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Hemoglobin (Hb) degradation is essential for the growth of the intraerythrocytic stages of malarial para-
sites. This process, which occurs inside an acidic digestive vacuole (DV), is thought to involve the action of four
aspartic proteases, termed plasmepsins (PMs). These enzymes have received considerable attention as poten-
tial antimalarial drug targets. Leveraging the availability of a set of PM-knockout lines generated in Plasmo-
dium falciparum, we report here that a wide range of previously characterized or novel aspartic protease
inhibitors exert their antimalarial activities independently of their effect on the DV PMs. We also assayed
compounds previously shown to inhibit cysteine proteases residing in the DV. The most striking observation
was a ninefold increase in the potency of the calpain inhibitor N-acetyl-leucinyl-leucinyl-norleucinal (ALLN)
against parasites lacking all four DV PMs. Genetic ablation of PM III or PM IV also decreased the level of
parasite resistance to the 3-hematin binding antimalarial chloroquine. On the basis of the findings of drug
susceptibility and isobologram assays, as well as the findings of studies of the inhibition of Hb degradation,
morphological analyses, and stage specificity, we conclude that the DV PMs and falcipain cysteine proteases
act cooperatively in Hb hydrolysis. We also identify several aspartic protease inhibitors, designed to target DV
PMs, which appear to act on alternative targets early in the intraerythrocytic life cycle. These include the
potent diphenylurea compound GB-III-32, which was found to be fourfold less potent against a P. falciparum
line overexpressing plasmepsin X than against the parental nontransformed parasite line. The identification
of the mode of action of these inhibitors will be important for future antimalarial drug discovery efforts

focusing on aspartic proteases.

Plasmodium falciparum malaria continues to exert a tremen-
dous burden on communities in tropical and subtropical re-
gions of the world. Efforts to control this disease have been
stymied by the acquisition of resistance by this parasite to key
antimalarials, including chloroquine (CQ) and pyrimethamine-
sulfadoxine (60). Hemoglobin (Hb) degradation plays an es-
sential role in malarial parasite development within infected
red blood cells. As such, the parasite proteases involved in Hb
degradation appear to be attractive targets for the develop-
ment of novel antimalarials that are unaffected by the existing
mechanisms of drug resistance.

Hb digestion takes place in an acidic compartment, referred
to as the digestive vacuole (DV; also known as the food vacuole)
(23). This degradative process provides a source of amino acids
and is thought to help maintain intracellular osmolarity during
rapid parasite growth (40). Biochemical studies have implicated
the DV aspartic proteases, termed plasmepsin (PMs), and the
cysteine proteases, termed falcipains, as key mediators of this
degradative process (24, 51, 55). Because of their ability to initiate
the degradation of native Hb, PMs have long been considered
important candidate drug targets (4).
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The four highly homologous DV PMs (PMs I, II, III
[histidine aspartic protease {HAP}], and 1V; gene identifiers,
PF14_0076, PF14_0077, PF14_0078, and PF14_0075, respec-
tively) are located as a contiguous set on chromosome 14. PM
IV is the sole DV-specific PM found in all Plasmodium species
sequenced and is the original DV PM ortholog that gave rise to
P. falciparum paralogs PM I, II, and III through gene duplica-
tions (13, 16). PMs are translated as type II integral membrane
proenzymes (5). Following trafficking to the DV, the N-termi-
nal prodomain, which encompasses the cytosolic and trans-
membrane regions, is cleaved to release the mature enzyme
into the DV lumen (25). This process has been shown to be
inhibited by the calpain inhibitor N-acetyl-leucinyl-leucinyl-
norleucinal (ALLN), suggesting that calpain might act as a
maturase for PM activation (3). Drew et al. (18) recently
showed that PM activation could occur via the falcipains. At
low pH, PM processing can also occur autocatalytically (3, 18,
32).

Two separate studies have now shown that no single DV
PM is essential for the in vitro propagation of P. falciparum
intraerythrocytic stages (38, 48). However, some of the PM-
disrupted lines displayed reduced growth rates when they were
cultured in complete medium. This was particularly pro-
nounced with the PM IV-knockout (KO) line (38, 48). The
slow growth of these slow-growth phenotypes was exacerbated
in amino acid-limited medium (38, 39). Recently, a double-
crossover integration strategy was successfully used to obtain
parasites lacking PM I, PM II, and PM III (the triple-PM-KO
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line, denoted A3pfpm) or all four DV PMs (the quadruple-
PM-KO line, denoted A4pfpm) (8). The A3pfpm parasite
showed small decreases in growth rates and susceptibility to
inhibitors compared to those of parental strain 3D7. Greater
differences were observed with the A4pfpm parasite line, which
had a lower rate of growth in complete medium, was severely
hindered in its growth in amino acid-limited medium, and
produced less of the Hb degradation by-product hemozoin.
Adpfpm parasites also demonstrated condensed DVs by mi-
croscopic analysis (8; P. Moura, unpublished observations).
Those parasites also contained numerous multimembrane
vesicles in their DVs, suggesting that the growth defect of
these parasites might have an etiology beyond impaired Hb
digestion.

In the study described here, we have leveraged the availabil-
ity of these DV PM-KO lines to assess the specificity of puta-
tive DV protease inhibitors and probe their modes of action.
Our data reveal that the disruption of PMs significantly en-
hances parasite susceptibility to several cysteine protease in-
hibitors and can also influence the potency of CQ. We also
found that several PM aspartic protease inhibitors, previously
thought to be specific to PM I or PM II, do not appear to act
primarily on those targets in cultured parasites and appear to
kill early-stage parasites prior to DV formation. The data sug-
gest that these aspartic protease inhibitors exert their antima-
larial activities primarily on one or more non-DV PMs and
secondarily on the DV PMs.

MATERIALS AND METHODS

Parasite cultures. The P. falciparum lines were cultured in human erythrocytes
in RPMI 1640 medium (Invitrogen) supplemented with 0.5% Albumax II (In-
vitrogen), 50 mg/liter hypoxanthine, 25 mM HEPES, 0.225% NaHCO3, and 10
mg/liter of gentamicin, as described previously (21). The Dd2, GCO3, and 3D7
lines were obtained from Thomas Wellems (Laboratory of Malaria and Vector
Research, NIAID, NIH). The PM I-, PM II-, PM III (HAP)-, and PM IV-KO
clones, termed Apfpm1, Apfpm2, Apfpm3, and Apfpm4, respectively, were gen-
erated in the CQ-resistant Dd2 line by the use of a single-site crossover that leads
to the disruption of the functional locus, as reported previously (48). The triple-
PM-KO line, previously termed B12, lacks PM I, PM II, and PM III, whereas the
quadruple-PM-KO line, previously termed C10, lacks all four DV PMs known to
date. Both lines were generated in the CQ-sensitive 3D7 line by double cross-
over, as reported previously (8), and are referred to herein as A3pfpm (B12) and
Ad4pfpm (C10), respectively.

Plasmid construction and transfections. Parasite transfection vectors, derived
from the pPM plasmids previously reported from our laboratory (35), were used
in the present study to express PM V (PF13_0133) or PM X (PF08_0108). These
proteins were fused at their C termini to monomeric red fluorescent protein
(mRFP). PM V and PM X were amplified from 3D7 line genomic DNA by
using the primer pairs 5'-TACCCTAGGATGAATAATTATTTTTTAAGG
AAAGAAAATTTTTTTATATTG plus 5'-TACAGATCTTGTTGATTCCT
GTATGGGAGATTTATTTTG and 5'-TACCCTAGGATGAAACGCATTA
GCCCTCTAAAC plus 5'-TACAGATCTGTTTTTACTTTTTGCTCTTGCT
ACTCC, respectively (the Avrll and BgllI sites are underlined in the first and
second sequences of each primer pair, respectively). Inserts were subcloned into
pGEM-T (Promega), the sequences were verified, and the inserts were sub-
cloned into plasmid pPM-BSD-hrp3pro-crt(GCO3)-mRFP (35) in the place of
the pfert allele (which was excised by using Avrll and BglII). The PM-mRFP
fusions were expressed under the control of the Arp3 (MAL13P1.480) 1.3-kb
promoter, which is maximally active in early ring stages (consistent with the
timing of expression of PM V and PM X). The resulting plasmids were named
pPM-BSD-hrp3pro-pfpm}-mRFP and pPM-BSD-hrp3pro-pfpmX-mRFP.

Parasites of the Dd2 line were transfected with plasmids pPM-BSD-hrp3pro-
pfpmV-mRFP and pPM-BSD-hrp3pro-pfpmX-mRFP as described previously
(22). At approximately 24 h postelectroporation, the parasite cultures were
treated with 2 pg/ml blasticidin S hydrochloride (Invitrogen) and thereafter were
maintained at that concentration.
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In vitro drug susceptibility assays. In vitro drug responses were measured by
using 64- to 68-h [*H]hypoxanthine incorporation assays, as described previously
(21). In these assays, cells were maintained in medium containing 2.5 mg/liter
hypoxanthine (low hypoxanthine medium), and 0.7 p.Ci of [*H]hypoxanthine was
added per well for the final 16 to 20 h. We prefer this version of the assay to the
42- to 48-h version (17) because in our experience, the longer assays are less
dependent on the initial stage specificity of the parasite culture and thus provide
more reproducible 50% inhibitory concentrations (ICsys) between assays. We
note that several other groups routinely perform these 64- to 68-h assays (14, 20).
In our assays, microtiter plates were prepared for each drug by using a Precision
2000 automated pipetting system (Bio-Tek Instruments Inc.). Two days prior to
use, ring-stage parasites were synchronized with 5% sorbitol. For the assays,
these were plated at a 0.4% final parasitemia and a 1.6% final hematocrit (21).

CQ dihydrochloride was procured from Winthrop-Breon. Mono-desethylchlo-
roquine (m-dCQ) was a generous gift from William Ellis (Walter Reed Army
Institute of Research, Silver Spring, MD). Verapamil hydrochloride (VP),
leupeptin, ALLN, N-(trans-epoxysuccinyl)-L-leucine 4-guanidinobutyl-amide (E-64),
and pepstatin A (a new lot) were purchased from Sigma. Wherever VP was
included, it was used at a final concentration of 0.8 M. An earlier Sigma stock
of pepstatin A (an old lot, dating back more than 6 years) was a kind gift from
Philip Rosenthal (University of California at San Francisco). The Roche com-
pound Ro 40-4388 was kindly provided by Patrick Bray (Liverpool School of
Tropical Medicine, Liverpool, United Kingdom). Atovaquone was a kind gift
from Akhil Vaidya (Drexel University College of Medicine, Philadelphia, PA).
Compounds 11b, 13, 15, and 19 were provided by Karolina Ersmark (Institut
European de Chimie et Biologie, Bordeaux, France). Compounds GB-III-24,
GB-III-28, and GB-III-32 were kindly provided by Karl Werbovetz (Ohio State
University, Columbus). The structures of all these compounds are presented in
Fig. S1 in the supplemental material. The ICsys (i.e., the drug concentrations
required for 50% inhibition of [*H]hypoxanthine uptake in drug-treated wells
compare with that in non-drug-treated control wells) were calculated by regres-
sion analysis of the dose-response curves. For each compound and parasite line,
assays were performed in duplicate on four to eight separate occasions. One-way
analysis of variance (nonparametric) and Bonferroni’s multiple-comparison post-
test were used to monitor for statistical significance.

Isobologram analyses. Antimalarial interactions were assessed over a range of
concentrations by a fixed-ratio method based on the ICsys (23, 47). Briefly, ICs4s
were determined for each compound. Stock solutions were then prepared at 16
times the ICs, of each compound. Solutions were combined at fixed ratios of
10:0, 9:1, 7:3, 5:5, 3:7, 1:9, and 0:10 for compound A-compound B. These seven
starting solutions were serially diluted across eight twofold dilutions. For each
plate, one row was dedicated to no-drug controls containing just low-hypoxan-
thine medium. Microtiter plates were processed by 72-h [*H]hypoxanthine drug
susceptibility assays, as described above. Fractional ICsys (FICs,s) were calcu-
lated on the basis of the ICsys obtained per assay for each compound (the FICs,
is equal to the ICs, of drug A in combination with drug B/ICs of drug A alone).
The average FICs,s were calculated from at least four separate assays (except for
assays with compound GB-III-32, which, due to its limited availability, was tested
only twice) and were plotted as isobolograms for both compounds. The mean
sums of the FICs,s were calculated for all of the combinations and lines tested
and were based on the results obtained with fixed ratios of 7:3, 5:5, and 3:7. These
were tested for statistical significance by a nonparametric one-way analysis of
variance test and by use of Bonferroni’s multiple-comparison posttest.

Quantification of undigested Hb. Sorbitol-synchronized parasite cultures were
harvested at the mid-trophozoite stage (30 h postinvasion) and were lysed with
0.15% saponin. The parasite pellets were washed three times in phosphate-
buffered saline and were resuspended in phosphate-buffered saline containing a
protease inhibitor cocktail (Complete minitablets; Roche), 0.1% sodium dodecyl
sulfate (SDS), and 0.05% sodium deoxycholate. Each sample was mixed with
loading buffer and electrophoresed on 15% SDS-polyacrylamide gels. These
were either stained with Coomassie or transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad). The membranes were cut along the 20-kDa
marker and probed with rabbit antisera directed to either human Hb (diluted
1:5,000; Sigma) (29) or F-actin (diluted 1:10,000; Abcam). Following the washes,
the membranes were incubated with horseradish peroxidase-conjugated donkey
anti-rabbit immunoglobulin G (diluted 1:7,000; GE Healthcare). The bands were
visualized by using an enhanced chemiluminescence detection kit (Amersham).
The protein levels were quantified by densitometric analysis of the autoradio-
graphic data by using an AlphaEaseFC apparatus (Alpha Innotech) and were
further validated by the used of Coomassie-stained gels. Undigested Hb band
intensities were normalized against the F-actin band intensities to correct for
loading differences. For each parasite line, the normalized Hb band intensities
were expressed as a percentage of the control Dd2 line band intensities.
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TABLE 1. Susceptibility of PM-KO lines to known protease inhibitors

Parasite line

ICso"

E-64 (nM) ALLN (nM) Leupeptin (upM) Ro 40-4388 (nM) Pepstatin A new (uM)
Dd2 45 *0.6 104.7 = 13.5 75 *0.6 208.8 = 16.1 25.0+3.0
Apfpm1 37x0.2 94.5 9.6 6.8 £0.6 197.9 = 16.0 275 2.1
Apfpm?2 3.0 £ 0.2%%* 86.4 = 9.8 52x04 178.6 = 12.7 235+13
Apfpm3 2.8 = 0.1%** 61.8 = 7.8* 4.4 +(0.7%* 180.9 = 14.3 20.0 £ 3.7
Apfpm4 3.0 x0.1%* 84.5 =143 6.7 0.7 201.8 = 18.5 234 +26
GCO03 32 = 0.2%* 97.9 = 10.3 10.1 = 0.7* 1624 = 11.7 36.0 = 2.8*
3D7 34x02 724 = 7.8 6.8 £0.2 187.1 = 9.4 164 = 1.1
A3pfpm 3.0+0.2 44.1 = 7.9* 17.3 = 2.5% 175.6 = 11.0 11.5 = 1.3*
Adpfpm 2.1 = 0.2%%* 7.9 £ 0.7%%* 78 £1.4 187.6 = 11.6 184 =13

“1ICsps are expressed as means = SEMs. Each value was determined from four to nine separate drug assays performed in duplicate. The degree of statistical
significance is indicated with an asterisk(s): *, P < 0.05; #x, P < 0.01; s, P < 0.001.

Parasite imaging. Blood smears from the Hb degradation assay were fixed
with methanol, dried, stained in 10% Giemsa stain (Sigma) for 30 min, washed,
and air dried. Color images were captured from each slide by using a X100
objective on an Olympus CX 41 microscope with an Olympus DP12 digital
camera.

For the imaging of live cells, the cells were adhered to poly-L-lysine-coated
glass-bottom culture dishes (MatTek). Adherent cells were overlaid with 1 ml of
RPMI medium containing 2 pg/ml Hoechst 33342 (Sigma) to stain the nuclei and
were immediately imaged at room temperature on a Nikon TE300 inverted
microscope with X100 1.4-numerical-aperture PlanApo optics and a Hamamatsu
Orca-ERG charge-coupled-device camera. Images were collected with Openlab
software systems (version 5.0; Improvision) and were analyzed by using Photo-
shop software (Adobe Systems).

RESULTS

Genetic disruption of DV PMs increases parasite suscepti-
bility to cysteine protease inhibitors. Recent studies have sug-
gested that PMs and falcipains can act cooperatively to medi-
ate the degradation of Hb and that certain hemoglobinase
inhibitors might act on both classes of proteases (8, 39, 53). To
further address these relationships, we tested the activities of
the well-known cysteine protease inhibitors E-64, ALLN, and
leupeptin against P. falciparum clones disrupted in one or more
PM genes.

When they were treated with E-64, the Apfpm2, Apfpm3,
and Apfpm4 lines showed a significant 33 to 38% decrease in
ICs0s compared to the ICs, for the Dd2 parental line (P <
0.001 for Apfpm2 and Apfpm3 and P < 0.01 for Apfpm4; Table
1; assay details are provided in Table S1 in the supplemental
material). This finding concurred with the results that we ob-
tained using the Apfpm4 line, which was generated in the 3D7
line (P < 0.001; Table 1). For ALLN, the potency did not differ
substantially between the single-PM-KO mutant lines and the
Dd2 parental line. However, both of the multiple-PM-KO mu-
tants, A3pfpm and Adpfpm, demonstrated significantly in-
creased susceptibilities; and this was notably the case for the
latter mutant, which showed a ninefold decrease in the ICs,,
compared to that of the 3D7 parental line (P < 0.001; Table 1).
These findings support the hypothesis that the PMs and some
cysteine proteases play redundant or complementary roles in
the DV and that the absence of all PMs in the A4pfpm line
renders these parasites highly susceptible to ALLN-mediated
inhibition of falcipains. Leupeptin demonstrated a detectable
alteration in ICsus only in the Apfpm3 line, which was 40%
more susceptible than the Dd2 parental line (P < 0.01; Table
1), and in none of the multiple-PM-KO lines, suggesting that

the proteases specifically inhibited by leupeptin differ from the
set targeted by ALLN in terms of how their functions overlap
with those of the PMs.

We also tested the KO lines with atovaquone as a control to
evaluate whether the effects that we observed with the cysteine
and aspartic protease inhibitors were specific for the tar-
geted genes or, alternatively, reflected a general impairment
in growth that would nonspecifically skew the ICsys for any
antimalarial compound. Assays with the mitochondrial elec-
tron transport chain inhibitor atovaquone revealed no differ-
ences in the ICsys between the PM-KO lines and the Dd2
parental line (see Table S1 in the supplemental material).

CQ resistance is attenuated in parasites lacking DV PMs.
To assess whether the disruption of DV PMs could affect the
potency of drugs that act downstream of Hb degradation, we
tested the activity of CQ against our lines. This agent is be-
lieved to act by binding to the Hb degradation product 3-he-
matin and inhibiting heme detoxification (11). The assays re-
vealed a significant 25% decrease in the CQ ICjgs for Apfpm3
and Apfpm4 compared to that for the CQ-resistant Dd2 pa-
rental line (P < 0.01; Table 2). These results were confirmed in
independent tests with the CQ metabolite m-dCQ. We also
tested the CQ response in the presence of VP, which is known
to reverse CQ resistance in a pfert allele-specific manner (34,
41). No significant difference in the degree of reversibility of
CQ resistance by VP in the KO lines versus the parental line
was observed. We also assayed the CQ response in the A3pfpm

TABLE 2. Susceptibility of PM-KO lines to CQ with or without VP

o ICsy (nM)*
Parasite line

CQ m-dCQ CQ + VP
Dd2 1944 + 6.8 1,596 = 81.4 79.4 £9.7
Apfpm1 1774 = 12.2 1,494 = 87.9 55.8 £10.7
Apfpm?2 175.0 = 11.1 1,409 = 28.6 59.9 = 7.7
Apfpm3 145.0 = 5.6** 1,180 + 116.3** 474 £ 8.0
Apfpm4 144.2 + 9.9** 1,165 + 142.5* 63.0 = 13.0
GC03 23.9 &= (0.5%** 29.6 = 0.7%** 19.5 + 2.2%**
3D7 22.6 £0.9 25.1 £0.7 ND
A3pfpm 17.0 = 2.6 19.0 £ 29 ND
Adpfpm 247 £ 2.3 23.5 £ 0.6 ND

“ICsqs are expressed as means = SEMs. Each value was determined from six
to eight separate drug assays performed in duplicate. The degree of statistical
significance is indicated with an asterisk(s): *, P < 0.05; #x, P < 0.01; s, P <
0.001. ND, not determined.
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TABLE 3. Activities of novel structure-guided inhibitors of PMs on PM-KO lines
1G5
Parasite line
GB-111-24 GB-111-28 GB-111-32
11b (uM) 13 (M) 15 (uM) 19 (uM) (M) (M) (M)

Dd2 44 x02 32x04 56*1.1 7319 787.5 £ 41.7 824.7 = 72.7 19.8 = 2.1
Apfpml 53*07 29 +09 44 +0.6 83+14 918.5 + 80.3 1,074 = 150.6 20.8 £3.2
Apfpm2 4302 3.8 £04 3.0x0.6 33x15 831.8 £ 77.0 892.5 + 48.5 142 = 3.7
Apfpm3 45+02 34 +0.5 5.6 +09 55+1.0 705.5 = 39.9 615.4 = 102.5 103 £ 1.7
Apfpm4 47x04 32x03 32+03 72+12 879.9 + 146.1 874.1 = 105.0 31.3 £4.7%
GC03 33+0.5 1.7+05 2.4 +0.5* 10.1 £ 2.0 853.4 + 278 796.0 = 50.4 151 £ 24
3D7 42x0.2 29+0.3 6.2 *0.5 50x04 1,364 = 414 1,094 = 77.1 19.9 = 2.6
A3pfpm 43 +0.3 33+0.5 57+04 5.0x04 1,240 = 87.4 1,095 £ 91.8 146 £ 1.3
Adpfpm 3.8 £04 24x0.2 6.0 0.7 42 x0.5 1,088 = 109.7 776.6 = 86.5* 153 0.8
PM V-mRFP ND ND ND ND 1,706 = 100.6 1,588 = 76.0 27.6 2.1
PM X-mRFP ND ND ND ND 1,477 = 117.3 1,125 £ 1454 725 £ 2.2%%*

“ICsps are expressed as means = SEMs. Each value was determined from three to six separate drug assays performed in duplicate. The degree of statistical
significance in comparison to the result for the parental line (Dd2 for the single PM-KO lines and 3D7 for the triple and quadruple KO lines) is indicated with an

asterisk(s): *, P < 0.05; ##*, P < 0.001. ND, not determined.

and Adpfpm lines, which were generated in the CQ-sensitive
3D7 background (8). No significant differences in response
between either of these two lines and the 3D7 parental strain
were observed with CQ or m-dCQ, although A3pfpm was
noted to have a 25% lower 1Cs, (Table 2; details are provided
in Table S2 in the supplemental material). We note that 3D7 is
highly sensitive to CQ and has a very steep kill curve (IC,/ICs,
ratios, ~1.25 for 3D7 and ~1.8 for Dd2; data not shown), and
thus, it is not surprising that any subtle effect of PM gene
disruptions on the mode of action of CQ would not be evident
in a CQ-sensitive background.

Evidence that selected novel aspartic protease inhibitors do
not exert antimalarial activity through inhibition of DV PMs.
The design of novel DV PM protease inhibitors with potent
enzyme and whole-cell activities has benefited substantially
from the elucidation of the crystal structure of PM II bound to
pepstatin A (56, 57). That analysis demonstrated that the
cleavage of the a33Phe—34Leu Hb peptide bond proceeds via
a tetrahedral intermediate bound to a protonated form of one
of the aspartic acids in the PM II active site and revealed
notable and potentially exploitable differences between PM II
and the human cathepsin D homolog. Studies with purified PM
I or PM II have discovered potent inhibitors with activities that
can descend to the low nanomolar range (9, 15, 27, 31, 45, 46,
57). Additionally, some aspartic protease inhibitors can reduce
the levels of parasitemia in rodent models (1, 28), allowing for
optimism that PM inhibitors effective against the malaria par-
asite could be developed.

Several types of transition-state aspartic protease inhibitors
which mimic the tetrahedral intermediate formed during PM
II cleavage of Hb have now been reported (27). These lack a
large aliphatic substituent group found in the statin-based
drugs and contain a hydroxyethylamine core structure, which
had previously been used as a transition-state mimic in the
design of human immunodeficiency virus protease inhibitors
(59). These compounds also contain a basic secondary amine,
one prime side amino acid residue to minimize the size and
peptidic nature of the inhibitor, and a large P1’ substituent
group (see Fig. S1 in the supplemental material). Such com-
pounds have been touted to be potential therapeutics because
of their high degrees of potency and their selectivities for

purified PM II rather than the human cathepsin D homolog.
Among inhibitors of this class, we tested compound 11b, de-
scribed by Noteberg et al. (46). Results from dose-response
assays with the single- or multiple-PM-KO lines produced sim-
ilar ICss for all lines and the parental controls, indicating that
the antimalarial activity of this transition-state mimic was not
due to the direct inhibition of the DV PMs (Table 3; see Tables
S1 and S2 in the supplemental material).

We also assessed compounds 13, 15, and 19, which were the
most potent of a series of inhibitors of purified PM I and PM
II reported by Ersmark et al. (19), with their K; values being in
the low nanomolar range (see Fig. S1 in the supplemental
material). These C-2-symmetric linear inhibitors are P1/P1’
side chain derivatives of 1,2-hydroxyethylene, an effective in-
hibitor of the human immunodeficiency virus type 1 aspartic
protease. In molecular modeling studies with PM II, these
inhibitors revealed an alternative tetrahedral intermediate
scaffold for inhibitor design (19). In our assays, none of these
compounds displayed a significant difference in potency in any
PM-KO line (Table 3). We note, however, that the ICs, of
compound 15 for the CQ-sensitive GCO3 line was significantly
different from the ICs,s for the Dd2 line as well as the 3D7 line
(P < 0.05), illustrating the strain-dependent differences in sus-
ceptibility to protease inhibitors.

We also investigated a distinct chemical series identified
during an enzyme inhibition-based screen of putative protease
inhibitors that had been selected from the Walter Reed chem-
ical inventory. This screen had identified WR268961, a non-
peptidyl diphenylurea compound, to be a potent and selective
inhibitor of PM II (31). This discovery was followed up through
the generation of a series of amidine-containing derivatives,
from which we selected compounds GB-111-24 and GB-II1-28
(see reference 7, in which these compounds are referred to as
compounds 4c and 4e, respectively). These compounds differed
in their p-position placement of a trifluoromethyl group on the
4-phenoxy ring (see Fig. S1 in the supplemental material).
Both compounds had ICs,s comparable to the ICs, of the
parent compound, WR268961, indicating no effect of the tri-
fluoromethyl group on whole-cell potency. Among the KO
lines, only the A4pfpm line demonstrated a significantly altered
susceptibility, with a 30% decrease in the GB-I11-28 ICs, com-
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pared to that for the 3D7 line (P < 0.05; Table 3). The ICsys
for the unmodified lines (the Dd2, GCO03, and 3D7 lines) were
800 to 1,400 nM for both compounds. We also investigated
GB-III-32 (7), which has an additional amidine group at the p
position of the 4-phenoxy ring (see Fig. S1 in the supplemental
material). This compound had a 30-fold increase in whole-cell
activity compared to the activity of WR268961 and was exquis-
itely potent, with ICsgs of 15 to 20 nM for the Dd2, GCO03, and
3D7 lines (Table 3). The assays revealed a significant decrease
in the susceptibility of the Apfpm4 line, suggesting that PM IV
might act as a target for GB-I11-32 (P < 0.05; Table 3).

To further explore the mode of action of these potent
amidine-containing diphenylureas, we tested their potencies
against parasite lines engineered to overexpress PM V or PM
X, which we postulated might represent alternative targets.
These proteins were fused to mRFP to facilitate their detec-
tion in the recombinant lines. The PM V-mRFP-expressing
parasite line showed no difference in susceptibility to com-
pounds GB-111-24, GB-I11-28, and GB-I11-32 compared to that
for its Dd2 parental strain. In contrast, the ICs, of GB-III-32
for the PM X-mRFP parasite line demonstrated a fourfold
increase compared to that for its Dd2 parental strain (Table 3).
This suggests that PM X might be a primary target for GB-
III-32. In preliminary live cell imaging studies, we observed PM
V-mRFP fluorescence in the perinuclear space of asexual
blood-stage parasites (see Fig. S2A and B in the supplemental
material), suggestive of localization in the endoplasmic retic-
ulum. This location is consistent with that identified in an
earlier study (33). The fluorescence of PM X-mRFP was pu-
tatively localized primarily to the DV and secondarily to the
parasitophorous vacuolar space (see Fig. S2C and D in the
supplemental material).

Having found that our subset of structure-guided inhibitors
lacked specificity for the individual DV PMs, PMs I to IX, we
turned our attention to the better-known aspartic protease
inhibitors Ro 40-4388 and pepstatin A. Ro 40-4388 is an as-
partic protease peptidomimetic compound that has activity
against P. falciparum at submicromolar concentrations and
that potently inhibits purified PM I yet that poorly inhibits PM
II (42). This compound also reduces the level of accumulation
of CQ in the DV. This is thought to result from the inhibition
of Hb degradation by Ro 40-4388, which consequently re-
duces the levels of B-hematin in the DV and which leads to
the retention of reduced levels of CQ (11). In contrast to the
long-standing interpretation that this inhibitor acts through
the specific inhibition of PM I, our assays revealed no dif-
ference in the susceptibilities of the Dd2 line, the Apfpml
parasite line, or any other PM-KO line to this compound
(Table 1).

A similar result was obtained with pepstatin A, whose affinity
for PM II has been mapped at the X-ray structural level (57).
We found the whole-cell activity of this inhibitor to be unal-
tered in lines disrupted for PM II or any other DV PM (Table
1). During these studies, we also observed that pepstatin A
from the original source (old pepstatin A), which was partially
purified from a microbial extract, was 10-fold more potent than
the newer chemically synthesized source used to obtain the
data presented in Table 1 (the data for old pepstatin A is
provided in Table S1 in the supplemental material). Liu et al.
recently reported a similar observation and attributed this to a
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potent contaminant in the original pepstatin A preparation
(39). Our studies with the newer pepstatin A revealed an in-
creased susceptibility of the A3pfpm line (P < 0.05; Table 1),
yet no single DV PM appeared to be the most probable and
important target.

Aspartic protease inhibitors and other DV-targeting agents
display complex in vitro interactions that can be altered by the
loss of PM IV. We extended these in vitro susceptibility assays
to investigate the interactions between compounds believed to
target processes inside the DV (23). For this, we utilized a
fixed-ratio method to construct isobolograms and performed
drug combination assays on two to four separate occasions with
each single-PM-KO line and as well as the Dd2 and GCO03
control lines. The FIC,,s were calculated on the basis of the
1Cs0s of each compound per assay (the FICs, is equal to the
1C,, of drug A in combination with drug B/ICs, of drug A
alone). The mean FICss for each fixed ratio are plotted in Fig.
1 as isobolograms for each drug combination. When com-
pounds displayed a purely additive effect, the FICs, of drug A
plus the FICs,, of drug B was equal to 1 and the values from the
different combinations plot as a straight line. Synergy can be
defined as a drug-drug interaction whereby the combination
has a greater effect when the agents are tested together rather
than as individual agents and where the sum of the FICs is
reproducibly <1, creating a concave curve. Antagonism can be
defined as an interaction whereby the two-drug combination
has less of an effect than the each agent alone, producing a sum
of FICsgs that is reproducibly >1 and that plots as a convex
curve (6). The mean sums of the FICs,s of each combination at
fixed ratios of 7:3, 5:5, and 3:7 for all lines tested are reported
in Table 4. Mean values = standard errors of the means
(SEMs) for all the different combinations are plotted for the
Apfpm4 and the parental lines in Fig. S3 in the supplemental
material.

Combination assays with the aspartic protease inhibitor Ro
40-4388 and CQ revealed antagonism in all PM KO lines, in
addition to Dd2 and GCO03 (Fig. 1A). A similar finding of
antagonism was previously reported for the K1, HB3, and
NF54 lines and had been attributed to Ro 40-4388 inhibiting
the liberation of heme moieties that act as a receptor for CQ,
resulting in reduced CQ accumulation in the DV (10, 12, 42,
43). Between the Dd2-based lines, the sum of the FIC;s of Ro
40-4388 and CQ showed no apparent differences in the degree
of antagonism (sum of FICss, >1) (Table 4). We also ob-
served antagonism between the aspartic protease inhibitor GB-
III-32 and CQ (Fig. 1B; Table 4). Interaction studies between
GB-I11-32 and Ro 40-4388 revealed various degrees of antag-
onism, with the least being observed in Apfpm2 and Apfpm3
(Fig. 1C and Table 4). The mean sum of the FICs,s was >1 for
all lines tested, although there was a lower sum for Apfpm2,
Apfpm3, and GC03 (Table 4). These findings correlate with the
increased sensitivity of these three lines to Ro 40-4388 and
GB-I11-32 (Tables 1 and 3).

In contrast to these antagonistic interactions, the maturase
inhibitor ALLN combined with CQ produced an additive com-
bination for all lines except Apfpm4 (Fig. 1D; Table 4; see Fig.
S3F in the supplemental material). This is interesting, as
ALLN would be predicted to inhibit the maturation of all DV
PMs. If the model that has been proposed to account for
antagonism between Ro 40-4388 and CQ is correct (12), we
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FIG. 1. Isobologram analyses of interactions between antimalarial compounds that are postulated to inhibit either aspartic proteases (Ro
40-4388, GB-II1-32) or cysteine proteases (ALLN, E-64) or that target -hematin (CQ). Panels A to G represent data from selected combinations
discussed in the text. Additional pairwise combinations are presented in Fig. S3 in the supplemental material. Assays were performed by a
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of 1 at all ratios tested, which represents an additive effect of both compounds. Substantial deviations above and below this line of additivity reflect

antagonistic and synergistic effects, respectively.

would predict that ALLN should also reduce the amounts of
free heme available for CQ binding, thereby causing an antag-
onistic relationship. ALLN was also tested in combination with
Ro 40-4388, revealing weakly antagonistic relationships (Fig.
1E; Table 4).

To investigate the interactions between the different classes
of protease inhibitors, we also tested the aspartic protease
inhibitor Ro 40-4388 or the maturase inhibitor ALLN in com-
bination with the cysteine protease inhibitor E-64. Notably, the
combination of Ro 40-4388 and E-64 had a highly antagonistic
effect for all lines (Fig. 1F; Table 4). The responses to the
ALLN and E-64 combination were mostly additive. However,
Apfpm1 and Apfpm2 showed evidence of some antagonism at
relatively high ALLN concentrations and low E-64 concentra-
tions (Fig. 1G; Table 4).

Evaluation of malarial Hb degradation in the PM-KO lines.
We were interested in assessing whether the loss of any DV
PMs caused a measurable difference in the amount of unde-
graded Hb in the DV. To test this, parasites were synchronized
and harvested at 30 h postinvasion (i.e., at the mid-trophozoite
stage) on three separate occasions. Saponin-lysed parasite pro-
tein extracts were subjected to SDS-polyacrylamide gel elec-
trophoresis, transferred to PVDF membranes, and probed
with antibodies that recognize either intact Hb (but not di-
gested heme fragments or hemozoin) or parasite F-actin. For
each line, F-actin was used to normalize the protein loading
and to derive the relative amounts of undigested Hb calculated
from five separate gels. The normalized Hb amounts for each
line were then compared to the amount of Hb present in the
Dd2 control parental line. The biggest difference that we ob-

TABLE 4. Mean sums of FICs,s”

Parasite line

Sum of FICjs for:

Ro 40-43838-CQ GB-III-32-CQ GB-III-32-Ro 40-4388 ALLN-CQ ALLN-Ro 40-4388 Ro 40-4388-E-64 ALLN-E-64
Dd2 1.59 1.41 1.67 1.05 1.13 1.58 1.06
Apfpml 1.51 1.33 1.50 1.06 1.42 1.52 1.21
Apfpm2 1.60 1.44 1.20 0.91 1.24 1.62 1.33%
Apfpm3 1.55 1.16 1.25 0.94 1.17 1.55 1.05
Apfpm4 1.46 1.24 1.72 0.80%* 1.33 1.36 1.01
GCO3 1.25 1.28 1.46 0.89 1.31 1.60 1.05

“ The sums of the FICsgs are expressed as the means for fixed ratios of 7:3, 5:5, and 3:7. The degree of statistical significance is indicated with an asterisk(s): *, P <

0.05; ==, P < 0.01.
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FIG. 2. Western blot analysis of the levels of undigested Hb in
PM-KO lines compared to the levels in control nonrecombinant lines
and uninfected red blood cells. The Hb levels in the individual lines
were normalized to the F-actin levels. The table at the bottom presents
the mean Hb levels normalized to the F-actin levels, and the Hb levels
are listed as a percentage of the levels present in the Dd2 parental line.
Values were calculated from five separate Western blots and are
shown as the means = SEMs.

served was with the Apfpm?2 line, which had ~35% more un-
degraded Hb than the Dd2 line (Fig. 2). Apfpm4 was also
estimated to contain ~15% less undegraded Hb relative to that
in Dd2 (Fig. 2). We note that electron microscopy studies
earlier revealed an abundance of multiple translucent vesicles
inside the DV in Apfpm4, which may reflect the reduced ki-
netics of Hb degradation in this line (48).

Effects of protease inhibitors on Hb degradation. Earlier
studies have shown that cysteine protease inhibitors can inhibit
Hb degradation (50, 52). In the present study, we investigated
whether this also applied to our panel of aspartic protease
inhibitors. For this, we doubly synchronized CQ-resistant Dd2
parasites and inoculated identical cultures with late-ring-stage
cultures (at ~18 h postinvasion). The cultures were exposed to
2X the ICs, of selected compounds (see below) or were main-
tained as drug-free controls. The cultures were smeared 24 h
later for imaging, and the parasites were lysed with saponin
and harvested to obtain protein samples. We tested CQ, E-64,
leupeptin, ALLN, Ro 40-4388, pepstatin A (new and old),
compounds 11b and 19, and compound GB-III-32. Samples
were electrophoresed on four separate occasions, transferred
to PVDF membranes, and probed with anti-Hb or anti-F-actin
antibodies. For each drug treatment, the mean amounts of Hb
were calculated as the percentage of the total amount of Hb in
parasites from one of the untreated wells (control 1) (Fig. 3).
CQ treatment produced no inhibition of Hb proteolysis, which
was the same result achieved with no treatment, which has
been reported previously and which is consistent with its later
time of action (29). In contrast, E-64, leupeptin, and ALLN all
caused an ~30% increase in the amount of undigested Hb
(P < 0.05 compared to the results for the control 2 untreated
well). This finding is consistent with the findings of earlier
studies (32, 49). Under our conditions, none of the aspartic
protease inhibitors tested affected Hb degradation, suggesting
alternative modes of action.

We also collected images of Giemsa-stained parasites col-
lected after 24 h of incubation with each compound. Those
shown in Fig. 3B were chosen as the most representative of
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FIG. 3. (A) Effects of CQ and aspartic or cysteine protease inhib-
itors on the levels of undegraded Hb in the Dd2 parental line. The
results show a significant increase (P < 0.05) in Hb levels following
treatment of the parasites with E-64, leupeptin, or ALLN at the con-
centrations indicated. (B) Giemsa-stained images of parasites har-
vested after 24 h of treatment with the indicated compounds.

i

~40 images taken for each treatment (additional examples are
provided in Fig. S4 in the supplemental material). All images
for the no-drug control show early to mid-schizont stages (~40
h postinvasion), as evidenced by the multinucleated parasites
in the two control samples. The CQ-treated Dd2 parasites
progressed to late trophozoite and early schizont stages, by
which time these CQ-resistant parasites had adopted a distinct
cellular morphology characterized by dark staining and prom-
inent nuclei. Striking morphological changes were associated
with E-64- and leupeptin-treated parasites, which progressed
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to the mid- to late-trophozoite stages with enlarged DVs and
reduced amounts of hemozoin, as reported previously (49).
The findings for the ALLN-treated parasites were similar to
those for parasites treated with E-64 and leupeptin, although
ALLN appeared to additionally exhibit an effect at earlier
stages that included early trophozoites with swollen DVs and,
occasionally, late rings that did not progress in development.
The aspartic protease inhibitors Ro 40-4388, pepstatin A (new
and old), compounds 11b and 19, and compound GB-III-32 all
prevented the parasites from progressing beyond the late ring
or early trophozoite stage, with the parasites appearing com-
pact with dark staining. Relatively large amounts of cell lysis
and debris were often observed in the aspartic protease inhib-
itor-treated cultures. Our data agree with those in earlier re-
ports that E-64, leupeptin, and ALLN directly inhibit Hb deg-
radation and the DV function. Our data also suggest that the
aspartic protease inhibitors do not primarily act upon DV PMs
because they killed the parasites before most developed a
visible DV, as had previously been reported with pepstatin A
(old) (2). This leads us to postulate that these aspartic protease
inhibitors kill parasites by targeting an essential non-DV PM
that is expressed early during intraerythrocytic development.

DISCUSSION

In this study, we have leveraged the availability of P. falcip-
arum lines genetically disrupted in one or more DV PM genes
to probe the specificities of compounds identified as aspartic
protease inhibitors on the basis of structural studies or enzy-
matic screens. This was examined for Ro 40-4388 and pepstatin
A, as well as compound 11 and 19, and compound GB-III-32
(7, 19). Our results show that, in contrast to the data acquired
with purified recombinant enzymes, the cellular activity of
these inhibitors appears to be directed primarily against dis-
tinct protein targets not encompassed by the four DV PMs.
Evidence that the true target(s) of many of these aspartic
protease inhibitors may nevertheless be functionally related to
the DV PMs comes from the in vitro enzyme inhibition data. In
addition, a number of PM-KO lines also displayed enhanced
susceptibility, suggesting that those PMs might be able to func-
tionally complement the primary targets.

By analyzing the effects of these designated aspartic protease
inhibitors on Hb degradation and assessing their impacts on
the morphology and development of treated parasites, we con-
clude that many of these inhibitors do not affect the degrada-
tion of Hb. Instead, these compounds appear to act early, even
prior to the visible formation of the DV, suggesting alternative
modes of action. The challenge is now to identify the essential
target(s). We note that of the six non-DV localized PMs in the
P. falciparum genome, PM V, PM IX (PF14_0281), and PM X
are expressed during the asexual blood stage (5, 33, 37). This
creates the interesting and testable hypothesis that these as-
partic protease inhibitors might be targeting one or more of
these alternative PMs.

Our initial inhibitor assays focused on compounds that were
shown to have inhibitory enzymatic activity against PM II in
vitro. These compounds, named 11b, 13, 15, and 19, exhibited
whole-cell inhibition at low-uM to double-digit-nM concentra-
tions; and their activities were not significantly modified by the
absence of any particular DV PM (Table 3). The results ob-
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tained with compounds GB-II1-24, GB-III-28, and GB-III-32
confirm the potency of amidine-containing compounds against
P. falciparum at nanomolar concentrations (30, 58). The over-
expression of PM X resulted in a significant decrease in para-
site susceptibility to GB-I11-32, suggesting that this relatively
unexplored PM might constitute a primary target (Table 3).
Our findings for Ro 40-4388 and pepstatin A illustrate that
enzyme screens and structural studies are not completely pre-
dictive of the specificity of a compound against the whole
organism. Neither compound displayed a significant change in
potency in any individual PM-KO line (Table 1), even though
Ro 40-4388 was identified from a screen for compounds active
against purified recombinant PM I (42) and the in vitro binding
of pepstatin A to PM II has been defined at the structural level
(57).

To further define how and when several of the aspartic
protease inhibitors exhibit their antimalarial action, we carried
out Hb degradation inhibition assays with synchronized para-
sites. The results suggest that these compounds do not impair
Hb degradation but, rather, inhibit parasite development at an
earlier stage of development, corresponding to the period of
late rings to early trophozoites (Fig. 3). These studies suggest
that these inhibitors might target a separate PM that is essen-
tial for survival and that is expressed earlier than the DV PMs.
In our assays, only the cysteine protease inhibitors E-64, leu-
peptin, and ALLN inhibited Hb degradation and noticeably
affected DV morphology (Fig. 3). We also used microscopy to
assess the stage at which parasite development was arrested
following treatment with the various inhibitors. CQ exhibited
its effect later than the aspartic protease inhibitors, as evi-
denced by the ability of the parasites to proceed further in
development when they were treated with CQ. The aspartic
protease inhibitors caused substantial host cell and parasite
lysis and inhibited parasites from progressing beyond late ring
stages, and there was no evidence of DV formation. In con-
trast, treatment with the cysteine protease inhibitors E-64,
leupeptin, and ALLN resulted in parasite arrest later, at the
trophozoite stage. The most notable effect was the appearance
of a swollen DV, comprising a large percentage of the parasite
cell volume and apparently fewer hemozoin crystals (Fig. 3; see
Fig. S4 in the supplemental material).

The results of the inhibition of Hb degradation studies com-
bined with those of the isobologram analyses lead us to recon-
sider earlier interpretations about the mode of action of these
aspartic protease inhibitors. Previously, the antagonism de-
tected between Ro 40-4388 and CQ was proposed to result
from the former inhibiting PM I-mediated heme degradation,
resulting in the availability of less B-hematin receptor for the
sequestration of CQ in the DV and leading to fewer CQ-3-
hematin complexes and reduced CQ toxicity (10, 42, 43). We
also observed antagonism between CQ and Ro 40-4388 and
found a similar interaction between CQ and GB-III-32 (Fig.
1A and B). Nonetheless, our data suggest an alternative expla-
nation, as antagonism was also observed in the Apfpml1 line.
The results of our time course studies, discussed above, lead us
to propose instead that this antagonism might result from
these protease inhibitors acting prior to the period of maximal
DV development and CQ action. This differed from the results
obtained with ALLN, an inhibitor of PM activation in mid- to
late trophozoites, which was found to have a largely additive
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effect with CQ (Fig. 1D). In parallel studies, we also observed
an additive effect between CQ and old pepstatin A (see Fig.
S3A in the supplemental material). Our assays also revealed
clear antagonism between Ro 40-4388 and E-64 (Fig. 1F). This
finding is in contrast to that presented in an earlier report that
indicated synergy between pepstatin A (old) and E-64 (24).
One possibility that ties together these findings is that the
effect observed between pepstatin A (old) and CQ in our study
and between pepstatin A (old) and E-64 in the earlier work is
due to a contaminant in the pepstatin A (old) preparation and
not the aspartic protease inhibitor itself (39).

A striking finding from our studies was that the PM-KO lines
displayed a greater change in their response to the cysteine
protease inhibitors than to the aspartic protease inhibitors.
The largest change was observed with the calpain inhibitor
ALLN, which reportedly inhibits the maturase activity respon-
sible for activating the DV PMs (18). ALLN became nearly
twice as potent in the A3pfpm line (which retained only PM
IV) and almost 10-fold more potent in the mutant with qua-
druple mutations, the Adpfpm line (Table 1). This strongly
suggests that ALLN inhibits an additional function, for if its
only biological effect were to inhibit processing of the four DV
PMs, then A4pfpm parasites should be impervious to its action.
E-64, leupeptin, and ALLN all demonstrated significant in-
creases in potency in several of the PM-KO lines. One inter-
pretation is that the PMs and falcipains share some coopera-
tive functions in the DV and that the loss of PMs renders
falcipain inhibition by cysteine protease inhibitors more effec-
tive. Evidence of interrelationships between the aspartic and
cysteine proteases, as well as their inhibitors, also comes from
earlier studies indicating that falcipain-2-KO parasites became
highly susceptible to old or new preparations of the aspartic
protease inhibitor pepstatin A (39, 54).

CQ accumulates in the DV of CQ-sensitive parasites in
larger amounts than in CQ-resistant parasites and is believed
to kill parasites through the inhibition of heme detoxification
(10, 34, 36). The significant, 25% decrease in CQ and m-dCQ
IC50s seen with the Apfpm3 and Apfpm4 parasite lines (Table
2), generated in the CQ-resistant Dd2 parasite background,
demonstrates a close relationship between the role of those
two PMs in Hb degradation and the mode of action of CQ.
Their loss might alter the kinetics of heme release, its oxidation
and conversion to B-hematin, or hemozoin biomineralization
or might otherwise compromise the CQ resistance mechanism.
Alternatively, the loss of PM III or PM IV might result in
liberated globin chains being inefficiently processed into amino
acids that can be transported out of the DV and alter the
amounts and properties of di- or oligopeptide moieties in ways
that enhance the uptake of CQ into the DV. We note that
these differences in the individual CQ-resistant PM-KO lines
were not observed in the multiple-PM- and falcipain-KO lines
created in other studies, including A3pfpm and A4pfpm, all of
which were generated in the CQ-sensitive 3D7 parasite (8, 38,
39). We also observed that the CQ-resistant Dd2 line and the
CQ-sensitive 3D7 and GCO3 lines differed in their responses to
several of the selected aspartic and cysteine protease inhibitors
(Tables 1 to 3; see Tables S1 and S2 in the supplemental
material), presumably reflecting differences in their intracellu-
lar and/or DV physiology.

Our studies also provide new insights into the family of DV
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PMs. The data strongly suggest that PM IV (the original or-
tholog of the four DV PMs) and PM III (HAP) are function-
ally the most important (even though the majority of PM
inhibitor screens and structure-guided syntheses have been
directed toward PM I or PM II), because the genetic ablation
of PM 1V or PM III most often led to increased susceptibility
to the protease inhibitors tested. The Apfpm4 parasite was
earlier reported to be the most difficult of all four DV PM-KO
lines to generate and had the slowest growth phenotype (48).
Slow growth was also reported in a separate double PM I- and
PM IV-KO line (38). Both these lines that included a PM IV
KO displayed increased sensitivity to E-64. The response of
Apfpm4 to drug combinations also frequently differed from the
responses of the other PM-KO lines (Fig. 1; Table 4; see Fig.
S1 in the supplemental material). The genetic ablation of PM
I1II led to the most significant decreases in ICs,s in response to
the greatest number of compounds tested, with this being ob-
served with E-64, leupeptin, ALLN, CQ, and m-dCQ (Tables
1 and 2).

Apfpm?2 clearly demonstrated the overlapping modes of ac-
tion of the aspartic and cysteine protease inhibitors, as this line
showed a significantly increased sensitivity to the cysteine pro-
tease E-64 (Table 1). Apfpm2 also accumulated the largest
amount of undegraded Hb (Fig. 2). These data support earlier
findings that purified PM II protein can initiate Hb degrada-
tion in an acidic environment similar to that of the DV (26).
The Apfpm1 parasite had no significant responses to any of the
drugs tested, suggesting that PM I may be the least important
of all the DV PMs (Tables 1, 2, and 3). Our findings that
individual PM-KO lines differ quite markedly in their suscep-
tibilities to protease inhibitors and CQ suggest that DV PMs
have evolved some unique functions that are not fully compen-
sated for by other PMs or falcipains. Only for E-64 and ALLN
were the A3pfpm and A4pfpm parasites (generated in 3D7
parasites) similar to certain individual PM-KO lines (gener-
ated in Dd2 parasites) in terms of showing altered levels of
susceptibility. Differences in the genetic backgrounds and the
DV physiologies of the Dd2 and 3D7 lines may, in part,
account for this, in addition to their defined differences in
DV PM content. Morphologically, we noticed that the
A3pfpm and A4pfpm parasites had substantially reduced
DV volumes and to have seemingly normal amounts of
hemozoin compared to the DV volumes and amounts of
hemozoin in nontransformed 3D7 parasites (data not shown),
yet their growth rates were clearly different, with the relatively
normal growth in A3pfpm contrasting with poor growth in
Adpfpm, even in normal (amino acid-rich) medium (8). This
supports the idea that PM IV is able to maintain a normal DV
function in the absence of the other three PMs.

On the basis of the findings of our studies, we propose that
the aspartic protease inhibitors tested in the present study act
against the parasite by blocking the action of one or more PMs
distinct from PM I to PM IV. The major targets are likely to be
expressed in early developmental stages, as suggested by the
lack of an effect on Hb degradation, frequent antagonism with
CQ, and the killing of parasites in those stages that precede the
formation of mature DVs (Fig. 1 and 3). This leads us to
suspect a role for PM V, PM IX, or PM X and to highlight their
potential as putative candidate targets. The identification of
specific and potent PM inhibitors remains an important goal
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that can benefit from research into adaptive inhibitors that
have a high affinity for an important PM (e.g., a non-DV PM
such as PM V, PM IX, or PM X) and that can also inhibit other
PM family members (44). Clearly, a detailed understanding of
the structural and functional differences between the individ-
ual PMs and of the mode of action of PM inhibitors will be
imperative for future antimalarial drug discovery efforts that
target this family of aspartic proteases.
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