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The human malarial parasite Plasmodium falciparum
(Pf) is exposed to wide temperature fluctuations during
its life cycle, ranging from 25 °C in the mosquito vector
and 37 °C in humans to 41 °C during febrile episodes in
the patient. The repeated occurrence of fever at regular
intervals is a characteristic of human malaria. We have
examined the influence of repeated exposure to elevated
temperatures encountered during fever on the intra-
erythrocytic development of the parasite. Using flow
cytometry, we show that repeated exposure to temper-
atures mimicking febrile episodes promotes parasite de-
velopment in human erythrocytes. Heat shock-mediated
cytoprotection and growth promotion is dependent on
the heat shock protein 90 (PfHsp90) multi-chaperone
complex. Inhibition of PfHsp90 function using geldana-
mycin attenuates temperature-dependent progression
from the ring to the trophozoite stage. Geldanamycin
inhibits parasite development by disrupting the Pf-
Hsp90 complex consisting of PfHsp70, PfPP5, and tubu-
lin, among other proteins. While explaining the contri-
bution of febrile episodes to the pathogenesis of malaria,
our results implicate temperature as an important envi-
ronmental cue used by the parasite to coordinate its
development in humans.

The pathogenesis of human malaria is caused by intra-eryth-
rocytic growth of the parasite. Entry of the parasite into an
erythrocyte triggers its metamorphosis to a complex cell, rich
in endomembrane system and capable of complex trafficking
events (1). The transformation is evident during the progres-
sion of the parasite from the early stage of establishment,
namely rings, to the biosynthetically active stage called the
trophozoite. Trophozoites finally convert to schizonts and un-
dergo nuclear division to form multiple merozoites. Molecular
signals and components orchestrating the asexual cycle of the
parasite remain poorly understood. Coordination of stage tran-
sitions is likely to depend on environmental cues available to
the parasite.

The occurrence of febrile episodes, resulting in body temper-
atures as high as 41 °C, is a common manifestation of malaria
(2). The release of the proinflammatory cytokine tumor necro-
sis factor (TNF) is believed to be responsible for the appearance
of fever in malaria patients (3), and fever is known to augment
the pathogenesis of malaria (4). There are a number of reports
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in the literature addressing the influence of elevated temper-
ature encountered during malarial fever on the host (5) as well
as the parasite (6, 7). Keeping in view the augmentative effects
of fever on the severity of malaria, antipyretics have been
suggested to have beneficial effects on the patient (5). Details
about the influence of repeated occurrences of fever on the
growth of the malarial parasite are only partly explored.

In addition to the periodic appearance of fever, which is a
characteristic of tertian malaria caused by Plasmodium falcip-
arum and Plasmodium vivax, subtertian fever is commonly
seen in patients infected with P. falciparum (2, 5). Body tem-
peratures of these patients reach as high as 41 °C, extending
irregularly over a period of >24 h (3). To mimic the repeated
appearance of fever, we have examined the influence of two
heat shocks separated by an interval of 10 h on the growth of
the malarial parasite in culture. Using flow cytometry to ex-
amine parasite stage transitions, we find that the exposure of
parasites to a prior heat shock accelerates their development
from the ring stage to the trophozoite stage during the subse-
quent heat shock. In the absence of the prior heat shock,
exposure to second heat shock alone results in significant death
of the parasite. Acceleration of the critical stage switch result-
ing from the exposure to prior heat shock also translates into a
robust increase in the productivity of the infection cycle. Using
geldanamycin (GA),! a specific inhibitor of Hsp90 function, we
show that the growth-promoting effects of prior heat shock
depend on the PfHsp90 multi-chaperone complex. Exposure to
GA following exposure to prior heat shock (PHS) interfered
with parasite stage conversion. The accelerative effect of PHS
was only attenuated and not blocked by GA, indicating the
dominant potentiating influence of PHS on parasite develop-
ment. GA brings about the inhibition of PfHsp90 function by
disrupting its complex consisting of PfHsp70, PfPP5, and tu-
bulin, among other proteins. Our results provide an additional
basis for the augmentative effects of fever on the pathogenesis
of malaria.

EXPERIMENTAL PROCEDURES

Flow Cytometry—P. falciparum strain 3D7 was cultured using
standard protocols (8). Flow cytometry was carried out essentially as
described earlier but with a few modifications (9). Briefly, parasites
were purified on 75% Percoll. Parasite cultures were suspended in
phosphate-buffered saline (PBS) and layered on 75% Percoll prepared
in PBS. Following centrifugation at 2000 rpm for 25 min, uninfected
erythrocytes form pellets at the bottom, whereas the infected erythro-
cytes appear at the interface between Percoll and PBS. Percoll purifi-
cation of infected erythrocytes was carried out thrice to remove unin-
fected red blood cells from the samples. We obtained a purity of infected
cells of >98% using this protocol, and this result was confirmed by
Giemsa staining and microscopic examination.

L The abbreviations used are: GA, geldanamycin; PHS, prior heat
shock; non-HS, non-heat shock; Pf, Plasmodium falciparum; PP5, pro-
tein phosphatase 5; PBS, phosphate-buffered saline.
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30 ul of a suspension of purified parasites was added to 600 ul of
staining solution (8 mg/liter acridine orange, 1 g/liter dodecyl trimethyl
ammonium chloride, 10 mM tricine, and 120 mMm NaH,PO,, pH 9.2) and
injected into a flow cytometer (FACScan; BD Biosciences) equipped
with an argon ion laser set at 488 nm at a power output of 15 milliwatts.
Green fluorescence was detected at 560 nm. 10,000 cells were counted
for each sample and plotted in a (side scatter) scattergram (cell gran-
ularity, linear scale) against green fluorescence (DNA content, logarith-
mic scale). For identification of scattergrams corresponding to rings
(0—24 h post-synchronization) and trophozoites (24—36 h post-synchro-
nization), parasites were synchronized by two sorbitol treatments for
two successive generations to obtain a highly synchronous population
(>90% synchronous), and aliquots of culture were analyzed as de-
scribed above. Regions corresponding to rings and trophozoites were
highlighted using the gating function in WinList software. An aliquot of
each stage was also stained with Giemsa stain and examined under a
Carl Zeiss Axiocam microscope. All samples used for fluorescence-acti-
vated cell sorter analysis were also tested by the conventional method
of Giemsa staining and microscopic examination.

Temperature Shifts in P. falciparum Cultures—Highly synchronous
ring stage parasites (synchronized ~2-4 h post-invasion) purified on
Percoll were subjected to a PHS at 40 °C (phase A) for 2 h followed by
incubation at 37 °C (phase B) for 10 h. Cultures were then shifted to
40 °C (phase C) for 12 h with or without 10 uM GA treatment. Samples
kept at 37 °C during phase A were used as control. Cultures that were
kept at 37 °C during all phases (Phase A, B, and C) were used as
non-heat shock (non-HS) control. 30 ul of parasite culture was with-
drawn at hours 0 and 12 of phase C and suspended in 600 ul of the
staining solution described above. The number of parasites in 100 ul of
this suspension was then counted using the flow cytometer. Parasite-
mia was also measured using the conventional method of Giemsa stain-
ing and microscopic examination. Parasite stages at hours 0, 6, and 12
of phase C were analyzed by flow cytometry as well as Giemsa staining.
For analysis of the effect of prior heat shock on overall asexual devel-
opment, parasite cultures in the ring stage that were not purified on
Percoll were subjected to the 40 °C (phase A, 2 h), 37 °C (phase B, 10 h),
and 40 °C (phase C, 24 h) phases and then shifted to 37 °C (phase D) for
an additional 12 h to allow an invasion of fresh erythrocytes to occur. As
control, we used parasites that were kept at 37 °C during the entire
intra-erythrocytic cycle. At the end of phase D, parasites were purified
on Percoll and suspended in 100 ul of PBS. 30 ul of this suspension was
then diluted into 600 ul of the staining solution described above, and
the number of parasites in 100 ul was counted using the flow cytometer.
Parasite stages for control and PHS cultures were examined at the end
of phase C by flow cytometry.

Solid Phase GA Binding Assay—GA was coupled to N-hydroxysuc-
cinimide-activated Sepharose 4 Fast Flow beads (Amersham Bio-
sciences) as described previously (10). Trophozoite stage parasites
were lysed in 10 volumes of TNESV buffer (50 mm Tris-HCI, pH 7.5,
1% Nonidet P-40, 2 mMm EDTA, 100 mM NaCl, and 1 mMm orthovanadate)
and lysate incubated with either GA-coupled beads or control beads.
Bound and unbound fractions of the lysate were probed for PfHsp90 by
immunoblotting (11).

Co-immunoprecipitation—Ring stage parasites were labeled with
[**S]Cys and [**S]Met for 24 h. Saponin-released parasites were soni-
cated briefly in NETT buffer (150 mm NaCl, 1 mm EDTA, 10 mm
Tris-HCI, and 1% Triton X-100, pH 7.5) and lysate-immunoprecipitated
using «-PfHsp90 antibody. Following five washes with radioimmune
precipitation assay buffer (1% sodium deoxycholate, 1% Triton X-100,
and 150 mm NaCl in PBS), the immunoprecipitates were analyzed by
two-dimensional gel electrophoresis and fluorography.

Analysis of PfHsp90 Complex—For analysis of the PfHsp90 complex
under mild lysis conditions, trophozoite stage parasites were released
with saponin and lysed by brief sonication in hypotonic lysis buffer (20
mM sodium phosphate, pH 7.4). After clarification, the supernatant was
loaded onto a Superdex 200 column (Amersham Biosciences) at a flow
rate of 0.5 ml/min, and fractions 17-28 were analyzed for PfHsp90 by
SDS-PAGE and immunoblotting. To look at the effect of GA on the
PfHsp90 complex, saponin-released trophozoites were sonicated briefly
in hypotonic lysis buffer. Clarified supernatant was loaded on a Super-
dex 200 column equilibrated with hypotonic lysis buffer at a flow rate of
0.5 ml/min. Fractions 20 and 21 were collected. Fractions from five such
runs were pooled and concentrated using a Centricon (Millipore). The
concentrate was divided into two and treated with either Me,SO or 100
uM GA for 2 h at room temperature and rerun through the Superdex
200 column. Fractions 17-28 were collected, precipitated with trichlo-
roacetic acid, and probed for PfHsp90 by immunoblotting.
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RESULTS

Exposure to Prior Heat Shock Confers Protection against
Subsequent Heat Shock—To examine the influence of recurrent
febrile episodes on the growth of the parasite, we exposed
parasite cultures to 40 °C and analyzed their development
during the subsequent exposure to 40 °C using flow cytometry.
The increase in DNA content seen during ring to trophozoite
transition allowed us to differentiate between these two stages
through flow cytometry by measuring green fluorescence due to
the acridine orange staining of parasites. To define scatter-
grams corresponding to the ring (0—24 h post-synchronization)
and trophozoite (24-36 h post-synchronization) stages, we pu-
rified highly synchronous populations of these stages on 75%
Percoll and analyzed their scattergrams by flow cytometry. Fig.
1A shows scattergrams corresponding to rings (left) and tro-
phozoites (middle). The insets show the corresponding Giemsa-
stained stage. The superimposition of these scattergrams as
shown at the right in Fig. 1A clearly indicated that it was
possible to differentiate between rings and trophozoites by this
approach.

Ring-infected erythrocytes were exposed to 40 °C for 2 h
(PHS, phase A) and, after an interval of 10 h at 37 °C (phase B),
were exposed to 40 °C (phase C) again. The effect of heat shock
on overall parasitemia and the conversion to trophozoite stage
was monitored by examining scattergrams at 0-, 6-, and 12-h
time intervals during the second heat shock (phase C) by flow
cytometry as described under “Experimental Procedures.” As
control, a sample was maintained at 37 °C without prior expo-
sure to heat shock (control, phase A), and stages were moni-
tored during the second heat shock (phase C) at equivalent
time points. Cultures kept at 37 °C during all three phases
(phases A, B, and C) were also used as control (non-HS control).
The scheme of temperature shifts is depicted in Fig. 1B (right).
As shown in Fig. 1B (left), control cultures incubated at 37 °C
without a prior heat shock showed a significant drop in para-
site count during the second heat shock. Parasites exposed to a
prior heat shock, on the other hand, did not show any growth
inhibition during the second heat shock. As expected, the
non-HS control cultures did not show any drop in parasite
number. Estimation of parasitemia by Giemsa staining and
microscopic examination produced the same results (not
shown). Furthermore, comparison of scattergrams (Fig. 1C,
left) showed that whereas control cultures exposed to the sec-
ond heat shock alone persisted in the ring stage at the 6-h time
interval, parasites exposed to a prior heat shock had already
progressed to the trophozoite stage at 6 h. The pattern of stage
progression in cultures exposed to the second heat shock alone
was similar to that of the non-HS control cultures, indicating
that the second heat shock alone did not cause any retardation
of parasite stage transition. These results were also corrobo-
rated by microscopic examination of Giemsa-stained smears at
each time interval as shown in the inset (Fig. 1C) of each
scattergram. The results showed that exposure to the first
febrile episode may exert a protective effect against the febrile
temperatures encountered subsequently. Growth-promoting
effects of heat shock were also observed upon the exposure of
parasites to 40 °C phases separated by an interval of 48 h to
mimic conditions of tertian malaria (not shown).

Exposure to Prior Heat Shock Results in a Greater Produc-
tivity of the Infection Cycle—We examined whether the en-
hanced progression from ring to trophozoite seen in response to
elevated temperature results in greater efficiency of the infec-
tion cycle. Ring stage parasites were subjected to a prior heat
shock at 40 °C for 2 h (phase A) followed by incubation at 37 °C
for 10 h (phase B). Parasites were then given a second heat
shock at 40 °C for 24 h (phase C) and incubated at 37 °C for an
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Fic. 1. Heat shock accelerates transition to the trophozoite stage. A, highly synchronous cultures in ring (left) and trophozoite (middle)
stages were used to record scattergrams corresponding to these stages. The representative Giemsa-stained stage is shown in the inset. A
superimposition of the two scattergrams is shown on the right. B, synchronous ring stage cultures purified on Percoll were subjected to temperature
shifts from 40 (phase A) to 37 (phase B) to 40 °C (phase C) as described under “Experimental Procedures.” Samples kept at 37 °C during phase A
were used as control. Cultures kept at 37 °C in all phases (phases A, B, and C) were used as non-HS control. Aliquots of culture were examined
for parasite number at 0 and 12 h by flow cytometry (left). A schematic illustration of the experiment is shown at the right. C, parasite stages in
the above experiment were examined by flow cytometry as well as microscopic examination at 0, 6, and 12 h.

additional 12 h (phase D) to monitor new rings formed follow-
ing an invasion of fresh erythrocytes (see bottom of Fig. 2A).
Cultures kept at 37 °C throughout the intra-erythrocytic cycle
were used as control. We found an almost 2-fold increase in the
number of rings formed in cultures exposed to prior heat shock
(Fig. 2A, top). The result indicated that exposure to heat shock
brought about an overall increase in the productivity of the

infection cycle. To rule out the possibility that this increase was
due to a delay in stage progression of the control cultures, we
examined the scattergrams of the control and PHS-treated
cultures at the end of phase C. As shown in Fig. 2B, top, the
control cultures had also progressed to trophozoites at the end
of phase C.

GA Blocks Protection Due to Prior Heat Shock—To examine



Heat Shock Protein 90 Controls Development in Malaria 46695
A.
3 0 Non-HS control O PHS
& 700000
£ 00000
é 500000 | 3
3 400000
Is
T 300000
g 200000 -
¥ 100000 |
> 0+
PHS "
40°C 40°C
(Phase A) (Phase C)
2h 37°C 24 h 37°C
(Phase B) (Phase D)
Control 10h Control 12h H
37°C 37°C 1
¢
No. of rings formed after invasion
counted by flow cytometry
Non-HS Control PHS
B. 37°C 40°C
- LA
®ings  / \Trophozoite §' fmngs " Trophozone
;N
e
PHS
40°C 40°C
(Phase A (Phase C)
2h 37°C 24h
(PhaseB) | ..
Control 10h Control :
37°C 37°C !
1
1

v

Parasite stages examined by flow cytometry

Fic. 2. Exposure to prior heat shock causes greater productivity of the infection cycle. A, ring stage cultures subjected to temperature
shifts from 40 (phase A) to 37 (phase B) to 40 °C (phase C) were treated further at 37 °C (phase D) to allow an invasion of fresh erythrocytes to
occur. As control, cells were treated at 37 °C throughout the intra-erythrocytic cycle. The number of newly formed rings was counted by flow
cytometry (top) as described under “Experimental Procedures.” At the bottom is shown a schematic representation of the experiment. B, parasite
stages were examined at the end of phase C for control and PHS cultures.

the involvement of heat shock proteins in growth protection, we
made use of GA, a specific inhibitor of Hsp90 function (10, 12).
We included 10 um GA in cultures during the shift from 37 °C
(phase B) to 40 °C (phase C). Fig. 3A, right, shows a schematic
representation of the experiment. There was significant con-
version from ring to trophozoite in PHS cultures treated with
the Me,SO carrier at 6 h (Fig. 34, left, top row), but cultures
exposed to GA remained blocked in the ring stage until 6 h (Fig.
3A, left, second row from top). At 12 h, however, a significant
population of parasites exposed to PHS had progressed to the
trophozoite stage despite the presence of GA. This was in

contrast to cells that did not experience a heat shock, remain-
ing blocked as rings even at 12 h of development (Fig. 3A, left,
bottom two rows) as reported previously (11). The result
showed that exposure to PHS was able to overcome GA-medi-
ated growth inhibition. This was also evident from an exami-
nation of the Giemsa-stained smears for these samples as
shown in the inset of each scattergram (Fig. 3A, left). This
result suggested that PfHsp90 function was important to trig-
ger parasite transformation from ring to trophozoite in re-
sponse to heat shock. The quantitation of parasite number by
flow cytometry at 0 and 12 h showed that there was a drop in
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Fic. 3. GA blocks heat shock-mediated stage transition. A, highly synchronous, Percoll-purified rings were subjected to temperature shifts
from 40 (phase A) to 37 (phase B) to 40 °C (phase C). At the time of the shift to 40 °C (phase C), the culture was split into two and treated with
GA or Me,SO (DMSO). Cultures maintained at 37 °C during all the phases (non-HS control) were also treated with GA. Parasite stages were
examined by flow cytometry at 0, 6, and 12 h of phase C (left). The protocol for the experiment is shown at the right. B, in the above experiment,
parasite numbers in Me,SO and GA-treated samples were counted by flow cytometry at 0 and 12 h. C, a parasite lysate was incubated with either
GA-coupled beads or control beads. Bound and unbound fractions were analyzed by immunoblotting with o-PfHsp90 antibody.

parasite number at 12 h for GA-treated cultures but not for the
control cultures (Fig. 3B). This finding was also confirmed by
estimating parasitemia from the Giemsa-stained smears of
these samples (not shown). Similar results were observed upon

GA exposure of parasites to two heat shock episodes separated
by an interval of 48 h to mimic conditions of tertian malaria
(not shown). The stimulatory effect of heat shock and the in-
hibitory effect of PfHsp90-interference by GA together sug-
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the presence of PfHsp90 by Western blotting. B, a parasite lysate from metabolically labeled cells was immunoprecipitated using an «-PfHsp90
antibody and subjected to two-dimensional gel electrophoresis and fluorography. On the left is the total proteome and on the right is the
immunoprecipitate. IEF, isoelectric focusing. C, the trophozoite lysate was passed through a Superdex 200 column at a flow rate of 0.5 ml/min.
Fractions 20 and 21 were collected. Fractions from five such runs were pooled and concentrated. Following treatment with Me,SO (DMSO) or GA,
the concentrate was rerun through the Superdex-200 column, and fractions 17-28 were analyzed for the presence of PfHsp90 by SDS-PAGE and

immunoblotting.

gested a central role for PfHsp90 in triggering stage develop-
ment in the malarial parasite.

The binding of GA to mammalian Hsp90 has been studied
extensively (10, 13). To confirm directly the interaction of GA
with PfHsp90, parasite lysate was incubated with GA-coupled
beads, and the bound proteins were analyzed for the presence
of PfHsp90 by Western blotting. Control beads did not show
any signal, whereas GA-coupled beads showed a clear band for
PfHsp90 (Fig. 3C, top). This result supported our previous
modeling studies showing the presence of a GA-binding pocket
in PfHsp90 (11) and confirmed that GA was capable of binding
to PfHsp90.

GA Disrupts PfHsp90 Complex—We have previously shown
PfHsp90 to be associated with PfHsp70 in a ~300 kDa complex
(11). To examine if, similar to mammalian Hsp90, PfHsp90 is
also organized in a multi-chaperone complex, we analyzed its
size under conditions that would preserve protein-protein in-
teractions (see “Experimental Procedures”). Using mild lysis
conditions followed by gel filtration chromatography, we found
the PfHsp90 complex to be ~450 kDa in size (Fig. 4A). The size

of the complex suggested that, in addition to dimeric PfHsp90
(~180 kDa) and PfHsp70 (~70 kDa), it contained other pro-
teins. To examine the identities of the proteins associated with
PfHsp90, we used an approach of co-immunoprecipitation. Tro-
phozoites were metabolically labeled for 24 h, and the lysate
was immunoprecipitated with antibodies to PfHsp90. Protein A
beads alone were used as control. The immunoprecipitates
were analyzed by two-dimensional gel electrophoresis and flu-
orography. As shown in Fig. 4B, in addition to PfHsp90, three
other proteins could be co-precipitated using antibodies to Pf-
Hsp90. Among these proteins, spot number 2 (Fig. 4B) corre-
sponded to PfHsp70 (11). To examine the identities of the
proteins, we excised spot numbers 3 and 4 (Fig. 4B) from a
two-dimensional gel electrophoresis that was run in parallel
and subjected the protein spots to in-gel trypsin digestion and
MALDI-TOF analysis using the Ettan Pro system (Amersham
Biosciences). Peptide mass fingerprinting by MALDI-TOF
showed that spot numbers 3 and 4 (Fiig. 4B) correspond to Ser/
Thr protein phosphatase 5 (PfPP5) (gene identifier 23619476)
and a-tubulin (gene identifier 23510202), respectively (not
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shown). Previously, co-immunoprecipitation of PfHsp90 using
antibodies to PfPP5 has been demonstrated (14). Both PP5 and
tubulin have been shown to interact with Hsp90 in mammalian
cells (15, 16). Whereas PP5 is known to be a bona fide co-
chaperone component of the mammalian Hsp90 multi-
chaperone complex, tubulin is its known client protein (17, 18).
Overall, the results showed PfHsp90 to be organized in a multi-
chaperone complex consisting of PfHsp70, PfPP5, tubulin, and
an additional protein that needs to be identified. The complex
was akin to that found in higher eukaryotes both in terms of its
size as well as composition.

To examine the effect of GA on the PfHsp90 complex, para-
site lysate was fractionated using a Superdex 200 gel filtration
column. Fractions corresponding to PfHsp90 were pooled, con-
centrated, and divided into two aliquots (see “Experimental
Procedures”). Following treatment with Me,SO or GA (100 um),
the concentrate was rerun through the Superdex 200 column,
and the fractions were analyzed for the presence of PfHsp90 by
immunoblotting. Although the Me,SO-treated sample showed
PfHsp90 to be in a complex of ~450 kDa (Fig. 4C, top), the
aliquots exposed to GA showed that ~50% of PfHsp90 appears
in fractions corresponding to ~160 kDa in size (Fig. 4C, bot-
tom). The result indicated that the binding of GA to PfHsp90
resulted in dissociation of the PfHsp90 complex. We also exam-
ined the effect of GA on the PfHsp90 complex in vivo using
much lesser concentrations of GA (10 um). By metabolic label-
ing and co-immunoprecipitation, we found that co-precipitation
of PfHsp90 with antibodies to PfHsp70 was reduced in GA-
treated cells (not shown). The results clearly indicated that GA
treatment in cells resulted in destabilization of the PfHsp90-
PfHsp70 complex.

DISCUSSION

The occurrence of chills followed by a febrile episode at 48-h
intervals is a common manifestation of P. falciparum malaria.
Body temperatures ranging from 38 to 41 °C are commonly
encountered during febrile episodes in malaria patients (2).
The influence of such repeated exposures to high temperatures
on parasite growth has not been studied systematically. We
have examined the influence of two repeated febrile episodes on
parasite growth by exposing them to elevated temperatures
twice with a recovery phase in between. Our rationale was to
expose parasites to elevated temperatures under conditions
mimicking subtertian as well as tertian malaria. Parasites
were exposed to 40 °C twice with either an interval of 10 or
48 h, and parasite numbers as well as stages were monitored at
0, 6, and 12 h after the second heat shock.

Using a conventional method of counting parasites from Gi-
emsa-stained smears as well as a flow cytometry-based ap-
proach, we found that exposure to a prior heat shock conferred
significant protection against the second heat shock. Parasites
not exposed to prior heat shock did not withstand elevated
temperatures, as seen by a drop in overall parasite count. Our
observation is in agreement with the inhibitory effect of heat
shock on parasite growth reported previously (6). Importantly,
we found that parasites exposed to a prior heat shock were not
only cytoprotected but also developed efficiently to the tropho-
zoite stage in response to the second heat shock. The promotion
of ring to trophozoite transition in response to a prior heat
shock resulted in an overall increase in the efficiency of the
infection cycle. Parasites subjected to prior heat shock gave rise
to a 4-fold greater number of newly invaded rings in the next
infection cycle. The results clearly showed that a prior heat shock
had a stimulatory effect on parasite development during the
subsequent exposure to heat shock. These observations imply
that the appearance of repeated febrile episodes in malaria pa-
tients can hasten intra-erythrocytic development of the parasite.

Heat Shock Protein 90 Controls Development in Malaria

Heat shock is also known to regulate stage transformation in
protozoan parasites like Leishmania and Trypanosoma (19,
20). In Leishmania, the temperature-dependent developmental
transition from promastigote to amastigote forms is triggered
through Hsp90 (19). Although there is awareness about the
regulatory role played by temperature in Plasmodium (7), this
is the first demonstration that increased temperature can pro-
mote intra-erythrocytic stage maturation in the malarial
parasite.

We implicated PfHsp90 in heat shock-dependent cytoprotec-
tion using GA, a specific inhibitor of Hsp90 function (10, 12,
13). The addition of GA to parasite cultures interfered with the
protection conferred by a prior heat shock and arrested a sig-
nificant population of parasites at the ring stage. A sizable
population of cells exposed to PHS did go on to form trophozo-
ites even in the presence of GA, indicating that PHS was able
to counter GA-mediated growth arrest. GA inhibited PfHsp90
function by direct binding and disruption of its complex with
PfHsp70 and other co-chaperones. These results indicated that
PfHsp90 multi-chaperone function was necessary for cytopro-
tection against exposure to elevated temperatures. Our obser-
vations suggest that recurrent fever, which is a characteristic
of clinical malaria, contributes to the pathogenesis by promot-
ing parasite development and increasing parasite counts in
circulation. Such growth-stimulating effects of febrile temper-
atures on parasite growth are mediated through heat shock
protein 90-dependent mechanisms.

In eukaryotic cells, the Hsp90 multichaperone complex has
evolved to respond to extracellular signals by effecting the
ligand-mediated expression of specific genes (21-23) or modu-
lating the activities of protein kinases involved in signal trans-
duction pathways (24—-26). The system has been optimized to
respond to hormonal regulation (27) and cell-cell communica-
tion (28, 29) in multicellular organisms. It appears that in
unicellular intracellular parasites like Plasmodium, the Pf-
Hsp90 complex is fine-tuned to sense and respond to the milieu
within the host.
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