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The nucleoside triphosphate hydrolase of Toxoplasma gondilis
a potent apyrase that is secreted into the parasitophorous vacu-
ole where It appears to be essentially Inactive in an oxidized
form. Recent evidence shows that nucleoside triphosphate hy-
drolase can be activated by dithiothreitol in vivo. On reduction
of the enzyme, there is a rapid depletion of host cell ATP. Pre-
vious results also demonstrate a dithiothreitol induced egress
of parasites from the host cell with a concurrent Ca** flux, pos-
tulated to be a consequence of the release of ATP-dependent
Ca?* stores within the tubulovesicular network of the parasi-
tophorous vacuole. Reduction of the nucleoside triphosphate
hydrolase appears crucial for its activation; however, the exact
mechanism of reduction/activation has not been determined.
Using a variety of techniques, we show here that glutathione
promoters activate a Ca?* flux and decrease ATP levels in in-
fected human fibroblasts. We further show the in vitro activa-
tion of nucleoside triphosphate hydrolase by endogenous re-
ducing agents, one of which we postulate might be secreted
into the PV by T. gondil. Our findings suggest that the reduction
of the parasite nucleoside triphosphate hydrolase, and ulti-
mately parasite egress, is under the control of the parasites
themselves. (Exp Biol Med Vol. 226(3):229-236, 2001]
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oxoplasma gondii is an obligate intracellular parasite
that resides within a parasitophorous vacuole (PV).

Replication of T. gondii within the host cell requires
an organized interaction between the host cell and the para-
site and involves a number of highly conserved pathways
(1). One such interaction is the secretion of nucleoside tri-
phosphate hydrolase (NTPase) by T. gondii into the parasi-
tophorous vacuole (PV) (2, 3). The NTPase, when activated
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by dithiothreitol (DTT), may trigger parasite egress by re-
ducing host cell ATP levels (4). Egress of the parasites has
been shown to depend on a Ca®* signal (5) that may come
from within the PV (6), or the parasites themselves (7) and
may be regulated by intracellular ATP levels (4, 6, 7). Pre-
vious studies suggest a sequestration of Ca** within the PV
during parasite replication, (8) postulated to be within the
tubulo-vesicular network (TVN) within the PV (6). The
mechanism of in vivo NTPase reduction leading to host cell
ATP depletion and subsequent Ca®* release and egress is
unknown.

DTT and related dithiols, including dithioerythritol
(DTE) and to a lesser extent, dimercaptopropanol (MCP),
activate NTPases in vitro; however, the monothiols 2-mer-
captoethanol and glutathione (GSH) have not been shown to
activate these enzymes (4, 9) in vitro or in vivo. In the
absence of any dithiol compounds, these enzymes have less
than 5% of their in vitro activity in the presence of DTT
(10). Using GSH promoters, immunohistochemistry, NT-
Pase calorimetric assays and ATP measurements, we pro-
vide evidence here for a possible mechanism for reduction/
activation of the parasite-derived NTPase.

Materials and Methods

Preparation and Infection of Human Fibro-
biasts. Human fibroblasts (HF) and the RH strain of T,
gondii were maintained in tissue culture as described pre-
viously (11). Cells were plated on Lab Tek coverslip cham-
bers (NUNC, Naperville, IL) for Ca** imaging experiments.
HF (= 5 x 10% in modified essential medium-Eagle’s
(MEM-E)/10% newborn calf serum (NCS) were plated and
incubated at (37°C in 5% CO,/95% air). For other experi-
ments we used HF monolayers in 25 cm? tissue culture
flasks (Corning Costar Corporation, Cambridge, MA). Near
confluent HF monolayers were infected with approximately
(0.5-2) x 10° tachyzoites and incubated for an additional
18-36 hr for most experiments.

- Reagents. Chemicals including DTT, DTE, N-
acetylcysteine-(NAC), ionomycin, GSH, lipoic acid, gluta-
thione S-transferase, glutathione, ethacrynic acid, and anti-
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mycin were obtained from Sigma (St. Louis, MO) and di-
luted in either DMSO, H,O or ethano! as stock solutions.
With dilution, neither the ethanol nor DMSO had any physi-
ological effect on the cells. Indo-1-AM, monochlorobimane
(mBCl) and monobromobimane (mBBr) were obtained
from Molecular Probes (Eugene, OR). Glutathione-
monoethyl ester (GME) was obtained from Bachem Biosci-
ence (Bubendorf, Switzerland). Secondary antibodies came
from Jackson Immunoresearch Laboratories, Inc. (West
Grove, PA) or Amersham Pharmacia Biotech, Inc. (Piscat-
away, NIJ).

Glutaredoxin (GRX) and thioredoxin (TRX) and goat
anti-human TRX and goat anti-human GRX all came from
American Diagnostica Inc. (Greenwich, CT).

Ca®* Imaging. Ca®* imaging was performed on an
Ultima laser, adherent cell analysis system (ACAS), confo-
cal microscope system (Meridian Instruments, Okemos, MI)
as previously described (6). HFs adhering to coverslip
chambers were illuminated with a wavelength of 351/364
nm UV light from an argon ion laser. Using a wide (non-
confocal) pinhole aperture, fluorescence from Indo-1-AM
was split with a 445-nm long pass dichroic mirror and de-
tected with two photomultiplier tubes (at a wavelength of
405/45 nm and 485/45 nm). Meridian software was used to
acquire consecutive images and to plot the changes of this
ratio over time. The ratio of fluorescence at 405 nm/485 nm
increases as the concentration of Ca* in the medium in-
creases (6). The quantitation of the relationship between the
fluorescence ratio and the Ca®* concentration can be deter-
mined by the Grynkiewicz equation (12); however, we did
not attempt to calculate Ca®* concentrations in all our ex-
periments. The system allowed visualization with an in-
verted Olympus microscope using brightfield microscopy
when not using fluorescence.

Determination of Intracellular ATP Levels. The
luciferase/ luciferin assay was used to measure cellular ATP
levels (Analytical Luminescence Laboratory, Ann Arbor,
MI) in 23-mm dishes. The HF were uninfected, lightly in-
fected (less than 18 hr post-infection and PVs containing
fewer than 32 parasites each, with no cell lysis), or heavily
infected HF (24-36 hr post-infection where the parasites
had begun to lyse some HF and where PVs containing more
than 32 parasites were prevalent). Infected HFs were ex-
posed to DTT, GSH, NAC, or GME for various lengths of
time. The reaction was arrested by washing out the solution
with cold phosphate-buffered saline (PBS). The cells were
then lysed with 200 pl of buffer containing 25mM glycyl-
glycine, 4 mM EGTA, 15 mM MgSO,, and 1% Triton
X-100. DTT was not included in any of the reaction media
but was present in the luciferin reaction medium (ImM)
after the cells were lysed. The cells were scraped from the
plates, placed into Eppendorf tubes on ice and spun at
13,000 rpm (at 4°C) for 5 min. The supernate was trans-
ferred to new tubes for testing with the luciferase/luciferin
assay. As a positive control we depleted infected HF of ATP
with antimycin (2 mg/ml) and also carried out the above

described experiments with uninfected HF. We used the
BCA protein assay (Pierce Chemical Company, Rockford,
IL) to normalize ATP measurements with respect to total
cellular protein.

Microscopic GSH Localization. A heterocyclic
bimane dye, mBCl, passively diffuses across the cell mem-
brane into the cytoplasm where it becomes conjugated to the
peptide GSH through a reaction with the thiol group (18).

Monobromobimane (mBBr), an analogue to mBCl, was
also used in the same manner and concentration as mBCl.
MBBr has the benefit of staining human cell lines better
than mBCl and the disadvantage of reacting more readily
with protein sulfhydryls to give a higher background fluo-
rescence (13). We observed cells stained with these com-
pounds on an inverted Zeiss Axiophot Microscope equipped
with a transfluoresence unit, Bio-Rad Confocal imaging
system (Hemel Hempstead, UK) and with the ACAS.

Immunohistochemistry. HF were grown and in-
fected on Teflon-coated multiwell slides. The monolayers
were rinsed with PBS, fixed with 4% paraformaldehyde in
PBS with 50 mM K-EGTA (PBS/EGTA) for 5 min at 4°C,
washed in PBS/EGTA and treated with the same buffer with
0.1% bovine serum albumin (BSA). The monolayers were
permeabilized with 0.10% TX-100 in PBS/EGTA/BSA so-
lution. Tissue preparations were exposed to primary anti-
body diluted in PBS/EGTA with 0.1% BSA at varying con-
centrations (1/25, 1/50, 1/100) for 25 min at room tempera-
ture. The preparations were then washed in the same buffer,
exposed to secondary antibody (1/250 FITC-conjugated
goat-anti-rabbit; Vector labs, Burlingame, CA) and then
washed. The preparation was mounted with Vectashield
(Vector Laboratories, Inc., Burlingame, CA) under glass
coverslips. Images were taken using a Bio-Rad confocal
imaging system at a wavelength of 488 nm for excitation
and a wavelength of 522 + 16 nm for emission

NTPase Assays. NTPase assays were performed on
parasites resuspended in lysis buffer (20 mM HEPES, pH
7.5, 20% glycerol, 0.01% Triton X-100) at approximately
10%-107 parasites/ml. In tubes, 50 pl of lysed parasites was
mixed with 50 pl of ATP substrate [55 mg ATP, 75 mg
Mg(CH;COO0),, and 298 mg HEPES to 25 ml, pH 7.5].
DTT was eliminated from the ATP substrate except in ex-
periments specifically examining its effect. The various
thiol reagents were tested by addition to the system at given
concentrations. Tubes were incubated for 15 min at 37°C,
then 50 pl of stop solution (0.1 N HCI) added; 50 pl of acid
molybdate (Sigma Diagnostics)/Fiske and Subbarow Re-
ducer (SIGMA Diagnostics) [4:1; freshly made] was added
to the solution and incubated at RT for 15 min. Adsorption
was then read at Ags,,.

Results

Effects of Thiols on Egress. The GSH promoters,
NAC and GME, were tested for their effects on GSH me-
diated egress. The redox potential of the PV is likely to
regulate the reduction of parasite-derived NTPase that may
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deplete host cell ATP (and hence release intra-host cell
Ca®™) in a reduced state (4, 6). GSH is poorly permeable to
cells (13), and this would explain the lack of response (ATP
depletion/egress) observed by Silverman et al. (4). Both
NAC (1-10 mM) and GME (1-10 mM) which increase
intracellular GSH (14, 15), caused parasite egress in larger
PV (>32 parasites) in approximately 4-5 min as compared
to 1-2 min with DTT (10 mM). The response with the GSH
promoters was sometimes delayed for approximately 10-15
min. We observed that larger PVs (>32 parasites/PV) more
readily responded to GME or NAC than those PVs contain-
ing fewer parasites, but we did not quantitate this observa-
tion. Figure 1 demonstrates the response of infected HF to
10 mM NAC. The experiments using NAC and GME were
repeated 14 times.

The endogenous reducing agent lipoic acid (E°' ~0.288
V) has a redox potential between DTT (E°' —0.330 V) and
GSH (E£°’ -0.230V) and thus might be another candidate for
NTPase activation in vivo. We saw no egress response to
lipoic acid in concentrations as high as 100 pM (data not
shown).

Effects of NAC on Ca®*. The effect of NAC on
Ca** within heavily infected host cells is shown in Fig. 2. A
30% increase in the Ca®* ratio was detected in response to
10 mM NAC on T. gondii-infected HF as imaged with the

Figure 1. Differential interference contrast microscopy showmg' |;|F
egressing in response to 10mM NAC. There are seyeral extracellutar
parasites in the medium that are missing from one image to the next
as they move out of the field of view. (a) Just before add.:t'lon of NAC.
Horizontal boar represents 10 pym. (b) 4 min after addition of NA_C.
The parasites have egressed as 6 min. The arrow shows a parasite
that just egressed from the uppermost yaguole now penetrating an
adjoining HF. The dimpling of this parasite is caused by the constric-
tion of the parasite by the HF membrane. (d) At8 this same parasite
has now completely entered the HF (arrow). Even after 8 min the PV
in the low right-hand corner of the image is still unaffected by NAC.
Similar results were obtained using 10mM GME (data not shown).
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Figure 2. ACAS display of ratiometric Ca®* measurement using
Indo-1-AM stained HF infected with RHEP parasites. NAC (10 mM)
was added at 50 sec (vertical bar). A 30% increase in the Ca2* ration
(v axis) was seen after 4 min at which time the fluorescence was lost
as the parasites egressed and the HF lysed.

Indo Ratio

ACAS with the ratiometric dye Indo-1-AM. The Ca* flux
with NAC was not seen in uninfected cells (data not shown).
Ca®* measurements were not made with GME, Lipoic acid
had no effect on the Ca®* concentration (data not shown).
Figure 2 is a representative example of five experiments, but
we did not systematically correlate the magnitude of Ca®*
release as a function of stage of infection.

Calculation of ATP Levels. Figure 3 shows the ef-
fects of DTT, NAC, GME, on ATP levels in infected HF. In
order to observe the depletion of ATP in response to NAC
and GME the HF were heavily infected as evidenced by an
abundance of large PVs (32-128 parasites/PV) and visually
apparent early host cell lysis. Lightly infected cells that
contained no large PVs did not respond to NAC or GME
with a drop in ATP. Both NAC and GME generally trig-
gered some increase in ATP levels of uninfected HF (data
not shown) and caused depletion of ATP as a function of
time in heavily infected HF. As previously reported (6), we
saw no effect of extracellular GSH on infected or uninfected
HF in vivo (data not shown). Figure 3 is a representative
example of 12 experiments (11 times in duplicate and one
time in quadruplicate). Figure 3 shows ATP levels as %
control; however, the ATP levels of infected HF in the
presence of NTPase activators was as low as 0.01-0.5 nmol/
mg protein compared to 5~10 nmol/mg protein in untreated
and uninfected HF as calculated using a standard curve.

In Vitro NTPase Assays. In vitro NTPase assays
were performed in an attempt to define the endogenous thiol
responsible for NTPase reduction. As shown in Fig. 4 the
endogenous thiols GRX and TRX were found to activate
NTPase in vitro but not to the same degree as DTT. In
contrast to the results of Asai et al. (9) there was NTPase
activation with GSH as well. Preincubation of TRX and
GRX samples with GSH or DTT prior to exposure to para-
site samples did not augment the effects of GRX or TRX
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Figure 3. Determination of ATP levels in uninfected and infected HF. Rows 2-5 represent infected HF early in infection with PVs containing
no more than 8-16 parasites and no evidence of lysis. Rows 6-10 represent infected HF with large PVs (32-128 parasites/PV) and some
evidence of HF lysis. Sample 1, uninfected HF: 2, infected HF; 3, infected + 10mM GME for 40 min; 4, infected HF + 10 mM DTT for 10 min;
5, infected HF + 10 mM NAC for 30 min; 6, infected HF; 7, infected HF + 10 mM GME for 10 min; 8, infected HF + 10 mM GME for 40 min;
8, infected HF + 10 mM NAC for 10 min; 10, infected HF + 10 mM NAC for 40 min. Data are representative of one assay. All samples were

prepared in duplicate.

(data not shown). GST did not appear to activate NTPase.
The assays were performed in duplicate 10 times with DTT
at 15 min; 2 times with DTT at 1 min; 7 times with GSH;
10 times with no reagent added; 7 times with TRX; 4 times
with GRX; and 4 times with GST. Figure 4 is a compilation
of all the experiments for various thiols tested. Using the
paired t-test, DTT at 15 min was highly significant (n = 10;
P = 0.0064) and GSH less so (n = 7; P = 0.078) as
compared to controls. Using the Student-Newman-Keuls
test at P < 0.05 (n = 7), DTT was different from controls
(g = 3.503); GSH was different from controls (g = 3.343),
but DTT and GSH were not different from each other (g =
1.852). The n values for GRX, TRX, and GST were small
for rigorous statistical testing, but were clearly different
from DTT, since the DTT values were more than double the
controls.

Bimane Dye Localization with Confocal Micros-
copy. Both mBCl and mBBr fluorescence reflect levels of
either GSH or GST (16-18). MBCI reflects glutathione S-
transferase (GST) levels as the later promotes conjugation
of mBCl to GSH to produce a fluorescence signal (17). The
fluorescence intensity of mBCl was used to localize GSH

with an excitation wavelength of 351-363 nm and emitted
fluorescence (461 nm) detected with a barrier filter (BP
485/45 nm). With infected HF stained with mBCl and
mBBr, T. gondii parasites were substantially brighter than
the surrounding cytoplasm of the PV and HF (Fig. 5a,b). As
shown in Fig. 5b there appeared to be intra-parasite apical
and posterior granules that contained noticeably brighter
mBCl staining, suggesting higher levels of either GSH or
GST. High-magnification images with the ACAS often
demonstrated a gradient of fluorescence intensity from the
parasite to the PV to the HF cytoplasm (data not shown).
Interestingly, the addition of the mBCl and mBBr often
prevented the egress response of the parasites to the NAC
and GME. mBCl images represent 12 experiments and
mBBr images 6 experiments,

Immunofluorescence Studies. Because of the
brighter staining of mBCl and mBBr in the parasites com-
pared to the HF, we felt that the levels of GST might be
higher within the parasites themselves, thus promoting GSH
conjugation to the bimanes, as previously described (19).
Immunofluorescence labeling of infected HF with a rabbit
GST-antibody revealed parasites that were generally
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Figure 4. In vitro NTPase adday of whole parasite extracts. All assays were run in duplicate. The adition of GSH to TRX, GRX, and GST
assays had no demonstable effect (data not shown). ATP hydrolysis for 15 min at 37°C (with the exception of DTT exposure for 1 min) was
measured as described in the Materials and Methods. Standard deviations are shown except with DTT (1 min) which represents only two

experiments.

brighter than the HF, containing areas of intense staining
both at the apex and the posterior pole (Fig. 5¢). There were
also areas of intense staining suggestive of vacuoles within
the cytoplasm of the parasites (Fig. 5c). The distribution of
staining showed similarities between GST- and the bimane
dyes (mBCL and mBBr) suggesting that the areas of bright-
ness with the bimanes dyes might reflect higher levels of
GST related conjugation of bimane dyes to thiols.

The intravacuolar space within larger PV (64-128) was
often brightly stained with GST antibody so that the bound-
ries of the PV membrane were well defined (Fig. 5d). This
observation was not seen with smaller PV where the para-
sites stained intensely but the PV was not well defined.
Those PV’s where the intravacuolar space stained well had
parasites that were relatively unstained with GST antibody.

Immunofluorescence labeling was also performed us-
ing an anti-GRX and TRX antibody. Staining within the
parasites was seen with GRX labeling (Fig. 6); however,
there was a lack of staining with the TRX antibody within
the PV or parasite (data not shown). With GRX staining, the
PV stained brightest along with the outer membrane of the
intra-PV parasites. There also appeared to be a slight shift in
the distribution of the GRX staining from the parasite to the
PV as parasite replication increased. Controls using second-

ary antibody alone or rabbit IgG (50 pg/ml) when staining
for GST or with primary exposure to goat serum (50 p.g/ml)
when staining for GRX, showed no significant staining (Fig.
6g,h). These antibodies did not detect typical GST or GRX
bands by western blot. Immuno-electron micrscopy ex-
periments did not correlate with the immuno-histochemistry
either.

Discussion

Our results suggest that GSH is in part responsible for
NTPase activation in vivo. The promoter of intracellular
GSH, NAGC, is capable of stimulating both a Ca** flux (only
in infected HF) and egress similar to that seen with DTT (6).
The time required for NAC induction of a Ca®* flux is
longer than that seen with DTT, as is the time to egress, the
time to deplete ATP levels in infected HF, and the relative
ineffectiveness of GSH in activating NTPase as compared
to DTT. We cannot rule out the possibility that other mo-
nothiols might be involved in NTPase activation. It seems
unlikely that GME would produce substantial levels of any
other intracellular thiol than GSH, as it is simply an esteri-
fied form of GSH (permeable to cell membranes) that is
de-esterified on entry to the cell body (15). The fact that

ROLE OF THIOLS IN TOXOPLASMA GONDII EGRESS 233



Figure 5. Differential interference contrast image of infected HF. (b}
Fluorescence image of (a) with mBCI staining. Horizontal bar repre-
sents 20 pm for both images a and b. The arrow points out areas of
increased fluorescence at the anterior pole of two parasites. (c) Im-
munolocalization of GST. There was no significant staining with con-
trols using either no primary antibody or non-immune rabbit 1gG (50
pg/mi) instead of primary antibody (data not shown). The distribution
of GST antibody staining is very similar to that seen with bimane
staining (mBCI and mBBr). Focal staining is seen at the posterior
poles (arrow). Increased staining is also seen anteriorally, Horizontal
bar represents 10 pm. (d) GST antibody staining of three large PVs.
The upper PV (small arrow) shows a PV with well demarcated bor-
ders and poorly stined intra-PV parasites. The poles of these para-
sites no longer have intense fluorescence. The lower two PVs show
intensely stained intra-PV parasites although the lower PV demon-
strates some parasites that appear to be losing fluorescence (large
arrow) with some increasing fluorescence of the surrounding PV.
Horizontal bar represents 10 ym.

extracellular GSH does not activate NTPase in vivo (4) can
be explained by the fact that GSH is impermeable to cells
(13). Asai et al. (9) demonstrated no activation of NTPase
with GSH in vitro. In contrast to our experiments, Asai ef al.
(9) observed the NTPase reactions for 10 min as compared
to 15 min and used high-performance liquid chromatogra-
phy on isolated NTPase instead of the colorimetric assay on
whole parasite extracts. Other explanations for this result
could be the lack of a critical cofactor lost in the process of
NTPase-isolation such as GRX, or the denaturation of the
NTPase during purification.

Preincubation of GRX and TRX with DTT or GSH did
not change their ability to activate NTPase (data not shown),
suggesting that the compounds were already reduced. Ad-
dition of GSH to the NTPase assays may simply be reducing
a thiol that is necessary for NTPase reduction. GRX gets
reduced by GSH and glutathione reductase and has not been
shown to be an exclusive substrate of any particular reduc-
tase. GST did not substantially activate NTPase in our as-
says. As the usual role of GST is to make adducts to pro-
teins, and generally not to reduce them (19), GST seems a
less likely candidate for NTPase reduction. A more likely

role for GST would be to protect the parasites from toxins
and oxidants.

Immunolocalization of GRX and GST suggests that
after several rounds of parasite replication these compounds
are secreted by parasites into the PV as the parasites lose
their fluorescence and the PV become slightly brighter and
more delineated. There is no data to suggest that the PV has
the ability to transport GRX or GST from the host cell into
the PV. Although TRX appears to activate NTPase in our
assays and in previous studies (20), available antibodies did
not demonstrate its presence. If such an endogenous reduc-
ing agent as GRX were necessary as a cofactor for the

‘reduction of NTPase by GSH then dilution or loss of GRX

in the process of NTPase isolation might result in loss of
GSH-dependent NTPase activation. The PV has pores that
allow substances of mol wt <12,000 to pass through (21). In
vivo, parasite-derived GRX (mol wt 12,000), would be
trapped within the PV where it could be markedly more
concentrated than in vitro. Unfortunately we were unable to
obtain reproducible staining with immuno-EM using anti-
bodies to GRX, and thus ultrastructural localization is un-
clear. Unfortunately, multiple western blotting attempts did
not confirm the presence of proteins corresponding to the
molecular weights of GST or GRX with the available anti-
bodies. A positive western blot would bolster our immuno-
localization results, but the lack of utility of the antibodies
for western blotting does not refute them. The monothiols
(NAC and GME) preferentially effected NTPase activity
and ATP levels late in infection. This may be because GRX
needs to be present to facilitate the NTPase reduction by
GSH, and that sufficient concentration only occurs late in
infection when it is secreted into the PV from the parasites.

The PV environment contains several components that
are secreted by the parasites including rhoptry proteins,
dense granule proteins and NTPase (22). Our data would
suggest that the parasite may also secrete a reducing agent,
and that this reducing agent may play a role in control of
parasite motility. Previous results have shown that the po-
tent Toxoplasma NTPase is found largely in an inactive,
oxidized form in the PV and readily activated/reduced by
DTT with a subsequent rapid depletion of host ATP and
egress of parasites (4). The PV environment could be ex-
pected to be reduced as it is in equilibrium with the host
cytoplasm through the pores in the PV membrane (21). Yet,
this reduced environment by itself does not appear to be
able to activate the NTPase (4). In fact, infected HF did not
show a generalized increase in GSH by mBCL staining with
progressive infection. If the environment of the entire host
cell determined the reduction of NTPase, then one would
expect to see a generalized increase in mBCl staining with
progressive infection. GRX, unlike GST, is a reducing agent
specifically used to reduce enzymes (19), and it appears to
activate the NTPase in our in vitro assays, albeit less than
DTT. GST (17) enhances the conjugation of mBCl and
mBBr to GSH, although there is no evidence that GSH
binding is enhanced by GRX. The degree of phosphate pro-
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Figure 6. Each paired image (left to right) is a differeintial interfer-
ence contrast image and immunofluorescence image (espectlvely.
Differential interference contrast image of RH parasites in vacuoles.
Horizontal bar represents 10 pm. (b) Immunolocalization of GRX in
same cells. The parasites are brighter than the surrounding cyto-
plasm of the HF's and areas of discrete staining are seen within the
parasites. (c) Differential interference contrast image gf small PV.
Horizontal bar represents 10 pm. (d) Immunolocalization of GRX.
Discrete areas of staining are seen withing the parasites. The para-
sites are brighter than the HF. The arrow points to an extracelilular
parasite that is brighter than anything else in the image. (e) Differ-
ential interference contrast image of large PV. Horlzon(al bar repre-
sents 10 um. (f) Immunolocalization of GRX demon§trat|ng a relative
reduction in the fluorescence intensity of the parasites compared to
the HF and a loss of the discrete areas of increased fluorescence
within the parasites. The fluorescence is concentrgted within the PV
and around the parasite outer membrane. (g) Differential interfer-
ence contrast image of medium size PV. Horizontal bar represents
10 pm. (h) There was no significant staining with controls with either

an absence of exposure to primary antibody, as shown here, or initial
exposure to goat IgG (50 ug/mi).

C \ .

duction in 15 min with GSH and GRX appears similar to
that produced by DTT in { min. At I min DTT gave a value
of 77% of the corresponding 15 min determination, reflect-
ing the remarkable effect of DTT on NTPase activation.
DTT is a vicinal dithiol and its structure gives it a markedly
different reactivity than monothiols like NAC or GSH (23).
In fact, some effects can be discriminated by whether they
are enhanced by mono or dithiols (24). DTT is a stronger
reductant than GSH because the vicinal dithiol is more
spontaneously reactive (23). Furthermore, its ability to ac-
tivate NTPase does not appear to require a cofactor.

With the GSH promoters, NAC and GME, one would
expect the levels of GSH to increase dramatically over a
relatively short time period, based on the time required for
Ca®* flux and parasite egress in response to these reagents.
Unfortunately, we were unable to monitor the accumulation
of GSH with mBCl over long time periods because of pho-
tobleaching. Continuous secretion of GRX or GST into the
PV would have the effect of increasing the concentration of
reducing factors, just where NTPase is secreted (12), and
suggests the possible parasite regulation of NTPase activa-
tion. From a biochemical perspective, elevations in GSH
would favor the activation of NTPase (as shown in lucifer-
ase/luciferin assays) as the excess of GSH would favor the
reduction of intra-PV GRX. The fact that mBCl generally
inhibits the egress of parasites exposed to GME or NAC
may be explained by the fact that the dye would effectively
diminish the amount of active intracellular GSH by binding
to the sulhydryl moities. If secretion of GRX is indeed
responsible for the ultimate reduction of NTPase, then it
will be important to investigate the control of secretion of
this thiol.
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Core Grant of the Norris Cotton Cancer Center (CA 23108). We thank
Kenneth Orndorff for his expertise using various imaging techniques and
Dr. Matthew Heintzelman for his assistance with biochemical and histo-
logical techniques.
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