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Abstract—Tritrichomonas foetus relies primarily on the salvage of hypoxanthine to supply purine
nucleotides. Mycophenolic acid disrupts 7. foetus growth by specifically inhibiting inosine-5’-mono-
phosphate (IMP) dehydrogenase, thereby blocking the biosynthesis of guanine nucleotides from hypo-
xanthine. We have cloned a T. foetus strain {(mpa") that was 50-fold more resistant to mycophenolic acid
than wild type (1Cs, = 1 mM for mpa' vs 20 uM for wild type). None of the usual mechanisms of drug
resistance could be identified. IMP dehydrogenase isolated from 7. foetus mpa® was indistinguishable
from the wild type enzyme. No difference in mycophenolic acid uptake or metabolism was detected
between the wild type and mpa® strains. Mycophenolic acid (100 uM) completely blocked the conversion
of adenine and hypoxanthine to guanine nucleotides in 7. foetus mpa’, although no inhibition of T.
foetus mpa" growth was observed at this concentration. These observations indicate that the major
purine salvage pathways must be altered in 7. foetus mpa® so that guanine nucleotide biosynthesis no
longer requires IMP dehydrogenase. T. foetus mpa’ incorporated xanthine more efficiently into the
nucleotide pool relative to hypoxanthine and guanine than wild type. Xanthine incorporation via XMP
provided an IMP dehydrogenase independent route to guanine nucleotides that would enable the
parasite to become mycophenolic acid resistant. No difference could be detected between wild type
and mpa" hypoxanthine—guanine—xanthine phosphoribosyltransferases, the key enzyme in purine base
incorporation into nucleotides. Two alterations were identified in the purine salvage network of mpa":
it was deficient in hypoxanthine transport and had diminished adenine deaminase activity. The apparent
net result of these two changes was to lower the intracellular concentration of hypoxanthine in mpa'.
Hypoxanthine and adenine inhibited the incorporation of xanthine into the nucleotide pool in wild type
T. foetus, but not in mpa’. The mpa’ strain, therefore, can salvage xanthine more efficiently from a
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mixture of purines and thus bypass the drug block at IMP dehydrogenase.

Tritrichomonas foetus is a flagellated anaerobic
protozoan parasite that infects the urogenital tract
of cattle [1]. Like all protozoan parasites studied to
date, T. foetus lacks de novo purine biosynthesis
[2, 3]. This dependence on exogenous purines makes
the salvage enzymes attractive targets for chemo-
therapeutic control of parasitic diseases. The purine
salvage pathway of T. foetus is shown in Scheme 1
[3]. T. foetus prefers to salvage Hypi. There is a
single phosphoribosyltransferase that is responsible
for the conversion of Hyp, Gua and Xan to the
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1 Abbreviations: Hyp, hypoxanthine; Ade, adenine;
Xan, xanthine; Gua, guanine; IMP, inosine-5'-mono-
phosphate; MPA, mycophenolic acid; mpa’, mycophenolic
acid resistant; NAD, nicotinamide adenine dinucleotide;
PRPP, 5’'-phosphoribosyl-1-pyrophosphate; TYM, tryp-
tose yeast maltose; DMSO, dimethyl sulfoxide; PBSG,
phosphate-buffered saline plus glucose; HGXPRT, hypo-
xanthine—guanine-xanthine  phosphoribosyltransferase;
APRT, adenine phosphoribosyltransferase; HPRT, hypo-
xanthine phosphoribosyltransferase; GPRT, guanine
phosphoribosyltransferase; XPRT, xanthine phosphoribo-
syltransferase; DTT, dithiothreitol; and PIPES, piperazine-
N, N’-bis(2-ethanesulfonic acid).
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Scheme 1. Purine salvage in Tritrichomonas foetus.

corresponding ribose monophosphates [4]. No Ade
phosphoribosyltransferase is present. Ade must be
deaminated to Hyp prior to incorporation into
nucleotides [3]. Inosine-5'-monophosphate (IMP)
dehydrogenase is a key enzyme in the biosynthesis
of Gua nucleotides from Hyp. We have shown pre-
viously that mycophenolic acid (MPA), an inhibitor
of IMP dehydrogenase in mammalian cells [5], is an
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Fig. 1. Effect of MPA on the growth of wild type and mpa*
T. foetus. Wild type and mpa' T. foetus were grown in
duplicate 1.0-mL cultures of TYM medium containing
0.5% DMSO and the appropriate concentration of MPA.
The cultures were started at 1 X 10¢cells/mL and grown
until the no MPA control reached a density of 1 X 107 (late
log phase, 16 hr). Growth is expressed as percentage of the
no MPA control. The duplicate samples were within 15%
of each other. Cells (100-uL samples) were counted on a
Coulter counter ZF. The growth is expressed as percentage
of the no drug control.

inhibitor of T. foetus IMP dehydrogenase [6]. MPA
also inhibits the growth of T. foetus in vitro [7].
Our previous studies indicated that T. foetus IMP
dehydrogenase is a potential target for chemo-
therapeutic control [3,7]. We selected and cloned
an MPA resistant strain of 7. foetus with the expec-
tation of amplifying IMP dehydrogenase or altering
the K; of the enzyme for MPA. Instead we discovered
a novel mechanism of drug resistance. The mpa’
strain had decreased its dependence on Hyp salvage.
T. foetus mpa' could salvage Xan more efficiently
from a mixture of purines and thus bypass the drug
block. This is, to our knowledge, the first char-
acterization of an MPA-resistant parasite.

MATERIALS AND METHODS

Materials. [8-"*C]Hyp (50 mCi/mmol), [8-1*C]Ade
(56 mCi/mmol), [8-*C]Xan (56 mCi/mmol) and [8-
4C]Gua (56 mCi/mmol) were purchased from ICN
Biochemicals. [“CJMPA (42.5 mCiJmmol) was the
gift of Dr. Peter Nelson of Syntex. [*H(G)]Ribavirin
(10 Ci/mmol) was purchased from Moravek.
[*HJH,O (5 mCi/mmol) and [*CJinulin carboxylic
acid (10 mCi/mmol) were obtained from Amersham.
IMP, NAD, PRPP and MPA were purchased from
Sigma. Ribavirin was the gift of Dr. R. Robbins of
the Nucleic Acid Research Institute. TLC plates
were obtained from Brinkmann (PEI cellulose) and
Kodak (cellulose).

Cell culture. T. foetus strain Kv, (wild type) was
cultured in Diamonds TYM medium [8] sup-
plemented with 10% heat-inactivated horse serum.
The parasites were typically maintained by diluting a
stationary culture (~2 X 107 cells/mL) 100-fold into
10 mL of fresh medium daily. The mpa" strain was
grown in the presence of 100 uM MPA for at least 1
day prior to each experiment. Wild type T. foetus will
not grow in 100 uM MPA. Parasites were routinely
harvested in mid-logarithmic growth at 2-
8 X 10° cells/mL. Cells were counted by a Coulter
Counter ZF.
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Fig. 2. Uptake of MPA by T. foetus. T. foetus was harvested
in mid-log phase growth (2-8 x 10 cells/mL) and resus-
pended in PBS at3 x 107 cells/mL. [“C]MPA (200 uM, sp.
act. = 4.3 X 10° cpm/mmol) was incubated with T. foetus
in PBS at 37°. Uptake was measured by centrifuging 100-
uL aliquots through dibutyl phthalate, resuspending the
pelletin 0.3 M perchlorate, and counting the cell-associated
radioactivity as described in Materials and Methods. Key:
wild type (B); and mpa' (O).

Analysis of purine metabolism. Purine incor-
poration into total nucleotides was determined as
described previously [3] except that 20-uL. aliquots
of perchlorate extract were spotted onto PEI cellu-
lose TLC plates in duplicate. The plates were devel-
oped twice in 5 mM ammonium acetate, pH 5. The
origins were cut out, and the radioactivity was coun-
ted in Ecolite (West Chem) in a Beckman LS 3801
liquid scintillation counter. Purine incorporation into
individual nucleotides was determined by HPLC
analysis on a Beckman Ultrasil-AX anion exchange
column with a gradient of 5 mM ammonium phos-
phate, pH 2.8, to 750 mM ammonium phosphate,
pH 3.9, over 50 min at 1 mL/min [9]. The effluent
was monitored at 254nm and mixed 1:3
withReadysolve (Beckman), and radioactivity was
measured in a Flo-one radioactivity flow detector
(Radiomatic Instruments & Chemical Co.). Purine
bases were analyzed by reversed phase HPLC on
a Cyg column (Rainin) with a gradient of 0-25%
methanol in 0.1 M potassium phosphate, pH 6.0,
over 25 min at 1 mL/min [10]. The purine base con-
tent of TYM medium was estimated by HPLC analy-
sis against standard solutions as follows. Hyp and
Xan concentrations in TYM medium were deter-
mined by measuring A,s, and monitoring the shift of
peaks with Xan oxidase treatment. Gua con-
centration was estimated from the A, [10]. Ade
eluted in a complex region of the TYM chro-
matogram. Ade concentration in TYM was therefore
estimated by adding ['*C]Ade to the medium and
monitoring the shift of the radioactive peak when
treated with excess Xan oxidase. The corresponding
decrease in Ajs, was used to estimate the amount of
Ade in TYM. The concentrations of purine bases in
TYM were as follows: Hyp, 200 uM; Xan, 200 uM;
Ade, 40 uM; and Gua =< 40 uM.

Assay of purine uptake. Purine uptake was
measured by a modification of the method of
Wohlhueter et al. [11]. T. foetus cells were washed
with PBSG and resuspended at 7 x 10% cells/mL.
The cell suspension (200 uL) was added to 200 uLL
of [**C]purine (500 cpm/uL) in PBSG layered over
300 uL. of dibutyl phthalate in 1.5-mL Eppendorf
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tube at 23°. The tubes were centrifuged for 15 sec,
the aqueous layer was removed, and the oil was
overlayered with 1 mL of H,O as a wash. The liquid
layers were removed, the cell pellet was resuspended
in 125 uL of 0.3 M perchlorate, and the radioactivity
was counted. Similar experiments using [°H]H,O as
the permeant to determine total pellet volume and
[**Clinulin to determine extracellular volume were
also performed as controls. Typically the pellet of
1.4 x 108 cells had a total volume of 22 yl. and an
extracellular volume of 2 ulL.

A time course for the intracellular concentration of
Ade and Hyp was determined in a similar experiment
except that the cell suspension was layered over a
600 uL. dibutyl phthalate which was layered over
300 uL of 0.3 M perchloric acid in 15% sucrose. The
aqueous and oil layers were removed as before, and
the sucrose layer was adjusted to pH 7 with KOH
and analyzed by HPLC as described above. The
deamination of Ade to Hyp was confirmed by treat-
ment with Xan oxidase.

Enzyme assays. Crude extracts were prepared
from cells in mid-logarithmic growth. The cells were
washed three times with 50 mM Tris, pH 7.4, 1 mM
DTT and resuspended in 4 vol. of 50mM Tris,
pH7.4, 1 mM DTT, 5 mM MgCl,, 1 mM PRPP (for
phosphoribosyltransferase assays) or 20mM KCl
(for Ade deaminase assays). To prepare crude
extracts, the cells were sonicated, and then centri-
fuged to remove cell debris. Extracts assayed for
Ade deaminase were desalted with a Sephadex G50
spin column (Boehringer Mannheim). IMP dehydro-
genase was partially purified as described previously
[6]. HGXPRT was partially purified for K,, deter-
minations by Sephadex G100 chromatography.
Crude extract (1-5mL) was applied to a 100-mL
column equilibrated with 1 mM PRPP, 5 mM MgCl,,
50 mM Tris-Cl, pH 7.4, 1 mM DTT. The HGXPRT
activity was purified approximately 20- to 30-fold to
a specific activity of 71 nmol IMP produced/min/
mg (wild type) and 32 nmol IMP produced/min/mg
(mpa’). Protein concentration was determined by
the method of Bradford [12] with bovine IgG as
a standard. All spectrophotometric measurements
were made on a Beckman DU-7 UV-visible spectro-
photometer.

IMP dehydrogenase was assayed spectrophoto-
metrically at 37° [13]. The assay mix contained
50mM Tris, pH8.1, 100mM KCI, 2mM DTT,
0.2mM IMP and 0.26mM NAD. Phosphoribo-
syltransferase activity was assayed in 0.1 mM
[**C]purine, 1 mM PRPP, 5 mM MgCl, and 50 mM
Tris, pH 7.8, at 37°. Enzyme was added to start
the reaction and aliquots (10 uL) were spotted onto
cellulose TLC plates pre-spotted with the base,
nucleoside and nucleotide monophosphate. The
chromatogram was developed in H,O. Ade deami-
nase was assayed in 0.2 mM [*C]Ade, 1 mM MgCl,,
50 mM KCl and 20 mM PIPES, pH 6.8. Enzyme was
added to start the reaction and 100-uL aliquots were
quenched with 5 yl. of 4.2 M perchloric acid. The
protein was removed by centrifugation, and the
supernatant fraction was adjusted to pH7 with
KOH. The samples were analyzed by HPLC on a
C,g column [10].
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Fig. 3. Purine base incorporation into nucleotides in T.
foetus. T. Foetus was harvested in log phase growth (2-
8 x 10°cells/mL) and resuspended in PBSG at
7 x 107 cells/mL. The parasites were incubated with
[“C]purines (20 uM, 50 mCi/mmol) in PBSG at 37°. Ali-
quots (100 uL) were quenched with 5 uL of 4.2 M perchloric
acid. The cell debris was removed by centrifugation and
the solution was neutralized with KOH to remove the
perchlorate. Nucleotide incorporation was determined by
the binding of radioactivity to PEI cellulose as described in
Materials and Methods. Key: (A) wild type; (B) mpa"; Ade
(®); Hyp (O); Xan (<; and Gua (H).

RESULTS

Cloning of the MPA-resistant strain of T. foetus.
MPA is toxic to T. foetus Kv; with an IC5y of 20 uM
[7] when cultured on TYM medium. TYM medium is
a complex undefined medium which contains 200 uM
Hyp, 200 uM Xan, 40 uM Ade and less than 40 uM
Gua. An MPA-resistant strain of T. foetus was
obtained by culturing the parasite in stepwise increas-
ing concentrations of MPA, from 16 uM to 2 mM in
9 steps over 7 weeks. The resistant population was
cloned by cultivation on agar plates [9]. One colony,
T. foetus mpa’, was chosen for further study. This
strain was 50-fold more resistant to MPA than the
wild type with an ICsq of 1 mM MPA, as shown in
Fig. 1. The mpa" had a doubling time of 4 hrin TYM
medium in the presence of 100 uM MPA, which is
identical to the doubling time of wild type T. foetus
in TYM in the absence of drug. The strain can be
cultured in the absence of MPA for months without
loss of MPA resistance.

IMP dehydrogenase activity in T. foetus mpa'.
Drug resistance often results from a change in the
target enzyme of the drug. MPA is a specific inhibitor
of IMP dehydrogenase from mammalian sources
[5, 14] as well as T. foetus [6, 7]. A change in IMPDH
in T. foetus mpa’ could account for MPA resistance.
No significant difference could be detected in the
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Fig. 4. Hyp and Gua uptake in T. foetus. (A) Uptake
of Hyp. T. foetus was harvested in mid-log phase growth
(2-8 x 10°cells/mL) and resuspended in PBSG at
7 x 108 cells/mL. The parasites (200 uL) were pipetted vig-
orously into 200 uL. of [“C]Hyp (200 uM) in PBSG at
23° layered over 300 uL of dibutyl phthalate in a 1.5-mL
Eppendorf microfuge tube. The final concentration of Hyp
was 100uM (550 cpm/ul) and of parasites was
3.5 X 10%cells/mL. Transport was quenched by cen-
trifugation. The zero time point is uncorrected for the time
between addition of parasites and centrifugation
(approximately 1-2 sec). The volume of the cell pellet was
determined by incubating in [*’H]JH,O (820 cpm/uL), which
measures the total pellet volume (wild type: 22.4 £ 0.5 uL;
mpa": 12.9 = 0.3 yL) and [“CJinulin, which measures the
extracellular space (wild type: 2.4=+0.2puL; mpa"
1.6 £ 0.3 uL). The data are corrected for the amount of
[“C]Hyp in the extracellular space. Keys: wild type (H);
and mpa' (O); (B) Uptake of Gua. As above, but the final
concentration of Gua was 50 uM (660 cpm/uL). Total cell
volume; wild type, 22.6 = 0.3 uL; mpa"; 11.3 £0.2 uL.
Extracellular volume; wild type, 2.6 =0.3uL; mpa";
1.5+ 0.2 uL. Key: wild type (B); and mpa’ (O).

IMP dehydrogenase levels in crude extracts from
wild type (sp. act. = 1.0 nmol/min/mg) or mpa’ T.
foetus (sp. act. = 1.4 nmol/min/mg). IMP dehydro-
genase from mpa’ was partially purified to sp. act. =
670 nmol/min/mg. This enzyme had kinetic par-
ameters very similar to those previously reported for
the wild type enzyme [6): K,,(IMP) =7 uM for T.
foetus mpa® vs 20 uM for wild type; K,, (NAD) =
270 uM vs 340 uM and K; (MPA) = 6 uM vs 9 uM.
Thus, no difference that could account for the 50-
fold resistance to MPA could be detected between
IMP dehydrogenases from wild type and mpa’
strains.

MPA metabolism. Drug resistance can also result
from a decrease in drug uptake or by conversion of
the drug to an inactive metabolite. The rates of MPA
uptake were similar for wild type and mpa’ T. foetus.
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Fig. 5. Inhibition of Xan incorporation into nucleotides by

T. foetus. T. foetus (7 x 107 cells/mL) was incubated with

[“C]Xan (20 uM) in PBSG at 37° in the presence of the

following additions: none (O); Hyp (®); Gua (<); and

Ade (H) (200 uM). Incorporation of Xan into nucleotides

was measured as described in the legend of Fig. 3. Key:
(A) wild type, and (B) mpa".

A typical experiment is shown in Fig. 2. No con-
version of MPA to other compounds could be
detected in either strain by TLC analysis. Thus,
no difference in drug uptake or metabolism was
detected that could account for MPA resistance. To
substantiate that MPA was indeed blocking IMPDH
in T. foetus mpa’, the incorporation of Hyp and Ade
into nucleotides was monitored as shown in Table 1.
Hyp and Ade incorporation into Gua nucleotides
was inhibited in both mpa" and wild type in the
presence of 100 uM MPA. [“C]Hyp was not con-
verted to Gua di- and triphosphates in the presence
of 100 uM MPA in mpa', though this concentration
of MPA had no effect on 7. foetus mpa® growth.
Similar results were obtained with ["*C]Ade. These
results indicate that MPA blocks IMPDH in the
resistant parasite. Therefore, purine salvage must be
altered in T. foetus mpa’ so that Gua nucleotide
biosynthesis no longer requires IMP dehydrogenase.

Purine incorporation into nucleotides in T. foetus
mpa*. An increase in Xan or Gua salvage could
provide an IMP dehydrogenase independent route
to Gua nucleotides (see Scheme 1). The incor-
poration of individual [*C]purine bases (20 uM) into
the total nucleotide pool was monitored to test this
hypothesis. A typical experiment is shown in Fig. 3.
Wild type incorporated Ade most efficiently under
these conditions, followed by Hyp, Xan, and Gua.
Mpa’ also incorporated Ade most efficiently, but
Xan was consistently incorporated at much higher
levels than Hyp and Gua. The actual amount (pmol/
109 cells) of purine base incorporated into nucleo-
tides varied with each batch of cultured parasites.
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Table 1. Effects of purine antimetabolites on the incorporation of hypoxanthine and adenine into the
purine nucleotide pool of T. foetus

% Incorporation

Experiment Strain ADP ATP GDP GTP
[“C]Hyp + 100 uM MPA Wild type (2)*  210+30 19010 2+2 4+4
mpa’ (2)t 200100 11010 8+8 3+3
[“C]Ade + 100 uM MPA Wwild type ()t  260+20 270 +30 12+1 85
mpa' (2)§ 200+40 200+ 40 33 4+4
[“C]Ade + 5mM Hadacidin ~ Wild type (2) 10+ 10 10+8 110+ 10 120 %20
mpa’ (2)§ 25+5 237 110+20  140=30
[“C]Ade + 1 mM FoB Wild type (3)** 16+ 8 8+8 10030 200+ 100
mpa’ (2)+1 13%5 41 110 = 30 88+ 1

T. foetus (7 x 107 cells/mL) was incubated with 20 uM [“C]Hyp (50 mCi/mmol) or [“C]Ade (56 mCi/
mmol) at 37° for 45 min in PBSG in the presence or absence of mycophenolic acid (MPA), formycin B
(FoB) (1 mM) and hadacidin (5 mM). The nucleotide pools were extracted with perchlorate and analyzed
by HPLC as described in Materials and Methods. Radioactivity was measured with a radioactivity flow
detector (Radiomatic Instruments). The data are expressed as the percent of the radioactivity incorporated
into the particular nucleotide in the no drug control. The number in parentheses after the strain is the
number of determinations. Values are means = SD.

The radioactivity flow detector reports in “cpm’. The noise level is 6 cpm.

* 100% values were: ADP, 254 and 434 cpm; ATP, 1044 and 1244 cpm; GDP, 245 and 249 cpm; GTP,
902 and 746 cpm.

+ 100% values were: ADP, 33 and 160 cpm; ATP, 322 and 318 cpm; GDP, 82 and 29 cpm; GTP, 173
and 84 cpm.

+ 100% values were: ADP, 768 and 357 cpm; ATP, 2081 and 761 cpm; GDP, 832 and 382 cpm; GTP,
1847 and 727 cpm.

§ 100% values were: ADP, 512 and 362 cpm; ATP, 1067 and 641 cpm; GDP, 199 and 417 cpm; GTP,
548 and 1026 cpm.

| 100% values were: ADP, 234 and 357 cpm; ATP, 584 and 761 cpm; GDP, 179 and 382 cpm; GTP,
607 and 727 cpm.

9 100% values were: ADP, 400 and 362 cpm; ATP, 1099 and 641 cpm; GDP, 80 and 417 cpm; GTP,
286 and 1026 cpm.

** 100% values were: ADP, 207 and 357 cpm; ATP, 74 and 761 cpm; GDP, 336 and 382 cpm; GTP,
62 and 727 cpm.

T+ 100% values were: ADP, 800 and 362 cpm; ATP, 1107 and 641 cpm; GDP, 782 and 417 cpm; GTP,

1146 and 1026 cpm.

Therefore it is not valid to compare the amount of
purine base incorporation between strains.
However, the order of preference was always main-
tained. Hyp incorporation into nucleotides was
favored 2-fold over Xan in wild type in the linear
region of incorporation, while Xan was favored 6-
fold over Hyp in mpa’. This relationship was
observed in at least three independent experiments.
Therefore, it appears that T. foetus mpa' is resistant
to MPA by increasing the incorporation of Xan into
nucleotides relative to Hyp, thus decreasing the
dependence of the resistant parasite on Hyp (and
IMPDH) for the biosynthesis of Gua nucleotides
(Scheme 1).

HGXPRT activity in T. foetus mpa". Phosphoribo-
sylation is the key step in the incorporation of a
purine base into the nucleotide pool. 7. foetus has a
single phosphoribosyltransferase that catalyzes the
conversion of Hyp, Gua and Xan into the cor-
responding nucleoside monophosphates [4]. It
seemed likely that a mutation in this enzyme could
be responsible for the increase in Xan over Hyp
incorporation into nucleotides. HGXPRT activities
were assayed in wild type and mpa' crude extracts,
as shown in Table 2. The phosphoribosyltransferase
activities in crude extracts from the two strains were
nearly identical for all three purine bases. No signifi-
cant differences were detected in the X,,, values for

Hyp, Gua, Xan or PRPP between enzyme from the
two sources. Further, Gua and Hyp competitively
inhibited Xan phosphoribosylation identically for
enzymes from both sources (data not shown). There-
fore, the increase in Xan incorporation into nucleo-
tides over Hyp cannot be attributed to a change in
HGXPRT in the mpa" strain.

Hyp transport in T. foetus. The incorporation of
a purine base into the nucleotide pool requires its
transport into the cell and its subsequent phospho-
ribosylation. The failure to observe a change in
HGXPRT in the mpa" strain suggested that purine
transport might be altered. A change in purine trans-
port could cause the differences in purine incor-
poration into nucleotides observed in mpa’ T. foetus
(Fig. 3). We will use “uptake” to denote the net
accumulation of a purine in a cell, regardless of its
subsequent metabolism, and “‘transport” to denote
the translocation of a purine into a cell. Parasites
were incubated with 100 uM [*C]Hyp. Uptake was
stopped by centrifugation through dibutyl phthalate,
as described in Materials and Methods. Figure 4A
shows that Hyp uptake was reduced in mpa’ relative
to wild type 7. foetus. Several observations suggest
that this experiment measured transport, not Hyp
incorporation into nucleotides. Incorporation into
nucleotides affects uptake by trapping Hyp within
the cell. When the intracellular concentration is
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Fig. 6. Intracellular Hyp and Ade concentration in 7. foetus. (A) Wild type T. foetus and intracellular
Hyp. [“C]Hyp (200 #uM, 4000 cpm/uL) was incubated with parasites in PBSG at 37° as described in the
legend of Fig. 4 except that an additional layer of 300 uL of 0.3 M perchlorate in 15% sucrose was under
the dibutyl phthalate layer. The perchlorate layer quenched metabolism and extracts were prepared as
in Fig. 3. The samples were analyzed for {“C]Hyp by reversed phase HPLC with a radioactivity flow
detector as described in Materials and Methods. The volumes of the cell pellet (35 =1uL) and
extracellular space (8.1 = 0.5 uL) were determined with [*HJH,O and ["“Clinulin. The intracellular
concentration of total radioactivity (O) is shown as well as the intracellular concentration of Hyp (H).
(B) Mpa* T. foetus and intracellular Hyp. As described above. Total cell volume: 45 * 2 uL; extracellular
volume: 11.4 * 0.3 uL. Key: total radioactivity (O0) and Hyp (). (C) Wild type T. foetus and intracellular
Ade. [*C]Ade (200 uM, 3300 cpm/uL) was incubated with parasites in PBSG at 37°. Metabolism was
measured by an oil stop method with a perchloric acid quench as described above. Ade and Hyp were
analyzed by reversed phase HPLC. Total cell volume: 22.1 * 0.1 uL; extracellular volume: 0.6 = 0.1 L.
Key: total radioactivity (O); Ade (A); and Hyp (B). (D) Mpa' T. foetus and intracellular Ade. As
described above. Total cell volume: 24.9 + 0.2 uL; extracellular volume: 0.6 = 0.1 uL.. Key: total
radioactivity (O); Ade (A); and Hyp ().

much less than the extracellular concentration of
Hyp, the rate of uptake is limited by the rate of
transport. Incorporation into nucleotides will have
no effect on the rate of uptake under these conditions
because Hyp is already trapped in the cell by the
high extracellular concentration of Hyp. When the
intracellular concentration of Hyp is equal to the
extracellular concentration, the rate of uptake is
determined by the rate of incorporation into nucleo-
tides. If Hyp transport is identical in the two strains,
the rate of uptake of Hyp should be identical when
the intracellular concentration of Hyp is much less
than the extracellular concentration, i.e. under con-
ditions where transport limits uptake. A difference
in metabolism will only be observed when the intra-
cellular Hyp approximates the extracellular con-
centration. Figure 4A shows that wild type T. foetus
accumulated [“C]Hyp at 20 pmol/ul./min when the
total amount of Hyp and its nucleotides was less than
25uM and the extracellular Hyp was 100 uM. In
contrast, the rate of [““C]Hyp uptake in mpa’ was
1.3 pmol/uL/min, which was 7% the rate of wild
type. It is important to note that the uptake of Hyp
by mpa’ remained much less than the extracellular

concentration for at least 30 min. This can only be
explained by a defect in transport. Wild type reached
extracellular concentrations in approximately 8 min.
Hyp uptake was ~10-fold faster in wild type than
mpa’ at all concentrations of Hyp tested (0.01 to
1.0 mM) (data not shown). The rate of uptake was
constant from one batch of parasites to another
(within 50% for at least five independent experi-
ments).

Similar results were obtained with Gua uptake.
Figure 4B shows that Gua uptake was also much
slower in mpa’ than in wild type 7. foetus. Again,
mpa’ did not accumulate Gua to extracellular con-
centrations in 5 min, although wild type Gua uptake
did reach extracellular levels. This suggests that
transport, not metabolism was measured. No dif-
ference was observed in Ade or Xan transport (data
not shown) between wild type and mpa'". The
decrease in Hyp and Gua transport can explain the
decrease in Hyp and Gua incorporation into the mpa’
nucleotide pool observed in Fig. 3.

Inhibition of Xan incorporation into nucleotides.
The decrease in Hyp and Gua transport does not
explain MPA resistance in T. foetus mpa’. However,
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Table 2. Hypoxanthine—guanine-xanthine phosphoribosyltransferase activity in T. foetus

Specific HPRT activity
activity K, (H) K, (PRPP)
Sample (nmol/min/mg) (uM) (uM)
Wild type 2.5+ 0.6 (4) 4.9+0.8 (3) 60 = 20 (2)
mpa’ 3.9+ 0.8 (4) 45%05(2) 50 =20 (3)
Specific GPRT activity
activity K. (G) K,, (PRPP)
Sample (nmol/min/mg) (uM) (uM)
Wild type 1.7+0.4 (3) 4+1(4) 30+4(2)
mpa’ 1.5+ 0.6 (4) 4+2(3) 173 (2)
Specific XPRT activity
activity K. (X) K., (PRPP)
Sample (nmol/min/mg) (uM) (uM)
wild type 24%0.43) 58%5(2) 30+ 10 (2)
mpa’ 2.5+0.5 (3) 70 = 20 (3) 20 = 10 (2)

Crude extracts were prepared from wild type and mpa" T. foetus, as described in
Materials and Methods. The specific activities in crude extracts were determined at 100 uM
purine base, 1.0 mM PRPP, 5.0 mM MgCl, in Tris, pH 7.8. The enzyme was partially
purified on a Sephadex G100 column for X,, determinations (sp. act. = 70 nmol/min/mg
HPRT for wild type and 30 nmol/min/mg HPRT for mpa'). Abbreviations: HPRT,
hypoxanthine phosphoribosyltransferase; GPRT. guanine phosphoribosyltransferase;
XPRT, xanthine phosphoribosyltransferase; H, hypoxanthine; G. guanine; X, xanthine.
K,, values for purine bases were determined in the presence of 1.0 mM PRPP, while the
K,, values for PRPP were determined in the presence of 100 uM purine base. Values are
means = SD. The numbers in parentheses are the number of independent experiments.

the increase in Xan incorporation into the nucleotide
pool can explain MPA resistance (Fig. 3). We there-
fore postulated that the intracellular accumulation
of Hyp inhibits Xan incorporation into nucleotides.
Such inhibition is a common feature of many bio-
logical systems. A decrease in Hyp transport would
relieve this inhibition and allow Xan to be salvaged
more efficiently from a mixture of purines. Figure 5
suggests that this is indeed the case. ["*C]Xan
(20 uM) incorporation into the nucleotide pool was
strongly inhibited by the presence of 200 uM Hyp,
Gua and Ade in wild type T. foetus. No inhibition
of [“C]Xan incorporation into the nucleotide pool
was observed by 200 uM inosine, adenosine, guano-
sine or xanthosine in a similar experiment. In
contrast, little inhibition of [**C]Xan incorporation
into nucleotides by Hyp, Gua and Ade was observed
in mpa" (Fig. 5). Wild type and mpa® XPRT activities
were inhibited similarly by Hyp and Gua. Therefore,
the loss of Hyp and Gua inhibition of Xan incor-
poration into nucleotides in mpa’ cannot be attri-
buted to a change in the HGXPRT. The failure
of Hyp and Gua to inhibit Xan incorporation into
nucleotides in mpa" can be attributed to the
decreased transport of these two purines. However,
the failure of Ade to inhibit Xan incorporation into
nucleotides in mpa’ observed in Fig. 5 was unex-
pected. Ade did not inhibit the HGXPRT (data not
shown). In wild type T. foetus Ade is not salvaged
directly, but must first be converted to Hyp (Scheme
1) [3]. Ade uptake was similar for both wild type and
mpa’. Therefore, Ade would be expected to inhibit
Xan incorporation in mpa’. This suggests that Ade
metabolism is also altered in mpa’.

Ade metabolism in T. foetus mpa’. Ade incor-
poration into nucleotides requires transport into the
parasite, deamination to Hyp, and phosphoribo-
sylation by HGXPRT (Scheme 1). Ade transport
and HGXPRT activity were identical in the two
strains (see above), which suggests that Ade deami-
nase had been altered. A decrease in Ade deaminase
in the mpa’ strain was confirmed by assays of crude
extracts in both mid and late log phase parasites.
The enzyme activity did not change in the two phases
of growth. Wild type crude extract had a specific
activity of 1.1+ 0.5 nmol/min/mg protein, which
was 50-fold higher than the mpa’ Ade deaminase
activity of 0.02 + 0.01 nmol/min/mg protein (aver-
age of three experiments).

Ade was incorporated into nucleotides efficiently
in T. foetus mpa’ as judged by Fig. 3 despite the
decrease in Ade deaminase activity. Ade is converted
to Hyp prior to incorporation into nucleotides in
wild type T. foetus [3]. No APRT activity could be
detected in crude extracts of mpa’ T. foetus, which
suggests that Ade cannot be incorporated directly
into nucleotides in mpa" 7. foetus. An experiment
was designed to confirm the absence of APRT
activity in whole parasites. The incorporation of
[**C]Ade into the nucleotide pool was monitored in
the presence and absence of the adenylosuccinate
synthase inhibitors hadacidin [15] and formycin B
[16]. Hadacidin did not inhibit the growth of either
wild type or mpa'’ at 10 mM, whereas formycin B was
toxic to both wild type and mpa" T. foetus with
ICso = 30 uM (data not shown). Our previous studies
indicated that both hadacidin and formycin B inhibit
the incorporation of [**C]Hyp into Ade nucleotides
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in wild type 7. foetus, indicating that these com-
pounds inhibit 7. foetus adenylosuccinate synthase
[7]. If Ade is incorporated into nucleotides by an
APRT, hadacidin and formycin B should have no
effect on the conversion of ['*C]Ade to Ade nucleo-
tides. Table 1 shows that hadacidin (5 mM) and
formycin B (1 mM) inhibited the incorporation of
[“C]Ade into Ade nucleotides. Hadacidin and for-
mycin B had little effect on the incorporation of
[“C]Ade into Gua nucleotides. These data suggest
that there is no APRT activity in either wild type or
mpa" T. foetus and that Ade is usually converted to
Hyp prior to incorporation into the nucleotide pool
(see Discussion).

Intracellular Hyp concentrations in wild type and
mpa’ T. foetus. The above experiments suggest that
the intracellular concentration of Hyp is high in wild
type T. foetus relative to mpa® when incubated with
either Hyp or Ade. We measured the intracellular
Hyp concentrations directly as shown in Fig. 6.
Figure 6A shows that, when wild type T. foetus was
incubated with 260 uM ["“*C]Hyp, intracellular Hyp
accumulated to concentrations equal to the extra-
cellular Hyp concentration. In contrast, the intra-
cellular concentration of Hyp reached steady state
of 40 uM for T. foetus mpa’, which was one-fifth
the extracellular Hyp concentration. In a second
experiment, wild type again accumulated intra-
cellular [Hyp] to 200 uM, while mpa’ intracellular
[Hyp] reached steady state at 20 uM. Therefore, the
mpa’ strain does indeed have much lower intra-
cellular [Hyp] than wild type.

The decrease in Ade deaminase activity observed
in T. foetus mpa' suggested that the intracellular
concentration of Hyp resulting from the deamination
of Ade would be lower in mpa’ than in wild type.
Panels C and D of Fig. 6 show that this was observed.
When parasites were incubated with [*C]Ade, total
radioactivity accumulated at similar rates for wild
type and mpa'. These data agree with our previous
observation that the rate of Ade transport was the
same for both strains [17]. Wild type T. foetus deam-
inated Ade to Hyp very rapidly, as shown in Fig. 6C.
The steady-state concentration of Hyp was very high
in these cells (150 uM) which accounts for the Ade
inhibition of Xan incorporation into nucleotides in
wild type (Fig. 5). In contrast, mpa’ had very low
Hyp concentrations (<40 uM), and the rate of Ade
conversion to Hyp appeared much slower (Fig. 6D).
Therefore, there was little inhibition of Xan incor-
poration into nucleotides in mpa’. Hyp and Ade
contained 90% of the recovered radioactivity in both
wild type and mpa’.

Model for MPA resistance. T. foetus mpa" appar-
ently has two alterations in its purine metabolism:
it is deficient in Hyp and Gua transport and Ade
deaminase activity. The net result of these mutations
is to lower the intracellular concentration of Hyp.
This enables Xan to be incorporated into the nucleo-
tide pool more efficiently by relieving the Hyp inhi-
bition. Three experiments were performed to test
this model. First, 7. foetus mpa® should be resistant
to other IMP dehydrogenase inhibitors in addition
to MPA.. Ribavirin is a nucleoside analog that inhibits
IMP dehydrogenase in its monophosphate form [18].
Ribavirin monophosphate was a potent inhibitor of
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Fig. 7. Purine salvage in TYM medium by T. foetus.
[“C]Purines were added to TYM as follows: 3000 cpm/pL
[“C]Hyp (#), 3500 cpm/uL [HC]Ade (1), 2200 cpm/uL
[“C}Gua (W) or 2200 cpm/uL ["*C]-Xan (). the con-
centrations of purine bases in TYM were: Hyp, 200 uM;
Ade, 40 uM; Xan, 200 uM; Gua < 40 uM. Incorporation of
purines into nucleotides was measured as described in the
legend of Fig. 3. Keys: (A) wild type, and (B) mpa’.

T. foetus IMP dehydrogenase [17]. Ribavirin
inhibited the growth of wild type T. foetus with an 1Cs
of 30 uM. T. foetus mpa" was resistant to ribavirin: no
inhibition of growth was observed in 1 mM ribavirin.
Ribavirin uptake and metabolism to mono-, di- and
triphosphates were identical in both strains (data not
shown). Therefore, it is likely that the resistance of
the mpa’ strain to ribavirin results from the same
mechanism that provides MPA resistance.

Second, TYM medium, which was used to select
the mpa" mutant, is a complex mixture of purine
bases and nucleosides. The model predicts that Xan
incorporation into nucleotides in TYM medium
should be increased relative to Hyp. Ade and Gua
for mpa’ when compared with wild type. Purine base
incorporation into nucleotides in TYM was measured
by adding [*C]purines to the medium. A typical
experiment is shown in Fig. 7. Wild type T. foetus
incorporated Hyp and Ade into the nucleotide pool
most efficiently from TYM, whereas Xan was incor-
porated at about half the rate of Ade and Hyp. Gua
was not incorporated into the nucleotide pool very
efficiently from TYM medium in wild type T. foetus.
This suggests that wild type T. foetus relies primarily
on the salvage of Hyp and Ade to provide purine
nucleotides when growing on TYM medium. In con-
trast, mpa’ salvaged Xan preferentially from TYM,
incorporating Xan into the nucleotide pool at least
ten times faster than Hyp, Ade or Gua (Fig. 7).
Thus, mpa* had switched from Hyp and Ade salvage
to Xan salvage to provide purine nucleotides when
grown on TYM medium.
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DISCUSSION

We have discovered a novel mechanism of drug
resistance in the protozoan parasite 7. foetus. MPA
is a specific inhibitor of IMP dehydrogenase and
therefore blocks the conversion of Hyp to Gua
nucleotides. MPA is toxic to T. foetus [7] as well as
many mammalian tumor lines {5, 19]. Several mech-
anisms of MPA resistance have been observed in
mammalian cells: (1) increased levels of the target
enzyme IMP dehydrogenase [20]; (2) change in the
substrate binding of IMP dehydrogenase [21]; (3)
conversion of MPA to an inactive metabolite [22];
(4) increased Hyp—Gua phosphoribosyltransferase
activity [22]; and (5) the acquistion of Xan phospho-
ribosyltransferase activity [23]. Decrease in MPA
uptake is also a likely mechanism, although it has
not yet been observed. We have cloned an MPA-
resistant strain of T. foetus. Resistance did not result
from any of the above mechanisms. Instead, T. foetus
mpa’ rearranged its salvage pathways to reduce its
dependence on Hyp and incorporate Xan into the
nucleotide pool more efficiently. The utilization of
Xan as the primary source of purine nucleotides
allowed T. foetus mpa’ to bypass the MPA-sensitive
step, IMP dehydrogenase (Scheme 1).

Two key observations support this mechanism.
First, Xan was incorporated into nucleotides more
efficiently than Hyp in 7. foetus mpa’, as shown
in Figs. 3 and 7. Second, Xan incorporation into
nucleotides was no longer inhibited by Hyp, Gua or
Ade in T. foetus mpa™ as shown in Fig. 5. The
relief of this inhibition allowed 7. foetus mpa" to
preferentially incorporate Xan into the nucleotide
pool from a mixture of purines such as TYM medium
(Fig. 7). Two defects were identified: mpa’ was defi-
cient in Hyp and Gua transport and in Ade deami-
nase activity. The net effect of these two alterations
was to lower the intracellular concentration of Hyp
and relieve Hyp inhibition of Xan incorporation into
the nucleotide pool. Wild type accumulated intra-
cellular Hyp to concentrations equal to extracellular
Hyp, whereas mpa' intracellular Hyp reached steady
state at concentrations much lower than extracellular
Hyp (Fig. 6). This indicates that Hyp transport is
much faster than phosphoribosylation in wild type,
while Hyp transport is reduced in mpa’ so that the
rate of transport is similar to the rate of phospho-
ribosylation.

The decrease in Hyp transport may result from
the loss of a specific carrier. The accompanying
decrease in Gua transport suggests that the mutant
may have lost a single carrier that is responsible for
both Hyp and Gua transport. Hyp—Gua transporters
have been identified in many systems [24, 25]. We
are presently characterizing the purine transport sys-
tem in wild type and mpa’ 7. foetus. The loss of Gua
transport and the decrease in Gua incorporation into
nucleotides seem counterproductive for an organism
struggling to make Gua nucleotides. Figure 7 sug-
gests that Gua incorporation into the nucleotide pool
is not very important for purine metabolism in wild
type T. foetus cultured on TYM medium, possibly
because TYM medium contains less than 40 uM Gua.
There may not be sufficient Gua concentrations in
TYM to provide MPA resistance.

In addition to the defect in Hyp and Gua transport,
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mpa’ has diminished Ade deaminase activity. The
decrease in Ade deaminase activity may result from
a reduction in enzyme levels or a change in the
enzyme itself. The production of a specific inhibitor
of Ade deaminase in the mpa® strain is unlikely
because crude extracts from mpa* did not inhibit Ade
deaminase activity in wild type crude extracts (data
not shown). The nature of the defect at the molecular
level is not known.

The decrease in Ade deaminase activity in mpa’
apparently contradicts the observation that Ade was
efficiently incorporated into the nucleotide pool in
mpa’ T. foetus (Fig. 3). It is unlikely that Ade was
incorporated into nucleotides by an alternative path-
way that did not involve Hyp. The incorporation of
[*C]Ade into Ade nucleotides was inhibited by two
different adenylosuccinate synthase inhibitors: had-
acidin (an aspartate analog) [15] and formycin B (an
inosine analog) [16] (Table 1), which indicates that
adenylosuccinate synthase is an obligatory step in
Ade nucleotide biosynthesis. This eliminates the
possibility that Ade is incorporated into nucleotides
via an APRT or adenosine phosphorylase and adeno-
sine kinase [3].* A third possibility is that Ade is
incorporated via adenosine — inosine — IMP, which
would require adenylosuccinate synthase for the
biosynthesis of Ade nucleotides. This pathway might
explain the efficient incorporation of Ade into the
nucleotide pool by mpa’ despite the decrease in Ade
deaminase activity. A more likely explanation is that
Ade deaminase was not the rate-limiting step for
Ade incorporation into nucleotides under the con-
ditions of Fig. 3. Therefore, a decrease in Ade deami-
nase activity would not affect Ade incorporation into
nucleotides. Figure 7 does show that Ade incor-
poration into the mpa’ nucleotide pool from TYM
medium was decreased, probably due to the defect
in Ade deaminase.

It was somewhat surprising to isolate mutants with
two distinct genetic alterations. Mpa' cannot be a
mixture of two populations: it can have no more than
10% wild type Hyp transport and no more than 2%
wild type Ade deaminase activity. It is also unlikely
that both Hyp transport and Ade deaminase activi-
ties are on the same polypeptide. The two genes may
be on adjacent DNA so that a single deletion can
destroy both. Since the mutant was selected by step-
wise increases in drug concentration over 7 weeks,
two separate mutations are possible. Both mutations
are probably necessary to achieve the 50-fold resist-
ance to MPA. Less MPA-resistant strains may have
only one of the mutations. Fortunately, the less
MPA-resistant T. foetus populations are preserved.
It will be interesting to examine Hyp transport and
Ade deaminase activity in these strains to determine
how the double mutant arose.

* Formycin B inhibition of Ade incorporation into Ade
nucleotides could also result from the inhibition of adeno-
sine phosphorylase by the metabolite formycin A [26, 27].
However, similar inhibition of Ade incorporation into Ade
nucleotides was observed with hadacidin. The observation
that two different adenylosuccinate synthase inhibitors
inhibited Ade incorporation into Ade nucleotides suggests
that the adenosine phosphorylase-adenosine kinase path-
way does not contribute substantially to Ade incorporation
into nucleotides.
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The mechanism by which Hyp inhibits Xan incor-
poration into nucleotides is unknown. One possi-
bility is that Hyp may simply outcompete Xan for
HGXPRT. Xan was a poorer substrate than Hyp
and Gua, as shown in Table 2. A simple calculation
based on the fraction inhibited for a substrate and
its competitive inhibitor [28] predicts that Xan
phosphoribosylation should be 92% inhibited by Hyp
in wild type versus 54% inhibited for mpa’ when
the cells are growing on TYM: i = [Hyp]/{{Hyp] +
K,(1 + [Xan]/K,,)}, where [Xan]=200uM, K, =
70 uM, K; = 5 uM, [Hyp] = 200 uM for wild type and
40 uM for mpa’ (from panels A and B of Fig. 6 and
Table 2). This predicts that mpa’ can incorporate
Xan from TYM medium into the nucleotide pool
four times more efficiently than wild type simply by
relieving Hyp inhibition of XPRT. We are isolating
HGXPRT to test this hypothesis. Alternatively, Hyp
inhibition may result from the buildup of some other
intermediate, for example IMP, causing product
inhibition or some other more complicated mode of
regulation.

In summary, we discovered a complex new mech-
anism of MPA resistance in the protozoan parasite 7.
foetus. Mpa'rearranged its purine salvage pathway to
bypass IMP dehydrogenase, the MP A-sensitive step,
by decreasing Hyp transport and Ade deaminase
activity. The combination of these two mutations
lowered the intracellular concentration of Hyp. In
the absence of intracellular Hyp, the parasite will
salvage Xan readily from a mixture of purines. Xan
incorporation into nucleotides via XMP provided an
IMPDH independent route to Gua nucleotides and
the parasite was thus MPA resistant.
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