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Abstract

Drug discovery is a key part of malaria control and eradication strategies, and could benefit from sensitive and affordable
assays to quantify parasite growth and to help identify the targets of potential anti-malarial compounds. Bioluminescence,
achieved through expression of exogenous luciferases, is a powerful tool that has been applied in studies of several aspects
of parasite biology and high throughput growth assays. We have expressed the new reporter NanoLuc (Nluc) luciferase in
Plasmodium falciparum and showed it is at least 100 times brighter than the commonly used firefly luciferase. Nluc
brightness was explored as a means to achieve a growth assay with higher sensitivity and lower cost. In addition we
attempted to develop other screening assays that may help interrogate libraries of inhibitory compounds for their
mechanism of action. To this end parasites were engineered to express Nluc in the cytoplasm, the parasitophorous vacuole
that surrounds the intraerythrocytic parasite or exported to the red blood cell cytosol. As proof-of-concept, these parasites
were used to develop functional screening assays for quantifying the effects of Brefeldin A, an inhibitor of protein secretion,
and Furosemide, an inhibitor of new permeation pathways used by parasites to acquire plasma nutrients.
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Introduction some compounds belong may indicate their likely targets, for most
compounds the targets are completely unknown. This is further
exacerbated by the fact that even if the targets could be identified
by complex and costly laboratory investigation, the functions of
more than half of the parasite’s proteins are still unknown. This
therefore makes it very difficult to deduce what a compound’s

Malaria is a life-threatening disease caused by five species of
parasites belonging to the genus Plasmodium, and includes P.
falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi.
Despite successful efforts to reduce mortality through transmission
control and patient treatment, there are still over 200 million mechanism of action might be, making it problematic to evaluate
clinical cases per year and tragically about 600,000 deaths [1]. The if the compound is worth further development.
appearance and spread of multidrug resistant strains of the most In the bloodstream, red blood cells (RBCs) are infected by the
deadly species, P. falciparum threatens to revert the mortality and short-lived extracellular merozoite form of the malaria parasite.
morbidity reductions achieved so far and future control and During invasion of the RBC, the malaria parasite envelops itself in
eradic.ation strategies must include the discovery of new anti- the parasitophorous vacuole membrane (PVM). In order to grow
malarial compounds. rapidly and replicate, Plasmodium parasites extensively modify the

Recently, extensive high throughput screens of proprietary and RBC host by exporting hundreds of proteins across the PVM into
publicly available libraries have identified thousands of potent the RBC cytosol and some then further out to the RBC plasma
compounds that inhibit the growth of P. falciparum blood stages membrane [6-8]. While the function of most of these exported
inin vitro culture [2-5]. There is now a pressing need to identify proteins is unknown, those that have been investigated appear to
the targets of these compounds and the aspects of parasite biology be associated with virulence related functions such as cytoadher-
that are inhibited by them. Although the structural family to which ence to vascular endothelium and strengthening of the host cell
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cytoskeleton [9,10]. Parasites also cause their host erythrocytes to
become more porous so blood plasma nutrients can be acquired
for rapid growth. At least one secreted parasite protein called
RhopH]I, has been shown to help establish these new permeation
pathways (NPPs) but it is not clear if other parasite proteins,
potentially exported into the host, also play a role [11]. Protein
export is a unique aspect of the parasite’s biology and is essential
for their survival and contributes greatly to disease pathology.
Recently a novel protein export machine called PTEX, has been
identified that resides in the PVM [12] and appears to selectively
transport proteins across the membrane into the RBC cytoplasm
[13,14]. PTEX appears to constitute a single portal through which
hundreds of exported proteins must pass. Therefore, inhibition of
PTEX or of any complex required for protein export is likely to be
highly effective against the parasite, as this will simultaneously
disrupt the functions of 100 s of essential or virulence related
exported proteins given they will not be able to reach their
functional destinations.

So far, assays used to screen molecules active against P.
falciparum parasites have mostly been based on measuring
inhibition of overall growth of asexual blood stages, and recently
of sexual stages [15,16]. Growth inhibition assays have the
advantage of being able to test in a high throughput manner large
chemical libraries to identify potential hits, but have the
disadvantage of not allowing biological validation of the actual
targets of candidate drugs. Conversely, specific assays such as the
detection of protein export in P. falciparum have been established
by expressing fluorescent reporters such as the green fluorescent
protein (GFP) fused at its N-terminal with a previously character-
ized protein export element (PEXEL) [17]. To wuse such
approaches to screen for export inhibitors would be slow and
laborious requiring sophisticated microscopes and highly trained
personnel.

Luciferase (Luc) is the enzyme required for bioluminescence in a
variety of organisms, and it has been adapted as a reporter in
several cell types. The firefly and Renilla luciferases, from
Photinus pyralis and Renilla reniformes respectively, have been
expressed in Plasmodium spp. without any apparent toxicity
[18,19]. This reporter has been used to study several aspects of
parasite biology [20-22] and for growth/drug inhibition assays
[4,16,23-27]. In addition, being an exogenous protein allows Luc
to be expressed in fusion with other proteins, including trafficking
signal motifs. Protein trafficking in P. falciparum has been
investigated using Luc, but the inefficient fractionation technology
available impaired conclusive results regarding protein export
[28].

Here NanoLuc (Nluc), a new smaller and brighter luciferase
from deep-sea shrimp [29], is evaluated as a reporter in P.
falciparum. Parasites engineered to express cytosolic, secreted and
exported forms of Nluc have been developed, and new affordable
and simple assays to quantify protein secretion and export, NPP
functions as well as parasite growth are described.

Materials and Methods

Plasmid Construction

Nluc coding sequence was retrieved from pNLI1.1 (Promega)
digested with Ncol and Xbal and cloned in the same restriction
sites of pPf86 [19] to generate pPfNluc. The stable expression
vector pEF-Nluc was made cloning Nluc in the Neol and Spel sites
of pEF-Luc [30]. To express a version of Nluc that could be
exported into the erythrocyte compartment, a synthetic gene
(Genscript) encoding the first 113 amino acids of the P. falciparum
exported protein hypl (PF3D7_0113300), was cloned in pEF-Nluc
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via Xhol and Ncol sites, generating pEF-PEXEL-Nluc. The
secreted Nluc was made cloning a synthetic gene encoding the first
23 amino acids of P. falciparum MSP1 (PF3D7_0930300) in Xhol
and Ncol sites of pEF-Nluc, generating pEF-SP-Nluc.

Parasite Culturing and Transfection

P. falciparum 3D7 parasites were cultured as per [31] in RPMI-
HEPES media supplemented with L-glutamine (Sigma) and
Albumax II (Invitrogen). Trophozoite stage parasites were
transfected by feeding with erythrocytes electroporated with
100 ug of plasmid DNA [32,33]. For transient transfections,
parasites were harvested 4 days later. For stable transfections,
parasites were cultured on 2.5 nM WR99210 until a transfected
population was established.

Luciferase Assay

Unless otherwise stated all bioluminescence reagents are from
Promega. Transiently transfected parasites were lysed with 0.1%
saponin and washed twice in PBS to remove the hemoglobin. For
firefly luciferase, parasite pellets were re-suspended in 20 pL of 1x
Luciferase Cell Culture Lysis Reagent, mixed with 100 pL of
Luciferase Assay Reagent, containing the Luciferase Assay
Substrate Luciferin previously dissolved in Luciferase Assay Buffer,
and immediately measured for 30 seconds in a FLUOstar Omega
Luminometer (BMG Labtech) with the gain adjusted to maxi-
mum. For Nluc, parasite pellets were re-suspended in 100 uL of
PBS, mixed with 100 pL. of 2x Nano-Glo Luciferase Assay
Reagent and measured in the luminometer with the same gain and
for the same time used for firefly luciferase. Nano-Glo Luciferase
Assay Reagent was made by adding one volume of Nano-Glo
Luciferase Assay Substrate to 50 volumes of Nano-Glo Luciferase
Assay Buffer as recommended by the manufacturer. Cultures of
stably transfected Nluc parasites, were diluted in RPMI to 0.1%
hematocrit, mixed with 1 volume of Nano-Glo Luciferase Assay
Reagent and measured for 2-10 seconds as indicated in each
experiment in a luminometer with the gain reduced by 10% for
the sample with the highest signal on the plate to prevent
saturation.

Chloroquine Sensitivity

Nluc ring stage parasites were incubated with chloroquine (CQ)
concentrations varying from 52 pM to 4 mM in 5-fold increments.
After 3 days, cultures were frozen and stored at —80°C. Frozen
cultures were thawed immediately before Nluc or lactate
dehydrogenase (LDH) quantification [34]. Three experiments
were done in duplicate with Nluc independently transfected lines.
1C50 was determined by non-linear regression analyzed by
GraphPad Prism software.

For transient transfections, parasites at trophozoite stage were
incubated with 400 pL of erythrocytes previously electroporated
with 150 pg of pPfNluc and left to invade for one day in a culture
volume of 10 mL (4% hematocrit). Culture volume was increased
to 40 mL (1% hematocrit), cultures split in 5 mL volumes and CQ
added at each concentration. Cultures were maintained for 3 days
and Nluc quantified after hemoglobin removal by saponin lysis as
described in the Luciferase Assay section. Results correspond to 3
independent experiments. For each assay 100% growth corre-
sponds to parasites grown in absence of CQ) and 0% growth to
parasites grown in supra lethal dose of the drug (4 mM). The
robustness of the assays were evaluated by calculating the
statistical parameters Z’ value, signal to background ratio (S/B),
signal to noise ratio (S/N), %CVmax and %CVmin as previously
described [35]. The Z’ value was calculated according to the
formula: 2’ = 1*(3 Gc<+>+?) Gc(f))/|“.c<+>7}lc(7>| 5 where e and
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G correspond the mean and standard deviation of the positive
control (100% growth) and [ -y and Gy correspond the mean
and standard deviation of the negative control (0% growth)
respectively. The S/B was calculated as Meny/He—) and S/N as
(Mc@y=Me(—)/ O¢—). CGVmax and CVmin were calculated as
100 X(Op)/ Ker) and 100X (0¢—)/Ue—)) Tespectively.

Immunofluorescence Microscopy

Nluc, SP-Nluc or PEXEL-Nluc parasites were settled on poly-L
lysine coated wells of a Lab-Tek chamber slide and fixed in 4%
paraformaldehyde and 0.0075% gluteraldehyde in PBS [36].
Parasites were probed with an anti-EXP2 monoclonal [37] and
rabbit anti-NanoLuc IgG (a kind gift from Lance Encell, Promega)
all at 20 ug/mlL. Images were acquired with a Zeiss AxioObserver
mverted microscope and processed with Image].

Sub-Cellular Fractionation

Equinatoxin II was expressed in E. coli and purified as
previously described [38] and stock aliquots at [1 mg/mL] were
kept at —80°C, thawed and diluted 10-fold in PBS just prior to
use. 50 UL of total parasite culture at 1% hematocrit was
transferred to 1.5 mL tube and washed with 0.5 mL of RPMI to
remove Nluc from the media. After centrifuging at 3,000 g for
3 min, 0.5 mL of the supernatant was discarded. To the 50 pL of
culture left in the tube, 1 volume of equinatoxin in PBS was added.
After gently mixing for 5 min, 400 UL of RPMI was added and
the samples centrifuged at 6,000 g for 3 min. 50 uL. of the
supernatants were recovered and transferred to a 96 well plate,
corresponding to the RBC fraction. Most of the remaining
supernatant was then removed and discarded leaving about 30 uL
in the tube. This represents 6% contamination, necessary to avoid
accidental removal of the cells on the bottom of the tube. 470 pL
of 0.01% saponin diluted in RPMI was added, and gently mixed
for 2 min. The sample was centrifuged at 6,000 g for 3 min and
50 UL of the supernatant transferred to a 96 well plate, which
corresponds to the PV fraction. Most of the solution was
discarded, leaving about 30 UL in the tube. 470 uL. of RPMI
was added to dilute the sample, which was gently mixed and
50 uL transferred to a 96 well plate to become the parasite
fraction. Just prior to measuring in the luminometer, 50 WL of
Nano-Glo Luciferase Assay Reagent was added to each sample.

Brefeldin A (BFA) incubation

Trophozoite stage cultures were incubated for 6 hours with
5 mg/mL BFA (Sigma) and harvested for RBC fractionation and
Nluc quantification. DMSO was used to resuspend BFA and
served as a negative control.

New Permeation Pathway assay

Parasite culture expressing PEXEL-Nluc were washed to
remove excess Nluc from the culture media. The culture
containing 1-5% trophozoite stage parasites was diluted to 1%
hematocrit. The culture was incubated with 5-fold the final
concentration of furosemide for 20 min at RT. 10 pl of culture
was then added in triplicate to new wells of an opaque 96-well
plate (Nunc). 40 ul of sorbitol lysis buffer (280 mM sorbitol,
20 mM Na-HEPES, 0.1 mg/ml BSA, pH 7.4) or PBS was then
added. The cells were then pelleted and the supernatant was
collected at each time point and frozen. The supernatant was then
mixed with 2x Nano-Glo assay reagent buffer and luminescence
was measured. Alternatively, a 1/2000 dilution of Nano-Glo was
added directly to the sorbitol lysis buffer or PBS and luminescence
was measured at each time point.
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The statistical parameters 7’ value, S/B, S/N, %CVmax and
%CVmin were calculated in order to determine the robustness of
the assay at each time point where reporter activity was measured.
Parasites incubated with 0 UM or 25 uM furosemide served as
positive and negative (background) controls respectively. Experi-
ments were performed in triplicates and repeated once.

Results

NanoLuc expression in Plasmodium falciparum

Nluc is an ATP independent luciferase nearly two orders of
magnitude brighter than firefly and Renilla luciferases when
expressed in mammalian cells [29]. To evaluate if Nluc would
perform similarly in P. falciparum, the reporter plasmid pPfNluc
was made by replacing the firefly luciferase gene in pPf86 [19]
with that encoding Nluc (Fig. 1A). With both firefly luciferase and
Nluc under control of the same Hsp86 promoter, the plasmids
were electroporated into uninfected RBCs and then fed to P.
falciparum trophozoite stage cultures so that the parasites would
take up the plasmid when they invaded the electroporated RBCs.
Four days later, the so-called transient transfectants were assayed
for luciferase activity after saponin lysis which selectively
permeabilises the RBC to facilitate the removal of haemoglobin,
a powerful quencher of emitted light. Extracts of PfNluc parasites
when provided with its optimised furimazine substrate (Nano-Glo
Luciferase Assay Reagent) produced a strong signal (Fig. 1B), but
extracts from the pPf86 parasites did not (data not shown). Firefly
luciferase activity in the pPf86 transfectants could only be detected
when provided with its D-luciferin substrate diluted in the
Luciferase Assay Buffer (Fig. 1B). Extracts of mock-transfected
parasites were used as negative controls and to determine the
background luminescence for each substrate. After subtracting the
background activities, Nluc was approximately 117-fold brighter
then firefly luciferase, demonstrating Nluc can be expressed in P.
falciparum and similar to mammalian cells is considerably brighter
than firefly luciferase (Fig. 1B).

Stable expression in P. falciparum

P. falciparum tolerance for Nluc expression in continuous
culturing was next investigated. The stable transfection vector
pEF-Nluc was made by replacing the firefly luciferase of pEF-Luc
[30] with Nluc (Fig. 2A) and this vector was stably transfected in
P. falciparum. To confirm that the transfected parasites were
expressing Nluc, 100 pL of parasite culture at 1% hematocrit and
5% parasitemia, corresponding to 500,000 infected red blood cells
(RBC), were washed and resuspended in the original volume of
PBS. The cells were then lysed in 100 pL of Nano-Glo Luciferase
Assay Reagent (referred to as 1:1 in Iig. 2B) and this, measured for
10 seconds in the luminometer with its gain adjusted to 10%
below saturation, yielded almost 10’ RLU, which is the value
where the signal saturates. The high signal strength prompted us
to determine if the Nano-Glo Luciferase Assay Reagent could be
more cconomically used and so it was diluted in 10-fold
increments in Luciferase Cell Culture Lysis Reagent, part of the
Luciferase Assay System (Promega), and tested with the same
number of Nluc expressing parasites in the same conditions. A 10-
fold dilution of Nano-Glo decreased the signal by less than 10%,
suggesting the substrate was in excess for the amount of enzyme
present in the extract (1:10, Fig. 2B). The 100 and 1,000-fold
dilutions resulted in signal decreasing about 3 and 24-fold,
respectively (1:100 and 1:1000, Fig. 2B). In spite of the lower
signal detected, 1,000-fold dilution of Nano-Glo still permitted
detection at a S/B ratio of approximately 125 (1:1000 versus 1:1
wt, Fig. 2B).
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Figure 1. NanoLuc (Nluc) luminescence in Plasmodium falciparum. (A) Diagrams of firefly and Nluc reporter vectors. (B) pPf86 and pPfNluc were
transfected in trophozoite stage parasites and luciferase activity in relative light units (RLU) determined 4 days later. Note that the RLU of each
luciferase was measured in its own optimal substrate ie, Nluc with Nano-Glo and Firefly with D-luciferin. Mock-transfected parasites were used as
negative control and to determine background luminescence, which was then subtracted from firefly and Nluc activities. The result represents the

mean of 3 independent transfections * standard deviation.
doi:10.1371/journal.pone.0112571.g001

High throughput applications require the reporter detection to
correlate linearly with cell number and the reagent to be stable for
the duration of the experiment. We determined that 1:1000
dilution is stable for up to 20 minutes (data not shown) and so that
this dilution was only used for assays that lasted less than that. A
slightly lower dilution (1:500) was stable for up to 40 minutes (data
not shown) and this was chosen for most of the assays. In order to
determine if detection of reporter activity using the 1:500 dilution
would correlates linearly with parasite number, Nluc activity was
measured in samples containing a range of 5-42,500 iRBC at the
same hematocrit (Fig. 2C). The luminometer’s gain was set to 10%
below saturation for the brightest sample and measurements
performed for 2 s. Linear correlation of RLU and parasite number
could be achieved from 78-42,500 iRBC, corresponding to a
parasitemia of 0.015-8.5% for that specific experiment (Figure
S1). Setting the gain to maximum did not improve the detection
threshold (Figure S2A), but saturated the signal at about 10,000
iRBC. Increasing both the gain to max, the measurement time to
10 s, and using the standard Nano-Glo dilution (1:1) allowed
detection in the linear range down to approximately 10 iRBC, but
the signal saturated at just over 600 iRBC, providing a very
narrow window of detection in the linear range (Figure S2B). In
order to assure detection in the linear range, all subsequent
experiments contained <50,000 iRBC, with the gain set to 10%
below saturation for the brightest sample and thus the absolute
RLU values cannot be compared among different experiments.
Using another cell line with exported Nluc (described next),
detection in the linear range was achieved in the range of 71—
73,500 iRBC (Figure S3).

PLOS ONE | www.plosone.org

The possibility of working at such a high Nano-Glo dilution and
keeping a high S/B ratio raised the question whether Nluc could
be used as an inexpensive high throughput assay for quantification
of P. falciparum growth in the presence of inhibitors. To test this,
the Nluc parasites, which were transfected forms of the chloro-
quine-sensitive 3D7 strain, were grown for 3 days in the presence
of varying concentrations of chloroquine (CQ). Initial parasitemias
were 0.5-1% ring stage parasites, at 1% heamatocrit in a total
culture volume of 100 uL. After three days the parasitemias were
about 2.5-5% of late trophozoite/schizont stage parasites and the
cells present in 10 pL of the culture were harvested and reporter
activity detected using the Nano-Glo Luciferase Assay Reagent in
its standard dilution or diluted 1,000-fold as in Figure 2B. As a
control, the remainder of the cultures were used to quantify
growth by the benchmark lactate dehydrogenase (LDH) assay
where the activity of endogenous LDH enzyme was measured
[34]. The growth curves and IC5y were similar for all the methods
applied, suggesting Nluc performs similarly to LDH and that
1,000-fold Nano-Glo Luciferase Assay Reagent dilution can be
used (Fig. 2D-E).

A caveat of using luciferase to quantify cell growth is that the
parasites have to be already stably transfected, which can take
several weeks for P. falciparum. The RLU levels detected in the
transient transfections with pPfNluc (Fig. 1B) suggested the signal
might be strong enough to be used for a growth assay. To test that,
erythrocytes electroporated with pPfNluc were fed to wild type
parasites at trophozoite stage and left to invade for 1 day. After
that, varying concentrations of CQ were added and parasites
cultured for 3 more days when Nluc and LDH activities were
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Figure 2. Plasmodium falciparum stably expressing Nluc. (A) The Nluc gene was cloned in the pEF vector for stable expression in P. falciparum.
(B) Aliquots (100 pL) of cultures at 1% hematocrit and 5% parasitemia corresponding to 500,000 P. falciparum infected RBCs transfected with pEF-
Nluc were mixed with 1 volume of Nano-Glo Luciferase Assay Reagent and reporter activity measured (1:1). Nano-Glo Luciferase Assay Reagent was
further diluted in 10-fold increments in Luciferase Cell Culture Lysis Reagent and used to determine reporter activity of the same culture. As a
negative control, wild type parasites (wt) were mixed 1:1 with Nano-Glo Luciferase Assay Reagent. (C) Parasites stably transfected with pEF-Nluc were
diluted in 2-fold increments in RPMI + RBC maintaining 0.5% hematocrit. For each sample, 10 pL of the culture dilutions were mixed with 40 uL of
Nano-Glo diluted 1:400 in water and measured in the luminometer for 2 s with the gain adjusted 10% below saturation for the brightest sample. The
solid line represents the mean RLU after linear regression. The dashed line represents the background +3 standard deviations. (D) Nluc expressing
parasites were cultured in varying concentrations of chloroquine (CQ) and their growth determined by the LDH standard method or by measuring
reporter activity using Nano-Glo Luciferase Assay Reagent at its standard dilution (1:1) or diluted 1:1000 as described in (C). Similarly, wild type
parasites were transiently transfected with pPfNluc and their growth determined using Nano-Glo Luciferase Assay Reagent (Transient). ICso was
calculated by non-linear regression and represents the mean of 3 experiments. (E) The 1Csos determined in D were plotted with 95% confidence

intervals (Cl).
doi:10.1371/journal.pone.0112571.g002

determined. Both the growth curve (Fig. 2D) and the 1C5, were
similar to what had been determined for the stable transfected
parasites measured by Nluc or by LDH activities (Fig. 2E).

Statistical parameters were calculated to evaluate the robustness
of the assay and whether it could be suitable for high throughput
drug screening (Table 1). Z* values for CQ) sensitivity assay using
the stable transfected line and the standard or 1:1000 Nano-Glo
dilutions were >0.9 and similar to the LDH assay. The assay using
transiently transfected parasites produced a significantly lower, but
still suitable (>0.6) Z’ value, which was caused mainly by a lower
S/B ration and higher variation of both positive and negative
controls.

Targeting Nluc beyond the parasite membrane

Much of the virulence of Plasmodium parasites can be
attributed to the export of effector proteins into the host
compartment, which extensively modifies the iRBC [10,17,39
43]. Consequently, there has been much interest in understanding
how parasites export proteins beyond the PVM that envelops them
within the RBC cytoplasm and whether the export system can be
targeted with drug inhibitors [6,12,39,44]. Methods such as
tagging exported proteins with fluorescent markers like green
fluorescent protein or by immuno-labeling with protein-specific

PLOS ONE | www.plosone.org

antibodies have been extensively applied for detection of exported
proteins in Plasmodium spp [17,41,45-47]. Microscopy of
individual parasites has then been used to follow the tagged
proteins but this is time consuming and not amenable to
quantification. In order to create a more quantitative approach
we attempted to export Nluc into the RBC compartment so we
could quantitatively follow its passage. To do this the first 113
residues of the P. falciparum exported protein Hypl
(PF3D7_0113300), containing the PEXEL cleavage site RLLTE,
was fused to Nluc at its N-terminus (Fig. 3A). PEXEL-Nluc
parasites were analyzed by immunofluorescence (IFA) with
antibodies for Nluc and Exp2, a PVM marker used to delimit
the parasite boundaries. PEXEL-Nluc did not concentrate and co-
localize with Exp2 rather occupying the entire RBC cytosolic
region that lies beyond the PV, suggesting it is correctly exported
(Fig. 3A). There was also an increased Nluc signal surrounding the
parasites’ nuclei that could represent newly synthesized Nluc
transiting through the endoplasmic reticulum (ER).

Once trafficked from the ER to the parasite surface probably by
vesicular transport, exported proteins must transit across the PV
before engaging the PVM-spanning export machine PTEX, to
cross the vacuole membrane [12]. Any inhibitor of protein export
1s likely to trap cargo within the parasite or its vacuole and so a
control parasite line was created that secreted its cargo into the
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Table 1. Summary of the assay parameters from the growth assays.

Assay and reagent dilution

Nano-Glo 1:1 Nano-Glo 1:1000 Transient’ LDH
Z’-value 0.96+0.02 0.95%+0.02 0.69+0.11 0.93+0.03
S/B ratio 114%52 70+26 21£13 5%+0.7
S/N ratio 1397+84 687+221 182*48 163*75
%CV max 1.36%0.60 1.56+0.47 9.20£3.99 1.23+0.97
%CV min 8.01£3.28 9.92+0.66 10.50*4.59 2.84*+1.31

doi:10.1371/journal.pone.0112571.t001

PV. To do this the first 23 residues of merozoite surface protein 1
(MSP1) was fused to the N-terminus of Nluc (Fig. 3B). This region
comprising the signal peptide region (SP) of MSP1 has been
reported to efficiently target GFP to the secretory pathway [48].
Parasites expressing SP-Nluc were analyzed by immunofluores-
cence with anti-Nluc and anti-Exp2 and both proteins seem to
mostly co-localize in the PV with some minor labeling in the RBC
compartment (Fig. 3B).

Gene constructs

"refers to luminescence measured from transiently transfected parasites using the standard Nano-Glo dilution.

In order to demonstrate that Nluc trafficking was dependent on
the signals fused to its N-terminal region, the sub-cellular
localization was also analyzed in parasites expressing the original
Nluc and as expected, the reporter alone has a cytosolic
localization (Fig. 3C).

Nanoluc EXP2 DAPI DIC DIC

Merge Merge

A.

1 RLLTE 113

] ] PF3D7_0113300 (hyp1) |

[ PEXEL | Nluc |
B.

1 23

PF3D7_0930300 (MSP1) |

[SP] Niuc |

C.

| Nluc

Figure 3. NanoLuc is targeted to the PV and to the RBC. Diagrams of gene constructs and the IFA images are shown on the left and right
respectively. Nluc fused at its N-terminus to (A) the N-terminal region of an exported protein (PEXEL), (B) to a secretion signal peptide (SP) or (C)
original (cytosolic). The gene encoding each fusion protein was cloned in the pEF vector. Transfected parasites were analysed by IFA using antibodies
to detect Nluc and the PVM marker Exp2. DAPI was used for nuclear staining. Size bar=5 pum.

doi:10.1371/journal.pone.0112571.g003
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Quantification of Nluc fusions on iRBC sub-cellular
compartments

Before quantifying the export of Nluc, we needed to ensure that
hemoglobin a powerful quencher of luminescence detection would
not mislead interpretations of the reporter activity quantified in
different compartments of the infected RBCs. In order to find
conditions where hemoglobin did not substantially block lumines-
cence, PEXEL-Nluc parasites at 1% parasitemia and 10%
hematocrit (ie, 10% RBCs in RPMI v/v) were sequentially diluted
in RPMI. The infected RBCs were then lysed in an equal volume
of Nano-Glo Luciferase Assay Reagent and the luminescence
measured. After normalizing the RLU for parasite number that we
have shown are directly proportional (Fig. 2B), reporter activity
was similar from hematocrits of 0.04% to 0.12% (Figure S4).
Hematocrits of =0.37% showed progressively reduced lumines-
cence, suggesting a hemoglobin quenching effect at higher
hematocrits (Figure S4). Thus for all subsequent experiments,
cells extracts were always diluted so that the equivalent hematocrit
was never higher than 0.1%.

Microscopy of the secreted and exported Nluc parasites
indicated the fusion proteins were most strongly detected in
trophozoite and schizont stage parasites (=24 hours post invasion,
[hpi]), because the EF (elongation factor lo) promoter is weaker in
younger ring stage parasites (0-24 hpi). This was confirmed by a
time course luciferase assay over a single cell cycle (Figure S5) and
for this reason, fractionation of the lines expressing the cytosolic
Nluc, SP-Nluc and PEXEL-Nluc were first carried out on
trophozoites. The subcellular compartments were first fractionated
by treating the cultures with equinatoxin which forms pores in the
RBC membrane, releasing the contents of the RBC cytosol where
soluble exported proteins should reside [38]. The cells were then
incubated with the detergent saponin, which forms pores in the
PVM, releasing the PV fraction, leaving RBC and PV free
parasites, which corresponds to the remaining parasite fraction
(Fig. 4A). Equivalent volumes of the RBC, PV and parasite
fractions from equal number of cells were then mixed with Nano-
Glo Luciferase Assay Reagent and their RLU was measured.

In parasites expressing the cytosolic Nluc, more than 80% of
reporter activity was detected in the parasite fraction (Fig. 4B).
The remaining activity measured in the PV and RBC fractions
may be caused by membrane damage during fractionation.
Importantly, the percentage of activity detected in the parasite
fraction of SP-Nluc and PEXEL-Nluc lines were significantly
lower than in the Nluc line.

In SP-Nluc parasites just over half of the reporter activity was in
the PV fraction, which was significantly higher than the PV
fractions of the Nluc and PEXEL-Nluc parasites (Fig. 4B).
Unexpectedly, about a third of the SP-Nluc luciferase activity
was detected in the parasite fraction, which could possibly be
newly synthesized enzyme en route to the parasite surface via the
ER. About 10% of SP-Nluc activity was detected in the RBC
fraction, which may be due to membrane damage or leakage out
of the vacuole prior to fractionation. Alternatively, the small
amount of NLuc activity detected in the RBC fraction may reflect
the microscopy results from earlier indicating that in some SP-
Nluc expressing parasites, the RBC cytosol was also labeled with
anti-NLuc in addition to the PV (Fig. 3B).

About 70% of luciferase activity was detected in the RBC
fraction of PEXEL-Nluc parasites (Fig. 4B), which is substantially
higher than in Nluc and SP-Nluc lines. The higher reporter
activity in the Parasite fraction in the PEXEL-Nluc parasites
compared to the PV fraction could indicate Nluc takes longer to be
secreted from the parasite than it does to transit the PV. Taken
together these results indicate that Nluc fusion proteins are
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targeted correctly to different cell compartments and can be used
to investigate and to quantify cellular trafficking.

While the secretory pathway is clearly functioning during
schizogony, little is know about the ability of parasites to export
proteins during this stage, bringing into question whether PEXEL-
Nluc could be exported or would remain trapped in the PV.
Cellular fractionation was therefore carried out with segmented
schizonts and the pattern was very similar to trophozoites
(Fig. 4C). The fact that total luciferase activity in these lines
increases until at least 32 hpi (Figure S5) and that a substantial part
of the RBC is engulfed by the parasites strongly suggest PEXEL-
Nluc is exported in schizonts.

Despite the weakness of the EF-lot promoter in rings (Figure
S5), we attempted RBC fractionation and found the cytosolic and
exported lines had a pattern very similar to trophozoites and
schizonts (Fig. 4D). In rings however, the secreted line had higher
proportion of reporter activity in the RBC fraction than in older
trophozoites and schizonts (Fig. 4B-D). The proportion of signal
in the SP-Nluc Parasite fraction was not altered, but in the PV
fraction it had been reduced. It is possible that the ring-stage PVM
is more susceptible to some degree of equinatoxin permeabilisation
than in mature stages, but given the very low expression of SP-
Nluc in rings, there could be an experimental artifact such as some
leakage of SP-Nluc into the RBC during invasion when the PVM
forms. Despite a higher proportion of reporter activity in the RBC
fraction in SP-Nluc ring stages, this line still has the signature of a
secreted reporter. The luciferase activity in the PV fraction is still
substantially higher than in the equivalent fraction in the cytosolic
and exported lines (Fig. 4D). In addition, reporter activity in the
RBC fraction of SP-Nluc rings is considerably lower than in
PEXEL-Nluc rings (Fig. 4D).

Inhibition by Brefeldin A

With the Nluc, SP-Nluc and PEXEL-Nluc parasites having such
distinct and characteristic reporter fraction patterns, we decided to
test known trafficking inhibitors on the lines to assess their
potential usefulness for screening for novel trafficking inhibitor
compounds. To our knowledge, however there are no known
Plasmodium-specific protein export inhibitors, so we instead used
the antibiotic brefeldin A (BFA), which blocks the translocation of
proteins from the ER to the Golgi. Since this pathway is common
for both protein secretion and export, SP-Nluc and PEXEL-Nluc
lines were treated with BFA followed by RBC fractionation
(Fig. 5A). Treatment of trophozoites with 5 mg/mL BFA for 6 hrs
in both lines caused an increase in reporter activity in the parasite
suggesting luciferase is accumulating in the parasite as expected. In
the SP-Nluc line, activity decreased in the PV fraction but not in
the RBC, since transit from the PV into the RBC was not expected
to be affected by BFA. In the PEXEL-Nluc line, activity was
reduced in the RBC, but no change was seen in the PV fraction
suggesting that BFA does not block the PTEX protein transporter.
The general BFA toxicity to the cells was evaluated by measuring
total reporter activity and it dropped by 40 and 35% for the SP-
Nluc and PEXEL-Nluc lines respectively, during the assay period
(Fig. 5B).

Inhibition of New Permeation Pathways

As the parasite matures from a ring into a trophozoite it
progressively increases the permeability of the iRBC to acquire
plasma nutrients and remove waste products that are vital for
rapid growth. The increased permeability appears to be due to the
formation of anion selective channels in the iRBC plasma
membrane. While its clear that parasites play a role in generating
the NPPs, it is not known if they directly form the membrane
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Figure 4. Quantification of Nluc in cellular compartments of infected RBCs. (A) Schematic of the iRBC's compartments where RBC
represents the exported fraction that is released after Equinatoxin treatment. The PV compartment was then released following treatment with 0.01%
saponin and finally, the Parasite fraction was lysed by Nano-Glo Luciferase Assay Reagent. (B) Trophozoite stage parasites transfected with either the
original Nlug, secreted SP-Nluc or the exported PEXEL-Nluc fusions were fractionated as shown in (A) and luciferase activity measured. Nluc activities
as a percentage of the total for each parasite line are shown and represent the mean of 3 experiments +/—SEM. Similar to (B), (C) Schizonts and (D)
Ring stage parasites were also fractionated. Statistical significance (* p<<0.05) was determined by 2 way ANOVA test comparing the percentage of

reporter activity of each sub-cellular fraction among the 3 cell lines.
doi:10.1371/journal.pone.0112571.9g004

channels de novo or if they increase the conductance of pre-
existing human channels [11,49]. It has long been recognised that
if NPPs could be blocked with drug inhibitors then this may starve
the parasites severely curtailing their growth. Screens for such
mnhibitors have been based on the susceptibility of iIRBCs to an iso-
osmotic sorbitol solution that lyses mature parasites with functional
NPPs [50,51]. Compounds that block NPPs render the parasites
resistant to the sorbitol and the resultant reduction in haemoglobin
from lysed iRBCs is measured. To obtain sufficient sensitivity,
large numbers of purified iIRBC have to be assayed and we
therefore wished to determine whether exported PEXEL-Nluc
from lysed iRBCs might be more sensitively detected, and could be
quantified without prior isolation of the iRBCs from uninfected
RBCs. To test this, PEXEL-Nluc trophozoite-stage parasites at 3—
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5% parasitemia were incubated with the benchmark NPP
inhibitor furosemide [50] prior to addition of the sorbitol solution
containing Nano-Glo. Bioluminescence produced by the released
PEXEL-Nluc was measured as a function of time and it was
observed that without furosemide pre-treatment (0 uM), sorbitol
triggered high Nluc activity that peaked 20 minutes after the
addition of sorbitol (Fig. 6). Pre-treatment with furosemide greatly
reduced the release of PEXEL-Nluc in a concentration dependent
manner (Fig. 6). In order to determine the sorbitol incubation
period that would allow optimal detection of NPP inhibition,
robustness parameters were calculated for 10-60 min times
(Table 2). While the shortest time (10 min) produces an acceptable
7’ value, =0.5, 2040 min appeared to be the most suitable
incubation period, where the Z’ value was the highest. At 60 min,
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Figure 5. Detection of secretion and export inhibition. (A) Parasites expressing the secreted (SP) or the exported (PEXEL) Nluc were treated
with Brefeldin A (BFA) for 6 hours and luciferase activity determined in each sub-cellular fraction. Results are the mean of 4 experiments and the error
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lines respectively. (B) The toxicity of each treatment was determined by measuring total luciferase activity as relative to the DMSO control.

doi:10.1371/journal.pone.0112571.g005

iIRBC tended to burst even in the presence of the highest
concentration of furosemide, suggesting the NPP inhibition is
partial, resulting in lower S/B and S/N ratios and a highly
variable Z’ value. The benefit of PEXEL-Nluc parasites is the
sensitivity of the assay which requires no parasite enrichment and
hence fewer parasites and manipulations compared to previous
methods rendering the assay more suitable for high throughput
screening.

Discussion

P. falciparum bioluminescent lines have been widely used both in
studies of parasite biology as well as in assays where detection and
quantification of parasite development or maturation is required
[20-22,25,27]. However, this technology has some caveats such as
the low transfection efficiency and consequently the long periods
required to generate stable transfectants. Here we have shown that
the significantly brighter Nluc reporter can overcome some of
these difficulties. To begin with we have shown that transiently

Table 2. Summary of the assay parameters from the NPP assay.

transfected parasites can be used for drug assays, opening the
possibility of assaying drug sensitivity/resistance in many parasite
strains and field isolates without having to generate stable lines.
The absence of species barrier for promoter recognition in
Plasmodium [52,53] suggests this assay could be applied for
parasites of other species, including P. vivax, a parasite for which
in vitro culturing is more complex and less affordable. Our
experimental design involved two cycles of RBC invasion; the first
when RBCs electroporated with plasmid were added to mature
stage parasites; and the second when parasites have grown in the
presence of chloroquine for 3 days. To overcome poor invasion
efficiency in newly cultured P. falciparum clinical isolates and of
P. vivax, transient transfection could be performed by electropo-
rating ring stage parasites and measuring reporter activity as
parasites mature. Previous results have shown that luciferase based
assays are suitable for monitoring parasite maturation and the
effect of fast acting drugs [26,27].

Although funds for malaria control and eradication have
increased in the last decade, they are still less than half of the

Incubation time

10 min 20 min 40 min 60 min
Z’-value 0.65*+0.19 0.80+0.12 0.81+0.02 —0.20+1.24
S/B ratio 2.7%0.19 4.83£1.96 2.72+0.49 1.47%x0.11
S/N ratio 50.6+13.3 54.84+27.54 37.28+10.91 10.49+11.09
%CV max 5.94+3.33 3.76+2.79 2.33+1.22 5.33%4.92
%CV min 3.43+0.53 9.01£8.09 4.61x0.04 8.87+8.28

doi:10.1371/journal.pone.0112571.t002
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Figure 6. Quantification of NPP activity and inhibition in PEXEL-NLuc parasites. Trophozoite stage parasites (3% parasitemia) expressing
exported PEXEL-NLuc were incubated with different concentrations of the new permeability pathway (NPP) inhibitor furosemide (uM), and then
treated with sorbitol lysis buffer at time zero to induce the release of PEXEL-Nluc which was measured over time. A 1% Triton-X100 in PBS (TX100)
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doi:10.1371/journal.pone.0112571.g006

U$5 billion that is estimated to be required [1]. Since drug
discovery is an essential part of control/eradication strategies,
reducing the cost of screening cultured parasites to discover new
inhibitors is highly desirable. When used at its recommended
concentration the cost of the Nano-Glo reagent for screening a 96
well plate of Nluc expressing P. falciparum parasites is several
dollars. However, we have shown that the Nano-Glo reagent can
be diluted a 1,000-fold while still maintaining sufficient sensitivity.
This could be suitable for high throughput screening and represent
an attractive option to researchers with limited resources. In
addition, the stability of Nluc in frozen samples makes it practical
for storage and transport to where the Nluc can be measured. In
our current drug assays, parasite cultures were kept frozen at —
80°C for several weeks or at —20°C for several days without any
loss of reporter activity that would affect the results (data not
shown).

Protein export plays an essential role for P. falciparum infection
where it is strongly associated with virulence and severity of
disease. Investigation of exported protein trafficking has relied on
examination by fluorescence microscopy of protein fusions with
fluorescent markers or labelling with fluorescent antibodies. Such
techniques require highly trained personnel as well as expensive
and sophisticated microscopes. Microscopy is also poorly quanti-
tative since only a relatively small number of cells can be
practically examined. Bioluminescence offers a simpler and more
quantifiable method to measure protein export, requiring less
training and significantly more affordable equipment. We have
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established a protocol for the small-scale quantification of protein
secretion and export in stable Nluc transfected parasites that can
be used in tandem with general drug screening protocols to
evaluate the effect on export of compounds previously shown to
inhibit parasite growth. Since there are no known specific protein
export inhibitors, we could not test whether PEXEL-Nluc
expressing parasites could be used to screen for export inhibition.
Instead, BFA treatment that blocks transit from ER to Golgi was
used to confirm that inhibition of protein export and secretion can
be quantified. The fact that export is similarly BFA-inhibited as
secretion confirms both trafficking systems share common steps in
the secretory pathway [46,47,54,55].

The Nluc fusion proteins generally appear to localize where
they were expected with data from both microscopy and reporter
activity of sub-cellular fractionation suggesting a small leakage of
SP-Nluc from the PV to RBC. It is known that the PVM looses
integrity and becomes leaky in late schizonts [56], which could
have allowed for the small soluble SP-Nluc (19 kDa) to be detected
in the RBC fraction. Strong leakage in rings indicates that the
PVM could be more permeable than previously thought or just
more susceptible to equinatoxin damage. Despite this, the
cytoplasmic, vacuolar and exported parasite Nluc lines once
fractionated, have unique signatures that would enable screening
for inhibitors that prevent growth, secretion and export. Our
microtube cell fractionation protocol is currently not suitable for
the high throughput screening of export inhibitors in microplate
format due to the large number of steps needed to fractionate the
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cell compartments. We are however continuing to improve the
protocol including its adaption for quantifying export in transiently
transfected parasites.

In contrast to our assay for protein export inhibition, the NPP
inhibition assay seems considerably more robust and ready to be
adapted for high throughput screening. The PEXEL-Nluc NPP
assay has the advantage over the existing protocol, which measures
haemoglobin release, in that the iRBCs do not need to be purified.
Moreover, due it its higher sensitivity, at least 50 times fewer
parasites are needed which is better suited for large scale
screening. In conclusion, we have shown that the use of the new
Nluc reporter in P. falciparum has significant advantages when
compared to the most commonly used firefly luciferase, offering
simple and affordable assays to quantify growth and cellular
trafficking to iIRBC compartments.

Supporting Information

Figure S1 Graph of raw RLU vs parasitemia of same
data presented in Fig. 2C.
(TTF)

Figure 82 Graph of raw RLU vs iRBC number. (A)
Samples and conditions are the same as in Fig. 2C, except that
gain was adjusted to maximum. (B) Samples were measured for
10 sec, gain was set to maximum and Nano-Glo was used in its
standard dilution.

(TIF)

Figure S3 Graph of raw RLU vs iRBC number. PEXEL-
Nluc parasites were serially diluted and samples
measured as in Fig. 2C.

(TIF)

Figure S4 Hemoglobin quenches bioluminescence de-
tection. Nluc expressing parasites were diluted in RPMI in 3-fold
increments and luciferase activity determined. Values were
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normalized by parasite number and represented relative to the
lowest hematocrit (0.04%). The bars represent the mean =
standard deviation of 4 experiments.

(TIF)

Figure S5 Nluc stably expressed from the pEF vector
shows maximal expression during the last half of the cell
cycle. To tightly synchronise the PEXEL-Nluc parasites so that
the bioluminescence could be accurately measured during the cell
cycle, heparin was added to schizonts prior to them rupturing. The
heparin inhibits invasion and was removed once the schizonts
began rupturing and then added back 2 hours later to produce an
invasion window of 2 hours. The remaining unruptured schizonts
were lysed in 5% sorbitol. The synchronized parasites were
harvested every 4 hours until the 32-34 hour time point. Cultures
were then diluted to 0.1% hematocrit and added to 1 volume of
Nano-Glo Luciferase Assay Reagent and Nluc activity measured.
Nluc values are represented as % of the maximum activity. Hours
post invasion values are the mid-point of the 2 hour window.

(TIF)
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