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Malaria kills more than 1 million people per year worldwide, with severe malaria anemia accounting for the majority of the
deaths. Malaria anemia is multifactorial in etiology, including infected erythrocyte destruction and decrease in erythrocyte pro-
duction, as well as destruction or clearance of noninfected erythrocytes. We identified a panspecies Plasmodium hemolysin type
III related to bacterial hemolysins. The identification of a hemolysin III homologue in Plasmodium suggests a potential role in
host erythrocyte lysis. Here, we report the first characterization of Plasmodium falciparum hemolysin III, showing that the solu-
ble recombinant P. falciparum hemolysin III is a pore-forming protein capable of lysing human erythrocytes in a dose-, time-,
and temperature-dependent fashion. The recombinant P. falciparum hemolysin III-induced hemolysis was partially inhibited
by glibenclamide, a known channel antagonist. Studies with polyethylene glycol molecules of different molecular weights indi-
cated a pore size of approximately 3.2 nm. Heterologous expression of recombinant P. falciparum hemolysin III in Xenopus
oocytes demonstrated early hypotonic lysis similar to that of the pore-forming aquaporin control. Live fluorescence microscopy
localized transfected recombinant green fluorescent protein (GFP)-tagged P. falciparum hemolysin III to the essential digestive
vacuole of the P. falciparum parasite. These transfected trophozoites also possessed a swollen digestive vacuole phenotype.
Native Plasmodium hemolysin III in the digestive vacuole may contribute to lysis of the parasitophorous vacuole membrane de-
rived from the host erythrocyte. After merozoite egress from infected erythrocytes, remnant P. falciparum hemolysin III re-
leased from digestive vacuoles could potentially contribute to lysis of uninfected erythrocytes to contribute to severe life-threat-
ening anemia.

An estimated 1,238,000 people died of malaria worldwide in
2010 (1). Severe malaria anemia contributes to a significant

portion of malaria-related deaths. A study done in Western Kenya
showed that severe malaria anemia accounted for 53% of malaria-
related mortality (2). The etiology of malaria anemia is multifac-
torial and not fully understood (3, 4). Bone marrow suppression
and increased destruction of red blood cells are the main mecha-
nisms contributing to severe malaria anemia. Besides the obvious
destruction of infected erythrocytes (parasitemias can reach 1 to
10%), increased clearance of uninfected erythrocytes is a major
contributor to anemia. Studies estimate that 8 to 10 uninfected
erythrocytes are destroyed for each infected erythrocyte (5, 6).
Both extravascular and intravascular hemolysis of uninfected
erythrocytes play important roles in severe malaria anemia patho-
genesis (7).

Using the Plasmodium database, we identified a putative he-
molysin in Plasmodium falciparum (gene ID, PF3D7_1455400 or
PF14_0528) belonging to the hemolysin III superfamily (8). P.
falciparum hemolysin III (PfHly III) is located on chromosome 14.
Homologues have been identified in all Plasmodium genomes se-
quenced, including P. vivax, P. yoelii, P. berghei, and P. knowlesi, as
well as Toxoplasma and Babesia genomes. The PfHly III gene has
one intron, and the coding sequence consists of 849 bp with a GC
content of 24%. The cDNA encodes a polypeptide of 282 amino
acids with a predicted molecular mass of 33 kDa. PfHly III gene
transcripts were detected in the erythrocytic stages, in gameto-
cytes, and in patient samples from pregnant women and also chil-
dren (9, 10). Mass spectrometry detected PfHly III in gametocytes
(11). From Bacillus cereus and Vibrio vulnificus Hly III studies, Hly
III was shown to be a pore-forming protein, 3 to 3.5 nm in diam-
eter, with optimal hemolysis at 37°C (12–14). Over evolutionary
time, hemolysins have adapted essential transport roles in Plasmo-

dium, contrasting with their ancient bacterial pore-forming cyto-
toxic effect. For example, export protein 2 (EXP2) is a pore-form-
ing protein that is homologous to hemolysin E. EXP2 is part of an
essential protein transporter complex (PTEX) in Plasmodium, re-
sponsible for the translocation of exported proteins. PTEX was
shown to function in exporting parasite proteins into the cytosol
of the host erythrocyte (15, 16). The contribution of the Plasmo-
dium hemolysin III homologue to the destruction of host eryth-
rocytes that occurs during malaria infection is not known.

Here, we report the initial characterization of the PfHly III
homologue. Recombinant PfHly III (recPfHly III) lysed human
erythrocytes by a pore-forming mechanism, ruptured Xenopus
laevis oocytes, and localized to the unique, essential digestive
vacuole.

MATERIALS AND METHODS
Construction of pUC18-PfHly III expression vector. The codon-opti-
mized PfHly III gene (GenScript, Piscataway, NJ; see Fig. S1 in the sup-
plemental material) was cloned into the pET22b plasmid (Novagen-
Merck Millipore). PfHly III was amplified from pET22b-PfHly III using
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PCR with a 5= primer (5=-GGATCCCATCACCACCATCATCATGAATT
CATGGAATTTTACAAAAAC-3=) and 3= primer (5=-TCTAGATCAGTG
GTGGTGGTGGTGGTG-3=) to generate the BamHI and XbaI sites com-
patible with the pUC18 plasmid (Agilent/Stratagene, Santa Clara, CA).
The DNA insert was confirmed by sequencing.

Bacterial expression of recombinant PfHly III. The ampicillin-resis-
tant pUC18-PfHly III expression vector was transformed into Escherichia
coli HB101 competent cells and grown to an optical density at 600 nm
(OD600) of 0.4, followed by a 16-h 37°C protein induction with 1 mM
isopropyl-�-D-thiogalactoside. The bacterial pellet was sonicated in 2 ml
of phosphate-buffered saline (PBS) followed by microcentrifugation at
12,000 � g at 4°C. recPfHly III was purified from the soluble supernatant
under native conditions by addition of precharged Ni2�-nitrilotriacetic
acid (NTA) resin and incubation overnight at 4°C under gentle mixing by
end-over-end rotation, followed by centrifugal washes with PBS contain-
ing 5 mM imidazole and finally elution with 100 mM EDTA. The elutions
were dialyzed overnight at 4°C against PBS (pH 7.5) using Slide-A-Lyzer
(Thermo Scientific) to remove EDTA and imidazole. pUC18-only plas-
mid was transformed, induced, and purified under the same conditions
and used as a negative control.

Western blot analysis of recPfHly III. Soluble recPfHly III was sepa-
rated by SDS-PAGE and transferred to a nitrocellulose membrane (Bio-
Rad). The membrane was blocked with Qiagen blocking buffer at 37°C for
1 h, washed 3 times with PBS (0.05% Tween 20), and then incubated with
a 1:1,000 dilution of anti-His– horseradish peroxidase (HRP) conjugate in
blocking buffer at 4°C overnight. Protein was visualized with enhanced
chemiluminescence.

Hemolytic activity assay. Human erythrocytes were washed with
PBS (pH 7. 5) three times and adjusted to a final concentration of 1%
(vol/vol). The erythrocyte suspension (0.1 ml) was incubated with 0.1 ml
of recPfHly III diluted in PBS. The mixture was incubated for a total of 60
min at 37°C. The reaction mixtures were then centrifuged at 1,000 � g for
5 min. Hemoglobin released from recPfHly III-induced hemolysis was
monitored by the absorbance of the supernatant at 550 nm. One hemo-
lytic unit (HU) was defined as the dose of recPfHly III that elicited 50%
hemolysis. One hundred percent hemolysis was the amount of hemoglo-
bin released after treating human erythrocytes (1%) with 0.1% Triton
X-100. The hemolytic activity assay of recPfHly III was studied at indi-
cated temperatures.

Osmotic protection experiments. For osmotic protection experi-
ments, 0.1 ml of recPfHly III (2 HU) was incubated with 0.1 ml of human
erythrocytes (final concentration, 1%) suspended in PBS (pH 7.5) con-
taining an osmotic protectant at a final concentration of 30 mM (17).
Incubation was at 37°C for 60 min, and the mixture was immediately
subjected to the hemolytic activity assay. Osmotic protectants included
glucose, polyethylene glycol 600 (PEG 600), PEG 1500, PEG 2000, PEG
3350, PEG 4600, PEG 6000, and PEG 8000 (Sigma). The control used
recPfHly III without any osmotic protectants.

Drug inhibition assay. Pharmacological agents clotrimazole, dan-
trolene, furosemide, glibenclamide, and phlorizin were selected from the
Johns Hopkins Clinical Compound Library (18). Each 10 mM drug was
diluted in PBS (pH 7.5) to a final concentration of 100 �M. Each drug was
incubated with recPfHly III (0.5 HU) and 1% erythrocytes at 37°C for 60
min and immediately subjected to the hemolytic activity assay. The con-
trol used recPfHly III without any pharmacological agent. All samples had
an equivalent amount of dimethyl sulfoxide (DMSO).

Immunofluorescence assay (IFA). recPfHly III (5 HU) was incubated
with 1% human erythrocytes and 30 mM PEG 4600 at 37°C for 60 min.
The erythrocytes were pelleted and washed with PBS containing 30 mM
PEG 4600, a total of 3 times. The cells were then spotted on polylysine-
coated slides and fixed in 4% formalin for 30 min. The cells were washed
with PBS and permeabilized with PBS containing 0.1% Triton X-100 for 5
min. Cells were again washed and incubated with blocking buffer at 4°C
overnight. Cells were washed and incubated with penta-His Alexa Fluor
488 conjugate (Qiagen). Cells were washed with PBS 3 times and sealed

under a coverslip, and images were captured on a Nikon Eclipse 90i fluo-
rescence microscope.

Oocyte expression. The plasmid pGS21a_PfHly III-flag with an NheI
site was constructed using the QuikChange Lightning site-directed mu-
tagenesis kit (Stratagene), digested with EcoRI and NheI, and ligated into
pX�G-ev1-myc to produce pX�G-ev1-myc-PfHly III-flag. We received
pX�G-ev1-myc and pX�G-ev1-hAQP1 cDNA as a generous gift from
Peter Agre. Capped cRNA was produced using in vitro transcription from
either the pX�G-ev1-myc-PfHly III-flag or pX�G-ev1-hAQP1 plasmid
template and linearized with XbaI, using T3 RNA polymerase and the
RNeasy minikit (Qiagen). X. laevis oocytes generously donated by Craig
Montell were defolliculated and injected with 25 to 44 ng of cRNA or 50 nl
of diethyl pyrocarbonate (DEPC)-treated water, followed by incubation
at 16°C for 3 to 5 days in oocyte recipe 3 medium. Oocytes were collected
72, 96, and 120 h postinjection for Western blot analysis and swelling
assays, described below.

For Western blot analysis, 10 oocytes per treatment were pooled into
200 �l of ice-cold lysis buffer (20 mM Tris-HCl, pH 7.5, 140 mM NaCl,
2% Triton X-100, 1� protease inhibitor [Sigma fast protease inhibitor
cocktail tablet, EDTA free]) and incubated on ice for 30 min. Oocytes were
homogenized by pipetting samples repeatedly and centrifuged at 4,500 �
g for 15 min at 4°C to remove yolk and cellular debris. The supernatant
was transferred to a new tube and incubated on ice for 30 min, with
occasional vortexing. The sample was spun at 15,000 � g for 15 min at 4°C
to remove insoluble materials, and the supernatant was stored in SDS
loading buffer at �20°C. Samples were thawed on ice (not heated) and
then run on an SDS-PAGE gel. Proteins were then transferred to a nitro-
cellulose membrane and probed with anti-Flag M2 (Sigma), anti-myc-
HRP (Invitrogen), anti-aquaporin 1 (anti-AQP1) B-11 (Santa Cruz), or
anti-beta-actin antibodies (AbCam). Swelling assays were modified from
previous protocols (19). Briefly, 5 to 6 oocytes per group were transferred
to a small petri dish of water (hypotonic) and monitored with videomi-
croscopy at room temperature for swelling and rupture over a time course
of 0 to 60 min. Still pictures were taken at 0, 1, 5, 10, 15, 30, 45, and 60 min,
and the number of intact oocytes was determined based on the number of
oocytes which did not rupture in water after each time point.

Parasite culture, vector construction, and transfection. P. falcipa-
rum Dd2attB strain parasites and transfection plasmids (pLN and pINT)
were kindly provided by Sean Prigge at Johns Hopkins Bloomberg School
of Public Health. Parasites were cultured in RPMI 1640 medium (Cellgro)
supplemented with 10% human serum at 2% hematocrit under 5% O2,
5% CO2, and 90% N2 atmosphere at 37°C. PfHly III was PCR amplified
from P. falciparum 3D7 cDNA using a 5= primer (5=-CCTAGGATGGAA
TTTTATAAGAACTTTTTTTCAC-3=) and a 3= primer (5=CGTACGTTT
GTCATCGTCATCTTTGTAATCTGTTCTTTTAATAACACTACAAT
TTAG-3=). The PCR product was then ligated into the AvrII and BsiWI
sites of the pLN plasmid (20). The DNA insert was confirmed by DNA
sequencing. The pLN had a mitochondrial ribosomal protein L2 (mRPL2)
promoter (21). Parasites were transfected as described previously (22).
Briefly, uninfected red blood cells were loaded into 0.2-cm cuvettes and
electroporated (Bio-Rad Gene Pulser; 310 V, 950 �F, infinite resistance)
with 75 �g of each plasmid, pLN-PfHly III and pINT. Dd2attB strain par-
asites were added to transfected erythrocytes. Transgenic parasites were
selected with 2.5 �g/ml blasticidin (Invitrogen). Integration into the
genomic attB site was verified by PCR as described previously (22).

Fluorescence microscopy, nucleic acid, and Western blot analyses of
transgenic parasites. The localization of recPfHly III-green fluorescent
protein (GFP) fusion protein within the transgenic parasite was deter-
mined using live fluorescence microscopy (23). Mature parasites (tropho-
zoites and schizonts) were purified using a 62% Percoll gradient and then
washed 3 times with RPMI medium. Transgenic parasites were streaked
on a slide, and images were captured on a Nikon Eclipse 90i fluorescence
microscope and deconvoluted with Volocity software (Improvision).
Genomic DNA was isolated from transgenic parasites using DNAzol re-
agent (Invitrogen). To verify integration of our construct in Dd2attB, the
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following PCR primers were used to detect integration both before and
after the fusion protein (22): 5=1, forward primer located in Cg6 5= un-
translated region (UTR) (5=-GCGCAATTAACCCTCACTAAAGGG-3=);
5=2, reverse primer located in backbone of pLN vector about 200 bp
downstream of attP sites (5=-GCACAGATGCGTAAGGAGAAAATACC-
3=); 3=1, forward primer located in pLN vector in hrp2 3=UTR (5=-GATA
GCGATTTTTTTTACTGTCTG-3=); and 3=2, reverse primer located in
Cg6 3=UTR between attB/attR sites and dihydrofolate reductase (DHFR)
gene (5=-TGTATAAAAGATGAACATGGTGAATTC-3=).

PCR primers p1 and p2 were used to detect the presence of GFP DNA
in transgenic parasites, and PCR primers p2 and p3 were used to detect the
presence of PfHly-GFP fusion DNA: p1 primer, 5=-CGTACGAGTAAAG
GAGAAGAACTTTTCACTGG-3=; p2 primer, 5=-CTTAAGTTATTTGT
ATAGTTCATCCATGCC-3=; p3 primer, 5=-GTCTAGGAAGTGCTGTA
TGCACATTTGTCC-3=.

Mature parasites were pelleted, washed 3 times in PBS, and resuspended
in SDS-PAGE sample loading buffer. A Western blot assay was performed as
described above using 1:1,000 anti-GFP antibody (Invitrogen).

Genomic and cDNA amplification. Total RNA was isolated from P.
falciparum 3D7 cells, treated with RNase-free DNase I (Roche) in 100 mM
sodium acetate (pH 5.0), repurified, and mixed with Superscript II reverse
transcriptase (RT) and poly(T) to synthesize cDNA. Full-length primers
for P. falciparum PfHly III were as follows: forward, 5=-CTGCAGAATTC
CATGGAATTTTATAAGAACTTTTTTTCAC-3=, and reverse, 5=-CTGC
AGAATTCCATGGTGTTCTTTTAATAACACTACAATTTAGG-3=.
Analysis was performed on a 1% agarose gel with genomic DNA at 200 ng,
cDNA, and no reverse transcript RNA for PCR amplicons.

GST and MBP fusion protein expression and purification, anti-
PfHly III antibody production, Western blot assays, and GSTF80AA
competition. The first 80 amino acids of PfHly III were expressed as a
glutathione S-transferase (GST) fusion protein (GSTF80AA) by cloning a
240-bp insert encoding the codon-optimized N-terminal 80 amino acids
into the pGEXT vector. Primers for expression from optimized genomic
template were as follows: forward, 5=-GAATTCAATGGAATTTTACAAA
AACTTC-3=, and reverse, 5=-GAATTCCTAAGCTTGCCGCGAAACAG
GGTTTTG-3=. Expression of the GST fusion protein was conducted in
BL21*RIL cells in LB broth plus ampicillin and chloramphenicol induced
with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) at an optical
density at 600 nm (OD600) of 0.6 and incubated for 10 h at 20°C. The
GSTF80AA fusion protein was purified after high-pressure cell homoge-
nization (EmulsiFlex C5 cell disruptor; Avestin; 100 MPa), centrifugation,
and incubation of supernatant with glutathione-Sepharose 4B resin (GE
Healthcare), followed by elution with 10 mM glutathione. Purified
GSTF80AA was used to immunize a rabbit at Cocalico Biologicals, and
preimmune serum, test bleeds, and the final bleed were received and
tested by Western blotting. Separately, a maltose binding protein (MBP)
construct was also made using the same PCR insert cloned into the MBP-
tev pRSF vector, and the MBPF80AA fusion protein was expressed in LB
plus kanamycin and 0.2% glucose, induced as described above for the GST
fusion protein, and purified using amylose resin (NEB catalog no.
E8021L), eluted with 10 mM maltose. The MBPF80AA protein was used
for testing of anti-PfHly III antibodies as well as for affinity purification
involving coupling the MBPF80AA fusion protein to an N-hydroxy-suc-
cinimide (NHS)-activated HiTrap column (GE Healthcare), running the
antiserum over the column for 1 h, washing with binding buffer (0.05 M
NaH2PO4, 0.15 NaCl, 0.01 M EDTA), and eluting with 0.1 M glycine, 0.15
M NaCl, pH 2.6. Antibody responses were determined by Western blot
analysis as described above with antiserum concentrations at 1:10,000 and
affinity-purified test bleed 2 (APTB2) at 1:1,000. The GSTF80AA fusion
protein was used in competition for native or recombinant PfHly III an-
tigen by preincubating APTB2 anti-PfHly III antiserum (20 �l, 0.34
mg/ml with majority of protein present as bovine serum albumin [BSA]
from purification) with 100 �l of GSTF80AA fusion protein (0.35 mg/ml),
at an approximately 1:50 ratio in 1 ml of blocking buffer (5% milk in

PBS-Tween 0.1%) for 1 h, followed by dilution to 20 ml for Western blot
analysis.

Statistical methods. Each experimental group consisted of three rep-
licates. The data obtained from the study were expressed as mean � stan-
dard deviation. Student’s t test was used to determine statistical signifi-
cance. A P value of �0. 05 was considered statistically significant.

RESULTS
Bacterial expression of recombinant PfHly III. In this study, we
were able to express and enrich recPfHly III. Previous studies ex-
perienced difficulty purifying the Hly III protein. This was mainly
due to the remarkable toxicity of the protein (12). We also had
similar toxicity issues while trying to express recPfHly III using
highly efficient expression plasmids such as pGS-21a (GenScript).
Previous Hly III-related studies used the weak-expression pUC
vector to avoid toxicity problems (12–14). To enrich recPfHly III,
we developed an expression construct that had 6�His tags at both
ends of the Hly III insert, ligated into a pUC18 plasmid (Fig. 1A).
We were able to demonstrate the presence of soluble expressed
recPfHly III by SDS-PAGE and Western blot analysis (Fig. 1B and
C). An immunofluorescence assay (IFA) was performed using an-
ti-His antibody conjugated to Alexa Fluor 488 on recPfHly III-
treated erythrocytes. PEG 4600 was added to the assay to prevent
hemolysis but not binding of Hly III to the erythrocyte membrane.
Immunofluorescence microscopy showed recPfHly III coating the
erythrocyte membrane (Fig. 1C and D).

recPfHly III demonstrated hemolytic activity. Washed hu-
man erythrocytes were incubated at various temperatures with
recPfHly III (2 HU), and hemolysis was determined by absor-
bance at 550 nm, an isosbestic point of hemoglobin. The amount
of 1 hemolytic unit was roughly equivalent to 0.25 �g ml�1, which

FIG 1 Characterization of PfHly III. (A) Schematic of pUC-PfHly III expres-
sion vector showing recPfHly III flanked by His6 tags inserted in the pUC18
plasmid. (B) SDS-PAGE gel of purified His-tagged recPfHly III compared to
soluble supernatant. (C) Western blot assay with anti-His antibody confirm-
ing expression of recPfHly III. (D) IFA with anti-His antibody conjugated with
Alexa 488 showing Hly III coating the erythrocyte membrane.
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is approximately 7 nM. Lysis of erythrocytes by recPfHly III was
optimal at 37°C (Fig. 2A). No significant hemolysis was seen at 4°C
and with the negative controls. Binding of Hly III to erythrocytes
has been previously reported to be temperature dependent (13).

Hemolytic activity was completely lost when recPfHly III was
heated at 65°C for 15 min. recPfHly III-induced hemolysis was the
same at pH 5.0.

Osmotic protectants inhibit recPfHly III-induced hemoly-
sis. Inhibition of hemolysis by osmotic protectants is considered a
distinctive feature of pore-forming hemolysins (13). In addition,
the protectants can allow estimation of the size of pores present in
erythrocyte membranes created by pore-forming hemolysin. Os-
motic protectants with hydrodynamic radii equal to or larger than
those of the pores can block the pores effectively and thus prevent
the lysis of erythrocytes (24). To assess the effect of osmotic pro-
tectants on recPfHly III-induced hemolysis, we estimated hemo-
lytic activity in the presence of glucose and PEG solutes (final
concentration, 30 mM). There was a significant inhibition of he-
molysis (	50% protection from hemolysis) by PEG 3350, with a
hydrodynamic diameter of 3.2 nm, and almost complete inhibi-
tion by PEG 4600 and above (Fig. 2B). The inhibitory effects were
similar to those in a previous study that showed the pore size for
Hly III to have a hydrodynamic diameter of 3. 0 to 3.5 nm (13).
Washing erythrocytes and resuspending them in PBS induced he-
molysis, indicating that PEG solutes had no effect on binding.

Glibenclamide partially inhibits recPfHly III-induced he-
molysis. We also wanted to determine if recPfHly III-induced
hemolysis could be inhibited by pharmacological agents. Several
drugs were selected from the Johns Hopkins Clinical Compound
Library (18). They were selected based on having antimalarial and
channel-inhibitory effects. The selected agents were clotrimazole,
dantrolene, furosemide, glibenclamide, and phlorizin. Drugs (100
�m) and Hly III (0.5 HU) were incubated with 1% human eryth-
rocytes at 37°C for 60 min. Hemolysis was quantified by measur-
ing absorbance at 550 nm. Glibenclamide was the only drug to
show a statistically significant inhibition of recPfHly III-induced
hemolysis (Fig. 2C). The quinoline drugs did not demonstrate any
significant inhibition of hemolysis (data not shown).

Rupture of Xenopus oocytes expressing PfHly III. We wanted
to investigate recPfHly III lytic activity in a nonbacterial system.
We constructed an expression plasmid with recPfHly III flanked
by Myc and Flag tags, pX�G-ev1-myc-PfHly III-flag, and pro-
duced RNA with in vitro transcription (Fig. 3A and B), along with
human aquaporin 1 (hAQP1) RNA for use as a positive control.
Myc-PfHly III-Flag and hAQP1 RNA were injected at 25- to 44-ng
concentrations into X. laevis oocytes along with diethyl pyrocar-
bonate (DEPC)-treated water-injected controls, and protein ex-
pression was monitored from 72 to 120 h postinjection using anti-
Myc, anti-Flag, and anti-hAQP1 antibodies for Western blot assays.
hAQP1 was expressed in only hAQP1 RNA-injected oocytes (20
kDa), whereas a 25-kDa product was consistently identified in Myc-
PfHly III-Flag RNA-injected oocytes with both anti-Myc and anti-
Flag antibodies but not in the hAQP1- or water-injected controls
(Fig. 4A). A 30-kDa product was also identified with the anti-Myc
antibody. While the predicted size of Myc-PfHly III-Flag is 36 kDa,
the data suggest that the protein may be processed or run at a different
size on the gel. In order to determine whether expression of Myc-
PfHly III-Flag would result in sensitivity to hypotonic lysis similar to
that of hAQP1, we conducted swelling assays 120 h postinjection
and monitored swelling and rupture of H2O-, hAQP1-, and Myc-
PfHly III-Flag-injected oocytes for 1 h. Myc-PfHly III-Flag-ex-
pressing oocytes showed an intermediate phenotype, rupturing at
a slightly lower rate than hAQP1-expressing oocytes, compared to
little to no rupturing of water-injected controls (Fig. 4B and C). A

FIG 2 Hemolytic activity of recPfHly III. (A) Time and temperature depen-
dence of hemolysis determined by absorbance at 550 nm with 2 hemolytic
units of recPfHly III and washed human erythrocytes. (B) Increasing size of the
osmotic protectant PEG at 30 mM and 2 hemolytic units of recPfHly III at
37°C for 60 min. The zero control used hemolysin without protectants. In-
creasing pore size was determined with glucose (0.7 nm), PEG 600 (1.5 nm),
PEG 1500 (2.4 nm), PEG 2000 (2.8 nm), PEG 3350 (3.2 nm), PEG 4600 (4.1
nm), PEG 6000 (5.6 nm), and PEG 8000 (6.4 nm). (C) Partial drug inhibition
by glibenclamide. Drugs at 100 �M and recPfHly III (0. 5 HU) were incubated
with 1% human erythrocytes at 37°C for 60 min. *, P value � 0.05 (Student’s
t test). Each value is the mean � standard deviation of three replicates from
one experiment and is representative of two independent experiments.
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time course analysis is depicted in Fig. S2 in the supplemental
material. Finally, addition of 30 mM osmotic protectant polyeth-
ylene glycol (PEG) at increasing molecular weights (1,500, 3,350,
and 6,000) resulted in decreased rupture of Myc-PfHly III-Flag
expressing oocytes, with PEG 6000 protecting almost 100% of
oocytes from rupturing up to 1 h (Fig. 5).

PfHly III-GFP localizes to the parasite digestive vacuole. We
investigated the localization of PfHly III by integrating the PfHly
III-GFP fusion protein into the Dd2attb genome. The integration
was done by transfecting the parasite with pLN-PfHly III and
pINT. PCR analysis on transfected parasites using primers (GFP
for, Hly III for, and GFP rev) demonstrated the presence of pLN-
PfHly III-GFP DNA (Fig. 6A to D). We confirmed that a PfHly
III-GFP fusion protein of the expected size was expressed by West-
ern blotting with anti-GFP antibody (see Fig. 9C and D). Micros-
copy of Giemsa-stained transfected P. falciparum with Hly III-
GFP fusion protein demonstrated swollen digestive vacuole
phenotypes (Fig. 7B). Live fluorescence microscopy shows lo-
calization to the digestive vacuole evident by colocalization of
recPfHly III-GFP with hemozoin (Fig. 7C).

PfHly III transcripts are in 3D7 erythrocytic stages, and most
of the protein exists in a pelletable membrane fraction in tro-
phozoites. We amplified cDNA and genomic DNA, verifying

FIG 3 (A) pX�G-ev1-myc-PfHly III-flag construct. (B) In vitro transcription product, RNA (1,315 bp), on a 1% agarose-6.6% formaldehyde denaturing gel.
Lane 1, 0.5- to 10-kb RNA ladder; lane 2, RNA sample.

FIG 4 Swelling and rupture of Xenopus oocytes expressing recPfHly III. (A) X.
laevis oocytes injected with pX�G-ev1-myc-recPfHly III-flag cRNA express
PfHly III (25 kDa), recognized by both anti-Myc and anti-Flag antibodies,
whereas pX�G-ev1-hAQP1 cRNA-injected oocytes express hAQP1 (20 kDa).
(B) hAQP1- and recPfHly III-expressing oocytes swell and rupture in a time-
dependent manner in hypotonic buffer (water) at a higher rate than do the
water-injected controls. Three independent experiments were conducted with
three to six oocytes per group, and the mean percentage of intact oocytes was
calculated and reported with the standard error of the mean. (C) Still photos of
water control (45 min), hAQP1 (1 min), and PfHly III (5 min).

FIG 5 Addition of increasing-molecular-weight polyethylene glycol (PEG)
decreases rupture in recPfHly III-expressing oocytes in a size-dependent man-
ner. Mean percentage reported with standard error of the mean (3 indepen-
dent experiments for each treatment).
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that the 3= intron was spliced out in intraerythrocytic transcripts
from 3D7 parasites (Fig. 8). Rabbits were immunized with a GST–
80-amino-acid soluble amino-terminal tail for PfHly III
(GSTF80AA) to obtain anti-PfHly III antiserum (Fig. 9A). A malt-
ose-binding protein fusion to the same 80-amino-acid N-terminal
tail (MBPF80AA) was used to affinity purify specific antibody
(Fig. 9B). In Dd2attB-transfected PfHly III-GFP parasites, the na-
tive protein was more abundant than the larger-molecular-mass
PfHly III-GFP fusion of 
50 kDa (Fig. 9C). The competition of
antibody signal by GSTF80AA drastically minimized the 
25-
kDa native protein as well as PfHly III-GFP fusion at about 50
kDa. We observed some persistent higher-molecular-weight
cross-reacting bands that were not competed by recombinant pro-
tein.

We investigated the relative proportions of soluble and mem-
brane native PfHly III in asexual whole-cell lysate, which indicated
that most of the native protein was in the membrane fraction
rather than soluble supernatants (Fig. 9D). Finally, in a popula-
tion of synchronized rings and trophozoites which were equalized
to protein content, which increases the number of rings compared
to the number of trophozoites, the native protein was largely ab-
sent in rings and competition with GSTF80AA ablated signal from
native protein (Fig. 9E).

DISCUSSION

RecPfHly III-induced hemolysis was optimal at 37°C, with no ac-
tivity at 4°C (Fig. 2A). It was previously reported that B. cereus Hly
III acts via a multihit mechanism. The first step involves the bind-
ing of Hly III monomers to the erythrocyte membrane. This is
followed by the assembly of monomers into an oligomeric pore-
forming hemolysin. Baida and Kuzmin showed that monomeric
binding and assembly were both temperature dependent and that
these steps were inhibited at 4°C (13). Since recPfHly III and B.
cereus Hly III share significant amino acid sequence similarity, it
would be a reasonable deduction that recPfHly III acts by a tem-
perature-dependent multihit mechanism.

Hemolysins disrupt erythrocyte membranes via channel for-
mation (pore forming), detergent action, or lipase activity (25).
recPfHly III was found to mediate hemolysis by pore formation,
with a pore size of approximately 3.2 nm, in keeping with the
previous B. cereus Hly III reported pore size of 3.0 to 3. 5 nm (13).
Expression of recPfHly III in X. laevis oocytes resulted in sensitiv-
ity to hypotonic lysis in a time-dependent manner similar to that
seen with hAQP1-expressing oocytes. Lysis of Myc-PfHly III-
Flag-expressing oocytes was also reduced in the presence of an
osmotic protectant of sufficient diameter, supporting a pore-
forming mechanism for recPfHly III (Fig. 5). Because these pro-
teins can disrupt the membrane bilayer, they have the ability to
lyse erythrocytes and are labeled hemolysins (26). We were able to
show lysis whether the recPfHly III was expressed inside an oocyte
or added exogenously after soluble bacterial expression to the
outside erythrocytes, thus demonstrating formation of a bidirec-
tional pore.

Glibenclamide is a sulfonylurea that is used in the treatment of
type II diabetes. Glibenclamide was shown to inhibit the transport
of amino acid, sugar alcohol, an inorganic anion, and a cation
across the new permeation pathways in P. falciparum-infected
erythrocytes (27). In addition, glibenclamide has been shown to
inhibit a wide variety of channels such as the cystic fibrosis trans-
membrane conductance regulator (CFTR) Cl� channel, ATP-
sensitive K� channels, the Na�-K� pump, and Ca2� channels
(28). This broad spectrum of channel-blocking ability might ex-
plain why glibenclamide was able to partially inhibit recPfHly III-
induced hemolysis. We do not foresee the use of glibenclamide as
an antimalarial, as at present it is a crude partially active inhibitor.
Many proteins labeled hemolysins have other functions, such as
the Bordetella adenylate cyclase toxin. In addition to pore-forming
cytotoxicity, Bordetella adenylate cyclase toxin induces cell death
by enzymatically increasing cyclic AMP (cAMP) production,
which in turn stimulates calcium influx (29, 30). It is very possible
that PfHly III has more than one function and that hemolysis is an
adverse secondary effect.

FIG 6 Transfection of PfHly III-GFP into P. falciparum. (A) Schematic of PfHly III-GFP integrated into Dd2 genome. 5=1 (Cg6 5=), 5=2 (pLN-PfHly III rev), 3=1
(pLN-PfHly III-GFP for), and 3=2 (attR rev) represent primer annealing sites. (B) Predicted genetic locus and PCR verification of pLN-PfHly III-GFP integration
into the Dd2attB site. The 5=1 and 5=2 primers amplify a 350-bp product indicative of the attL site, and the 3=1 and 3=2 primers amplify a 680-bp product indicative
of the attR site, overall indicating integration into the targeted genetic locus. (C) Lane 1, PCR 720-bp amplicon with p1 and p2 primers demonstrating the
presence of GFP DNA in PfHly III-GFP-transfected parasites; lane 2, positive control; lane 3, negative control; lane M, marker. (D) PCR 780-bp amplicon with
p3 and p2 primers showing presence of PfHly III-GFP DNA.
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Severe anemia is one of the main causes of mortality and mor-
bidity seen with malaria infections (2, 31). Severe anemia is due in
large part to the destruction of uninfected red blood cells (6, 32).
The mechanism by which uninfected erythrocytes are destroyed is
not fully understood. Merozoite surface protein 2 can bind unin-
fected erythrocytes in an aborted invasion. Knockout of this pro-
tein decreased anemia in an animal model (33). PfHly III may play
a role in the destruction of uninfected erythrocytes, and the use of
recPfHly III antagonists by antibodies or possibly drugs could
alleviate this adverse effect, resulting in a decrease in malaria mor-

bidity and mortality. PfHly III in the digestive vacuoles may be
released into the bloodstream after merozoite rupture of the in-
fected erythrocyte. Digestive vacuoles would then rupture in the
plasma, resulting in PfHly III lysing uninfected erythrocytes. In
addition to directly lysing erythrocytes, the ability of PfHly III to
bind to uninfected human erythrocytes may provide another
mechanism for destruction of uninfected erythrocytes. As with
ring surface protein 2 (RSP2) (34), opsonization of PfHly III-
bearing uninfected erythrocytes may provide a mechanism of
phagocytic clearance.

Our results show that transfected PfHly III-GFP localizes to the
parasite digestive vacuole. Due to toxicity and the lack of viable
parasites, we switched from using the calmodulin promoter to the
weaker mRPL2 promoter for our transfection of recPfHly III-GFP
(at least a 100-fold difference [S. T. Prigge, unpublished data]).
Parasites expressing recPfHly III-GFP fusion protein generated
swollen vacuole phenotypes even though Western blot analysis
suggested that less recombinant than native PfHly III was present
in parasite lysates. The formation of swollen vacuoles in recPfHly
III-transfected parasites may be a result of the following: (i) recPfHly
III may be an influx channel and overexpression results in vacuo-
lar swelling; (ii) in addition to channel activity, recPfHly III may
have a regulatory effect on proteases and overexpressing recPfHly
III may have inhibited these proteases. Prior reports have shown
that protease inhibition can cause swollen vacuole phenotypes
(35, 36). It is quite possible that overexpression of recPfHly III
results in the accumulation of metabolic products. A previous
study showed that cells transfected with the lysosomal membrane
protein LIMPII resulted in swollen vacuoles. These swollen vacu-
oles had an accumulation of cholesterol (37) and more soluble
PfHly III-GFP than soluble native PfHly III. We do not think that
recPfHly III is being trafficked to the digestive vacuole for degra-
dation, as we found by Western blotting only the recPfHly III-GFP
fusion protein of the appropriate size with an absence of protein
fragments.

We localized native protein to membrane fractions predomi-
nately in trophozoites with very little protein present in ring-stage
parasites despite transcriptional evidence in ring stage in PlasmoDB.
Immunolocalization will require a monoclonal antibody or a dif-
ferent purification strategy of the rabbit polyclonal antibody, as we
still have nonspecific interaction with higher-molecular-weight
proteins that were not competed in the antibody-antigen combi-
nation experiments.

The first 80 amino acids at the N terminus of recPfHly III are
conserved across Plasmodium species but do not share homology
with the Hly III superfamily. Accordingly, we suspected that the

FIG 7 PfHly III-GFP localizes to the digestive vacuole of P. falciparum. (A)
Microscopy of Giemsa-stained nontransfected Dd2attB trophozoites and schi-
zonts. (B) Giemsa-stained transfected P. falciparum with PfHly III-GFP fusion
protein. Parasites demonstrate swollen digestive vacuoles. Bar, 2 �m. (C) Live
fluorescence microscopy shows colocalization of PfHly III-GFP with hemo-
zoin. Bar, 7 �m.

FIG 8 Presence of cDNA in asexual parasites for culture. Total RNA was
reverse transcribed and amplified with primers for full-length PfHly III with
genomic DNA in lane 2, cDNA in lane 3 with lower-base-pair amplification
from intron excision, and no-reverse-transcriptase (no RT) control in lane 4.
The cDNA has a predicted molecular weight with intron spliced out of 849
with a genomic DNA molecular weight of 1,063.
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N-terminal region of recPfHly III may contain sequence informa-
tion for trafficking. The falcipain2 lumenal domain digestive vac-
uole targeting motif shares significant sequence similarities with
the amino acids at the N terminus of recPfHly III. They both
consist of multiple lysine residues which are thought to be essen-
tial for digestive vacuole trafficking. Point mutation of the lysine
residues in the falcipain2 lumenal domain resulted in mislocaliza-
tion (38). The hydrophobic trafficking motif YXX� (where � can
be F, I, L, M, or V) is the best-characterized sorting signal. YXX�
binds to adaptor molecules that traffic protein to lysosomes (38,
39). There is a YXX� motif at amino acid positions 4 to 7 in
recPfHly III. The YXX� motif is also present in P. falciparum
lysosomal membrane channels multidrug resistance protein
(MDR) and chloroquine resistance transporter (CRT). We have
identified a highly conserved undecameric DIIG motif in Hly III
(see Fig. S3 in the supplemental material). This motif is conserved
across multiple pathogens. The highly conserved nature of this
motif implies that it might be important for function.

We have demonstrated that recPfHly III lyses erythrocytes via a
channel formation mechanism. recPfHly III-induced hemolysis
was optimal at 37°C and was inhibited by glibenclamide. We have
also localized recPfHly III to the unique and essential digestive
vacuole. Because of its hemolytic property, recPfHly III may play a

role in the lysis of uninfected erythrocytes, resulting in severe life-
threatening anemia in individuals with malaria, although it could
still also function as a pore component of a protein complex in
Plasmodium. This study also generates the hypothesis that neu-
tralization of PfHly III may protect against severe malaria anemia.
We plan to examine whether anti-PfHly III antibodies attenuate
anemia in a mouse model.
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