a pro-
gram to identify potential drug targets in the nucleotide salvage
pathways of C. parvum. FUdR, TFT, and AZT are good sub-
strates for CpTK. In contrast, AraT, AraC, and IDC are not
substrates for CpTK, suggesting that Cryptosporidium possess
another deoxynucleoside kinase. Importantly TFT inhibits C.
parvum growth in a mouse model of C. parvum infection, sug-
gesting that the pyridimidine deoxynucleoside salvage path-
ways can be subverted for chemotherapy.

EXPERIMENTAL PROCEDURES

Materials—3'-Amino-3'-deoxythymidine was purchased from
Toronto Research Chemicals (Ontario, Canada). Activated
CH-Sepharose 4B beads were purchased from Amersham Bio-
sciences. [methyl->H]Thymidine (2 Ci/mmol) was purchased
from PerkinElmer Life Sciences. DEAE paper discs were pur-
chased from Whatman (Piscataway, NJ). B-L-Thymidine was
purchased from Carbosynth (Berkshire, UK). All other reagents
were purchased from Sigma.

Synthesis of Nucleoside Analogs—The syntheses of KP296-8
were reviewed previously (16). KP1308 and KP1309 were syn-
thesized as previously described (17). The syntheses of KP330,
KP332-4, and KP1283 are described in Ref. 17.

Cloning—The coding sequence of CpTK was PCR amplified
from plasmid MTT1-CpTK-GEFP using the following primers:
ATTCGGATCCATGGCAAAATTATACTTTTACTATTC
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(forward) and TCAGGTCGACTTAGAAATTGTATTCTTC-
ACAATTAATT (reverse) and subsequently subcloned into
pMAL-c2X (New England Biolabs). The resulting construct
will be referred to as pMAL-CpTK.

Additionally, the coding sequence of CpTK was PCR am-
plified from pMAL-CpTK using the following primers: TGGT-
GCCTCGTGGTAGCCATGCAAAATTATACTTTTACT-
ATTCAGCAGCAAAATTATACTTTTACTATTCAGCA
(forward) and CTCAGCTTCCTTTCGGGCTTTGTTATTA-
GAAATTGTATTCTTCACAATTAATTATATGA (reverse)
and subsequently cloned into pET28a. The resulting construct
will be referred to as pET-CpTK.

Cell-free Translation—Untagged CpTK was expressed using
a wheat germ cell-free transcription-translation system as pre-
viously described (18). The coding sequence of CpTK was
amplified from pMAL-CpTK vector by PCR using the following
primers: CAGGACTCGAGATGGCAAAATTATACTTTTA-
CTATTCAGCA (forward) and CATGGTCCCGGGTTAGA-
AATTGTATTCTTCACAATTAATTAT (reverse) and subse-
quently cloned into a cell-free vector that carries SP6 RNA
polymerase promoter and () sequence for the wheat germ ribo-
some binding site. Transcription and translation were carried
out as described (18). Wheat germ lysate with Cp TK was kept at
—80 °C until purification.

Bacterial Expression—Alternatively, His,-tagged CpTK was
expressed in bacteria. Briefly, pET-CpTK was transformed into
chemically competent BL21(DE3) cells and grown in LB me-
dium at 30 °C until Ay, ~1.0. Cultures were induced with iso-
propyl 1-thio-B3-p-galactopyranoside to a final concentration of
0.5 mM and allowed to grow overnight at 16 °C. Cells were har-
vested and cell pellets were stored at —80 °C until purification.

Purification of CpTK—Untagged CpTK was purified by affin-
ity chromatography on 3’'-aminothymidine-Sepharose resin.
3’-Aminothymidine-Sepharose resin was synthesized as previ-
ously described (19, 20). Wheat germ lysate was loaded onto
the thymidine column and purification was carried out as pre-
viously described (19, 20). Elution fractions were assayed for
enzyme activity and fractions with activity were pooled and
concentrated and stored at 4 °C. Protein concentration was
determined using the Bio-Rad protein assay dye reagent
according to the manufacturer’s instructions. Prior to assaying,
CpTKwas passed through a Centri-Sep desalting column (Prin-
ceton Separations) to remove thymidine from the enzyme
sample.

Alternatively, Hiss-tagged CpTK was purified by affinity chro-
matography using a HisTrap column (Amersham Biosciences) on
an AKTA Purifier (GE Healthcare). Briefly, cells were resus-
pended in Binding Buffer (20 mm Na,HPO,, pH 7.8, 500 mm
NaCl, 20 mm imidazole) and lysed by sonication. Cell lysate was
loaded onto the HisTrap column and His,-tagged CpTK was
eluted using a gradient to 500 mm imidazole. Purified enzyme
was used immediately.

Enzyme Assays—CpTK activity was measured using a radio-
metric assay as previously described (21, 22). Reactions were
carried out in a final volume of 100 ul at 25 °C. Conversion of
thymidine to dTMP was measured by the DEAE disc method as
described (21, 22). Additionally, a coupled spectrophotometric
assay was used where the production of ADP was coupled to the
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production of NADH via pyruvate kinase/lactate dehydrogen-
ase reactions and monitored at 340 nm (23). Reactions were
carried out in a final volume of 500 ul and the decrease in
absorbance at 340 nm was measured on a Hitachi U-2000 spec-
trophotometer. Kinetic parameters were determined using the
SigmaPlot Enzyme Kinetics Module by fitting to the Michaelis-
Menten equation.

Determination of Oligomeric State—The oligomeric state of
CpTK was determined by size-exclusion chromatography
using a Sephacryl S-200 HR column (Amersham Biosciences).
CpTK oligomerization was determined in the absence and
presence of substrates (thymidine and ATP) and an allosteric
effector (ACTP). The CpTK elution profile was created by as-
saying fractions for enzyme activity. The molecular mass of
the CpTK oligomer was estimated from a calibration curve
obtained from standard proteins in the Bio-Rad Gel Filtration
Standard kit: bovine y-globulin (158 kDa), chicken ovalbumin
(44 kDa), equine myoglobin (17 kDa), and vitamin B;, (1.35
kDa). Blue dextran was used to determine the void volume of
the column.

Cell Culture Model of C. parvum Infection—Human ileocecal
adenocarcinoma epithelial cell line HCT-8 was infected with C.
parvum oocysts (24). Parasite growth was measured using a
real-time PCR assay as previously described (25) or a high con-
tent imaging assay.* The values of EC,, were calculated using
the Hill-Slope model (Equation 1) using Prism version 5
(GraphPad Software Inc., La Jolla, CA),

% Growth = (max — min)/(1 + (ECsy/[/]") (Eq. 1)

where 7 is the Hill coefficient. The host cell cytotoxicity was
determined using the LIVE/DEAD assay (Molecular Probes,
Carlsbad, CA).

Mouse Model of C. parvum Infection—The anticryptospo-
ridial activity of TFT was assessed in the interleukin (IL)-12
knock-out mouse model that resembles the acute human dis-
ease (26, 27). Mice were inoculated with 1,000 oocysts and
treated with phosphate-buffered saline, 200 mg/kg of TFT, or
2000 mg/kg of paromomycin starting 4 h postinfection. Com-
pounds were given for 7 days and mice were sacrificed on day 8
(peak infection). Mice (10 per group) were treated by gavage
given in a split dose. Parasite load was quantified by fluores-
cence-activated cell sorter assays for the presence of the oocysts
in feces at days 0, 4, and 7. Fecal pellets from the mice were
routinely collected daily and homogenized in adjusted volumes
of 2.5% potassium dichromate. Aliquots (200 ul) of vortexed
samples were processed over microscale sucrose gradients
essentially as previously described (28). The oocyst-containing
fraction was collected and washed. Purified oocysts were incu-
bated with a fluorescein-labeled oocyst-specific monoclonal
antibody (OW5O-fluorescein isothiocyanate) for 20 min. Sam-
ples were adjusted to 600 ul and assayed with a 102-s sampling
interval (100 ul) using logical gating of forward/side scatter and
a OW50-fluorescein isothiocyanate fluorescence signal on a
BD Biosciences FACScan flow cytometer (29).

L. Sharling, X. Liu, D. R. Gollapalli, S. K. Maurya, L. Hedstrom, and B. Striepen,
manuscript in preparation.
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TABLE 1
Kinetic parameters for CpTK

All reactions were 100 um dCTP unless otherwise noted. Reactions characterizing
phosphate acceptors were carried out with 5 mm ATP and reactions characterizing
phosphate donors were carried out with 250 um dT.

Substrate K, Ko koo K,
M st M lsT!
Thymidine” 48 + 3 0.28 = 0.05 (4.8 = 0.5) X 10®
Thymidine” 89+6 028 =0.007 (3.2 *0.1) X 10°
Thymidine® 40 £ 2 0.3+0.1 (6.7 +2) X 10°
Thymidine (—dCTP)? 45 = 15 0.04 = 0.004 (8.8 = 0.8) X 10?
ATP? 140 +30  0.28 = 0.05 (23 +0.1) X 10%
ATP (—dCTPd) 110 +50  0.04*0.004  (3.5*0.3) X 10?
dUR® 118 + 1 0.53 = 0.06 (4.5 + 0.5) X 10®
TFT¢ 2+3 0.36 = 0.01 (6.4 +0.2) X 103
FUdR® 40 £ 2 0.24 + 0.02 (5.8 = 0.8) X 10%
AZT¢ 32+ 4 0.17 = 0.02 (5.0 + 0.5) X 10®
B-L-Thymidine® 290 =30 0.007 + 0.0002 (2.4 * 0.6) X 10
D4T¢ 5010  0.03*0.002 (6.4 =*0.2)X 10

“ Radioactive assay with untagged CpTK.

® Radioactive assay with His-tagged CpTK.

¢ Spectrophotometric assay with His-tagged CpTK.

4 Spectrophotometric assay with untagged CpTK. Values are the average and stand-
ard deviations of two to three independent experiments.

Statistical Analysis—Flow cytometry data were evaluated by
analysis of variance (Microsoft Excel; Microsoft Corp., Red-
mond, WA).

RESULTS

Expression and Purification of Recombinant CpTK—CpTK
was initially expressed using a cell-free wheat germ transcrip-
tion/translation system. The enzyme was purified using thymi-
dine affinity chromatography (supplemental Fig. S1). One mil-
liliter of wheat germ lysate yielded 520 ug of ~90% pure CpTK.
Alternatively, Hisc-tagged CpTK was expressed in bacteria
using the pET system. One liter of culture yielded ~10 mg of
~90% pure enzyme (supplemental Fig. S1).

Kinetic Characterization—The CpTK reaction exhibited
classic Michaelis-Menten kinetics (supplemental Fig. S2).
Wheat germ lysate CpTK has a K, of 48 um for dT and k_,, =
0.28 s~ ! when the production of dTMP was monitored at sat-
urating concentrations of ATP. Similar values are obtained for
His-tagged CpTK, indicating that the His tag has no effect on
enzyme function (Table 1). In addition, similar values are
obtained when the production of ADP was monitored (Table
1), indicating that the enzyme preparation does not contain
a contaminating ATPase. A K, value of 140 * 30 uMm was
observed for ATP at saturating concentrations of dT (Table 1).

Allosteric Regulation—CpTK was activated by dCTP and
dCDP by 7- and 2.5-fold, respectively. dCTP is not a phosphate
donor, but instead activates CpTK by increasing k_,; it does not
change the values of K, of either dT or ATP (Table 1). Unlike
Escherichia coli TK, CpTK was not activated by dATP or dGTP.
Like other TKs, CpTK is inhibited by dTTP (data not shown).

Oligomeric State—The oligomeric state of CpTK was deter-
mined using size-exclusion chromatography. CpTK eluted at a
size of 70 = 10 kDa (Fig. 2), which is most consistent with a
trimer (monomeric molecular mass of 23.3 kDa). Importantly,
the presence of the activator dCTP or substrates dT and ATP
did not change the oligomeric state of CpTK.

Activation of Naturally Occurring Nucleosides—CpTK effi-
ciently phosphorylates both dT and dU with similar values of
k../K,, (Table 1). dG and dC are poor substrates, and no phos-
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FIGURE 2. Determination of the CpTK oligomeric state using gel filtration
chromatography. Untagged CpTK elutes at a molecular mass of ~70 kDa,
consistent with being a trimer under the three conditions tested: enzyme
alone (diamonds), CpTK + 100 um dCTP (triangles), and CpTK + 100 um Thd +
1 mm ATP (squares). The elution volumes of the standards are as follow: blue
dextran, 96 ml; bovine y-globulin, 158 kDa, 107 ml; chicken ovalbumin, 44
kDa, 142 ml; equine myoglobin, 17 kDa, 180 ml; and vitamin B,,, 1.35 kDa,
303 ml.

TABLE 2
Substrate specificity of CpTK
Untagged CpTK was used for all assays.

Substrate (100 pm) % Activity
Phosphate acceptors”
dT 100
dU 69
dA <1
dG <1
dcC 7
G 1
U <1
A <1
C <1
dTMP <1
Phosphate donors”
ATP 100
dGTP 99
GTP 42
UTP 17
CTP <1
PPi <1

“ For phosphate acceptors: spectrophotometric assay; all reactions contained 5 mm
ATP; activity is relative to 100 um dT.

? For phosphate donors: radioactive assay; all reactions contained 250 pm dT; activ-
ity is relative to 5 mm ATP.

phorylation was observed for the other naturally occurring
nucleosides or for dTMP (Table 2). CpTK utilizes a wide range
of NTPs as the phosphate donor, with the exception of CTP.
The preference for phosphate donors is: ATP = dGTP >
GTP > UTP (Table 2). PP; cannot serve as the phosphate
donor.

Activation of Prodrugs and Other Nucleoside Analogs—The
specificity of CpTK was further evaluated by testing the ability
of antiviral and anticancer drugs to serve as substrates (Table 3).
TFT, FUdR, AZT, IUdR, CIUdR, and bromodeoxyuridine, all
close analogs of dT, are efficiently phosphorylated by CpTK
(Table 3). The Michaelis-Menten parameters for TFT, FUdR,
and AZT are equivalent to those of dT (Table 1). D4T is a
moderately good substrate; the value of K, for D4T is equiva-
lent to that of dT, but the value of k,, is lower by a factor of 10.

cat
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TABLE 3
CpTK activation of antimetabolites

Conditions used were 100 uM phosphoacceptor, 5 mm ATP. Activity is relative to
dT.

Compound % Activity
TFT 130
5-1-dU 89
5-Cl-dU 110
5-Bromodeoxyuridine 84
AZT 60
FudR 120
D4T 12
B-L-Thymidine <5
Acyclovir <1
AraC <1
AraT <1
IDC <1

TABLE 4
CpTK activation of synthetic thymidine and cytidine analogs

Conditions used were 100 uMm phosphoacceptor, 5 mm ATP. Activity is relative to
dT. na, not applicable.

R
NH, Ry 2
R R
NJ\N/ RRELN/& 1\NJ\N/ 3
SN NS0 N So
HO. HO.
HO ’ oR ol
OH Rs Rs OH
KP334 Parent A Parent B
Compound _Substitutions % Activity
R, R, R; Ry Rs Rg

KP334 na na na na na na <1
Analogs from Parent A:

KP275 CH; (¢} H H OH OH <1
KP296 CH; (¢} H F H OH <1
KP297 CH,CH3; (¢} H F H OH <1
KP298 I (¢} H F H OH <1
KP313 I NHCH,CH=CH, H H H OH <1
KP1280 I (¢} H H H OCOCH; <1
KP1308 H NOH H H H OH <1
KP1309 Br NOH H H H OH <1
Analogs from Parent B:

KP330 H (0] H H na na <1
KP332 CH; (6] H H na na 70
KP333 CH; (¢} CH; H na na <1
KP1283 H (¢} H OH na na <1

B-L-Thymidine is a poor substrate; the value of k_,,/K,,, for B-L-
thymidine is less than that of dT by a factor of 200, which
derives primarily from a decrease in the value of k_,.

Although AraC, AraT, and IDC are reported to display anti-
cryptosporidial activity (15), none of these compounds are sub-
strates for CpTK, nor do they inhibit the phosphorylation of dT.
Acyclovir also was not phosphorylated by CpTK, which can
explain the resistance of C. parvum to this compound.

We screened a collection of pyrimidine nucleoside analogs to
more thoroughly probe the specificity requirements of CpTK
(Table 4). In general, only modest substitutions of similar or
smaller size are tolerated in both the sugar and base compo-
nents. A 2'-deoxy sugar is strongly preferred: the 2’ position
cannot tolerate OH or F in ara configuration (AraT, KP296-8)
and the 3’ position can be N; but not acetyl (KP1280). Few
substitutions are allowed on the base. The 5 positions can tol-
erate hydrogen, fluorine, bromine, chlorine, iodine, and CFj, all
of which are of similar or smaller size compared with the CH; of
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requirements suggest that the
CpTK active site is very restrictive
and discriminating of phosphate
acceptors.

Effect of Prodrugs on C. parvum
Growth in the Cell Culture Model
of Infection—The antiparasitic
activities of AZT, TFT, and FUdR

»  were tested by infecting monolay-
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ers of HCT-8 cells with C. parvum
oocysts. AZT is a poor inhibitor of
C. parvum growth with EC,, > 370
uM, consistent with a previous
report (15) (supplemental Fig. S1).
Both TFT and FUdR showed potent
antiparasitic activity (Fig. 3, A and
B). TFT has an EC,, = 410 nm,
somewhat better than a previous
report (EC5, = 900 nm (15)). No
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FIGURE 3. Effect of TFT and FUdR on parasite and host cell growth in a cell culture model of C. parvum
infection. A and B, C. parvum growth was assayed by high-content imaging. A, TFT; B, FUdR. Cand D, host cell ~ 1'M,
cytotoxicity was assessed using the LIVE/DEAD® assay (Invitrogen). Data are representative of two indepen-

dent experiments. C, TFT; D, FUdR.
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FIGURE 4. Treatment with TFT in a IL-12 mouse model of C. parvum infec-
tion. Number of parasite oocysts in mouse feces 4 and 7 days postinfection
with treatment with phosphate-buffered saline (Mock), 200 mg/kg of TFT,
and 2000 mg/kg of paromomycin (Pm) is shown. ***, p < 0.0006; *, p < 0.02.
The bars denote the averages and S.E.

dT. At the 4 position replacement of the carbonyl group by
N*-OH (KP1308, KP1309) removes activity. Surprisingly, and
in contrast to dU, 2’-deoxypseudouridine (KP320) is not a sub-
strate, but addition of a 1-methyl to give KP332 (an analog of
dT) produces a good substrate, with k_,, comparable with that
for dT and a 3-fold higher K,,,. Addition of CH, to the 3 position
of 2-deoxypseudouridine (KP333) abrogates activity. These
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cytotoxicity was observed at 6.8 um
TFT (Fig. 3C), similar to other stud-
ies (15, 30). FUdR has an EC,, = 28
and no cytotoxicity was
observed at 0.8 uM (Fig. 3D). In pre-
vious reports, FUdR inhibited the
proliferation of colon cancer cell
lines with values of EC, ranging from 10 to 209 um (30). These
observations suggest that sufficient therapeutic windows may
exist for both TFT and FUdR.

Effect of TFT on C. parvum Growth in a Mouse Model—To
determine whether thymidine analogs can compete effectively
with thymidine for uptake into C. parvum in the gastrointesti-
nal tract, TFT was tested in the IL-2 knock-out mouse model of
acute infection (26, 27). Paromomycin treatment (2000 mg/kg)
causes a >99% reduction in the oocysts recovered from feces in
this model system (p < 0.0001, Fig. 4). Similarly, TFT treatment
(200 mg/kg) caused a 95% reduction after 4 days of treatment
(p < 0.0006, Fig. 4). A significant decrease of parasite load (76%
inhibition, p < 0.02) was still observed with continued treat-
ment through day 7 (Fig. 4).

FUAR (uM)

DISCUSSION

The anti-cryptosporidial activity of TFT, AraT, IUdR, IDC,
and AraC suggested that that CpTK might have the broad
specificity of a viral TK (15). However, the above experi-
ments demonstrate that CpTK has narrow substrate speci-
ficity for dT and dU and does not phosphorylate AraT, AraC,
and IDC. These observations suggest that Cryptosporidium
must possess another deoxynucleoside kinase. Two other
nucleoside kinases have been identified in the genome: adeno-
sine kinase and uridine kinase/uracil phosphoribosyl transfer-
ase (UK/UPRT). Although Cryptosporidium-adenosine kinase
phosphorylates AraA (13), it appears to have strict specificity for
purine nucleosides (31). Curiously, CpUK/UPRT appears to
have been obtained from a plant or algae (13). Little is known
about the substrate preferences of plant UK/UPRTs (32); per-
haps CpUK/UPRT is responsible for the activation of these
prodrugs.
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Surprisingly, AZT does not exhibit antiparasitic activity
despite being an excellent substrate for CpTK. The phosphor-
ylation of AZT-MP is rate-limiting in human cells (33); this
step may also be difficult in C. parvum. Failure to be converted
to the triphosphate could account for the poor parasitic activity
of AZT. Intriguingly, D4T-MP is a good substrate for dTMP
kinase, suggesting that antiviral D4T (stavudine) may be an
effective anti-parasitic agent even though it is a relatively poor
substrate for CpTK.

The presence of CpTK, together with the observation that
other gastrointestinal parasites do not require TS, raises impor-
tant questions about the effectiveness of targeting CpTS-DHFR
for anticryptosporidial chemotherapy. Indeed, the abundance
of thymidine in the gastrointestinal tract is reflected in the high
value of K, for dT for both the C. parvum and E. coli enzymes
(K,, = 48 and 17 um for CpTK and EcTK, respectively (21)),
suggesting that dT is abundant in the gastrointestinal tract. In
contrast, the value of K, = 0.5 um for human TK1 (34, 35)
reflects the low concentrations of dT in plasma (36).

Deoxynucleoside kinases form two superfamilies: the thymi-
dine kinase 1 (TK1)-like family and the thymidine kinase 2
(TK2)-like family, so named for their homology to human cyto-
solic TK1 (hTK1) and mitochondrial TK2 (hTK2), respectively
(37). CpTK is a member of the TK1 family and is 62% identical
to E. coli TK (EcTK) and 23% identical to hTK1. Narrow spec-
ificity for phosphate acceptors, broad specificity for phosphate
donors, and allosteric regulation by dCTP and dTTP observed
for CpTK are typical of TK1s in general and most similar to
EcTK, reflecting the bacterial origins of the parasite enzyme.
CpTK is notably different from hTK1 in two respects. First,
CpTK s allosterically regulated by dCTP and dCDP in addi-
tion to dTTP. Similar allosteric regulation is observed in
EcTK, which is regulated by a number of nucleoside di- and
triphosphates (21, 38). Second, CpTK is a trimer regardless
of the presence of substrates or allosteric activator, whereas
both hTK1 and EcTK are regulated via changes in oligomer-
ization (39, 40). In this respect, CpTK is similar to Caenorh-
abditis elegans TK, another member of the TK1 family (41).
Importantly, CpTK displays very different functional prop-
erties than hTK2, which has broad specificity for phosphate
acceptor and narrow specificity for phosphate donors char-
acteristic of the TK2 family (37, 42). These observations sug-
gest that it might be possible to develop selective inhibitors
of CpTK, although redundancy of the pyrimidine salvage
pathways argues against this strategy.

Although CpTK is not likely to be a drug target per se, our
results suggest that TK-activated prodrugs may provide an
effective strategy to treat cryptosporidiosis. Both TFT and
FUdR display selective antiparasitic effects in vitro; C. parvum
is at least 20-fold more sensitive to TFT and 400-fold more
sensitive to FUdR than host cells, which is comparable or better
than the therapeutic index of ribavirin (TT = 2-30 (43)), so a
sufficient therapeutic window may exist for these compounds
despite their well known cytotoxicity. Moreover, TFT causes a
dramatic reduction in oocyst load in the IL-2 knock-out mouse
model of infection, demonstrating that the prodrug can com-
pete effectively in a thymidine-rich environment. TFT is rapidly
metabolized in both mice and humans by the action of uridine
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and thymidine phosphorylases (44), so it is possible that more
effective anticryptosporidial activity could be obtained with dif-
ferent dosing. Alternatively, a thymidine phosphorylase inhib-
itor could be used to increase drug stability (44 —46). Impor-
tantly, TAS-102, a combination of TFT and thymidine
phosphorylase inhibitor, is currently in clinical trials for colon
cancer (46).

The mechanistic basis for the parasite selectivity of TFT and
FUdR is unclear. Viral TKs, such as herpes simplex virus type 1
TK, often have broader specificity than human TK1 and TK2
(14), which explains the antiviral properties of compounds such
as acyclovir. However, the specificity of CpTK is very similar to
human TKI1, and both TFT and FUdR are also good substrates
for the human enzymes. Perhaps the salvage pathways are sim-
ply more efficient in the parasite than the host. The cytotoxicity
of both TFT and FUdR is attributed to the incorporation of the
corresponding triphosphates into DNA (47, 48). Therefore rap-
idly dividing cells are more sensitive to these compounds, so
antiparasitic activity could also reflect faster proliferation of the
parasite.

TFT-MP and FUdR-MP have an additional mode of action:
both inhibit TS (49, 50), which could further decrease the dTTP
pool, facilitating the incorporation of TFT-TP and FUdR-TP
into DNA. Intriguingly, Cryptosporidium TS-DHEFR is more
active than human TS (51), suggesting that CpTS-DHEFR could
also be more sensitive to TFT-MP and FUdR-MP.

Cryptosporidium contains a plethora of transporters, many
of which are associated with drug resistance (6, 52). Although
the role of these transporters in drug action has yet to be eluci-
dated, their mere presence suggests that drug accumulation
may be a significant obstacle in the development of chemother-
apy for cryptosporidiosis. Nucleoside prodrugs offer an appeal-
ing strategy to circumvent this problem. Because the parasite
relies on salvage pathways, Cryptosporidium must have effi-
cient uptake systems for thymidine that will also uptake pro-
drugs such as TFT. The efficacy of TFT in the IL-2 knock-out
mouse model demonstrates that the pyrimidine salvage path-
ways can be subverted for treatment. Therefore nucleoside pro-
drugs offer a promising route to new anticryptosporidial drugs.
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