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Malaria is a deadly disease for which therapeutic options are threatened by the rise of antimalarial
resistance. Inhibiting the formation of hemozoin (the product of heme detoxification) in the digestive
vacuole (DV) is the mechanism of action of numerous antimalarial drugs, including those in
development as new therapies. This drug target remains attractive as hemozoin is an abiotic and non-
mutable molecule, unique to the parasite. The underlying parasite biology of the heme detoxification
pathway is complex and requires a deeper understanding. This study focuses on the DV of
Plasmodium falciparum, utilizing confocal microscopy, immunofluorescence, immunoblotting and
cellular fractionation techniques to study its native state over time. Using parameters such as the
uptake into and growth of the DV, relative abundance of plasmepsins (PMs) | and IV as well as basal
levels of hemoglobin, heme and hemozoin, it was found that DV physiology in chloroquine (CQ)-
sensitive NF54 follows three distinct developmental phases: the lag-type growth (20 to 28 h), rapid
growth phase (28 to 40 h) and the plateau (40 to 48 h). These phases hold specific characteristics with
respect to the investigated parameters. In addition, key differences between CQ-sensitive NF54 and

CQ-resistant Dd2 parasites were observed.

Plasmodium falciparum parasites cause the most virulent form of malaria, a
disease that infected 263 million people in 2023 and resulted in 597,000
fatalities. Strikingly, 94% of these cases and fatalities occurred in the World
Health Organization (WHO) African Region'. Currently, the WHO-
recommended treatment for uncomplicated blood-stage malaria is the use
of artemisinin-based combination therapies (ACTs), in which a fast-acting
artemisinin derivative is administered in combination with a slow acting
partner compound'~. However, concerns are rising over the continued
efficacy of ACTs, owing to reports of partial artemisinin resistance in East
Africa®.

Some of the widely used ACT combinations such as artesunate-amo-
diaquine, artesunate-mefloquine, artesunate-pyronaridine, artemether-
lumefantrine, and dihydroartemisinin-piperaquine contain partner drugs
that target essential processes within the heme detoxification pathway of the
parasite™. Furthermore, many recent studies have identified new classes of
antiplasmodium compounds that therapeutically act on this pathway” .

During the asexual blood stage (ABS), the symptomatic stage of a P.
falciparum infection, parasites ingest and degrade hemoglobin resulting in
the release of cytotoxic heme, which is subsequently detoxified through
incorporation into a crystal called hemozoin. Inhibiting hemozoin

formation remains an attractive approach, in spite of wide-spread drug
resistance to the classical hemozoin formation inhibitor, chloroquine (CQ),
given that the resistance mechanism of CQ involves drug-specific efflux
from the DV by the chloroquine resistance transporter, PfCRT. Notably, no
changes in the process of hemozoin formation itself have been observed in
strains resistant to hemozoin formation inhibitors. Indeed, many hemozoin
formation inhibitors are active against the CQ-resistant Pf strain, Dd2,
which harbours eight mutations in PfCRT compared with the wild-type
CQ-sensitive NF54 strain'' ™.

Previous studies have shown that hemoglobin uptake commences
during the ring stage through the formation of cytostomal invaginations
containing hemoglobin""®. It has been suggested that these hemoglobin-
filled vesicles then coalesce to form the central DV compartment'.
Although this is the most widely accepted uptake route, other uptake
mechanisms such as the “Big Gulp” have also been suggested'*. Hemoglobin
is then digested by a cohort of proteases localized to the DV'**'. The aspartic
proteases plasmepsin (PM) I, II, III (also known as histoaspartic protease)
and IV, as well as cysteine proteases falcipain 2 and 3, have been shown to be
involved in the initial catabolism of hemoglobin®***** to produce oligo-
peptides resulting in the release of the heme moiety™. The oligopeptides are
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further degraded by action of falcilysin, a zinc metalloprotein®’, dipeptidyl
aminopeptidase 1 (DPAP 1)**”, and various aminopeptidases’ . The
cytotoxic heme released through this catabolic process is then oxidized and
incorporated into insoluble hemozoin crystals. This process is proposed to
be lipid-mediated, although there may also be proteins, such as heme
detoxification protein and lipocalin, involved™. Interestingly, only 16% of
amino acids produced from hemoglobin catabolism are used by the
parasite™. Instead, it has been postulated that hemoglobin is catabolized to
create space for the parasite to grow and to maintain osmotic pressure
within the RBC to prevent premature lysis™*.

Antimalarials including CQ, amodiaquine, mefloquine, pyronaridine,
piperaquine and lumefantrine have been shown to inhibit f-hematin
(synthetic hemozoin) formation in extracellular assays, whereas only a
subset of these have demonstrated inhibition of hemozoin formation in cell-
based assays. For example, true inhibitors of hemozoin formation cause a
dose-dependent increase in free heme in treated parasites with a corre-
sponding decrease in hemozoin in the cell fractionation assay' . On the
other hand, some compounds such as mefloquine, only show a decrease in
hemozoin without an increase in heme. This effect may result from the
inhibition of hemoglobin endocytosis, leading to a reduction in the total
amount of released heme and therefore, hemozoin®’.

These observations highlight the importance of whole-cell studies to
inform the mode of action for compounds exerting their therapeutic effect
within the DV. Furthermore, although specific steps within the heme
detoxification pathway have been studied in the context of specific enzymes
or drugs, a holistic view of the basal parasite biology underlying this pathway
is required to better describe DV processes. For example, changes in the DV
lumen volume, PM protein concentrations, and the basal levels of heme-
containing species during ABS parasite growth have not been extensively
probed.

Thus, here we show changes in the DV lumen growth, excluding the
hemozoin crystals, over time in CQ-sensitive NF54 and CQ-resistant
Dd2 strains using confocal microscopy, and a macromolecular probe called
pHrodo™ red dextran. This probe fluoresces only at low pH and was used to
selectively stain the acidic DV*™. This approach allowed for live-cell
imaging, which requires minimal pre-processing of the samples and largely
maintains cellular integrity. To our knowledge this is the first use of
pHrodo™ in this context. Three parameters: DV lumen volume, uptake into
the DV and concentration of pHrodo™ within the DV were measured. In
addition, we examined the wild-type PM Iand PM IV protein levels over the
trophozoite to schizont life stage using immunoblotting and densitometry
techniques. Finally, we show differences in the basal levels of hemoglobin,
heme and hemozoin between the NF54 and Dd2 strains using a heme
fractionation assay’’. A culmination of these parameters allows for a more
holistic overview of the DV and heme detoxification pathway.

Results

Digestive vacuole studies

Volume. Culture clock standards for NF54 and Dd2 were constructed
over a consecutive 24-h period. The cell count-normalized fluorescence
channel 1 area (FL1-A), representative of SYBR™ Green, correlates with
the DNA content which increases as the parasite ages. For all time-
sensitive assays, the FL1-A standard histograms were overlaid with the
experiment histograms, and the Giemsa-stained thin films compared to
confirm parasite age (Fig. 1!, Supplementary Figs. 1 and 2).

Red blood cell (RBC) ghosts were pre-loaded with pHrodo™ using
hypotonic lysis and hypertonic resealing (Fig. 1). Parasites were then
allowed to re-invade the loaded RBCs. Following the incubation period,
Z-stacks of individual parasites were acquired on a confocal microscope
(Figs. 1 and 2A, Supplementary Fig. 3) and these were analyzed in Image]J to
calculate the DV lumen volume (Fig. 2B)**. Time 0/48 h and 0/46 h for
NF54 and Dd2, respectively, were treated as the point at which the schizonts
burst to release merozoites. At these time points, the remnant DV lumen is
significantly reduced as shown in the schizont inset of Fig. 2B, where the
hemozoin is tightly wrapped in the DV membrane. Therefore, on this basis,

the curve was arbitrarily extrapolated to the origin for both strains and to
(48,0) and (46,0) for NF54 and Dd2, respectively. Previous studies have
shown transmission electron microscopy (TEM) images similar to those
shown in the insets of Fig. 2B***.

The growth of the DV lumen between 0 and 36 h in NF54 most
accurately fita Gompertz growth curve (Fig. 2B)**"". The plateau of the curve
within the NF54 dataset was not reached before the DV lumen began to
decrease in size at 40 h. For simplicity in the text, this decrease in volume of
the lumen space is described as the “collapse” of the DV lumen. Between 40
and 48 h the DV lumen collapsed following a linear regression. In Dd2, the
life cycle more accurately followed a 46-h cycle, and the DV lumen
expanded between 0 and 32 h, also according to the Gompertz growth curve.
In this case, contrary to what was observed for NF54, the plateau was seen to
begin near 32 h before the Dd2 DV lumen collapsed linearly between 36 and
46 h. In order to examine the relationship between the collapse of the lumen
and schizogony, the number of nuclei in individual parasites was deter-
mined at peak lumen volume vs during the lumen collapse. It was found
that, based on the Hoechst profile, at the 36 h peak in NF54, 11 out of 32
were diffused, 11 were multinuclear and the remainder singular. At the 32 h
peak in Dd2, 3 out of 20 nuclei were diffused and the remainder singular.
The diffuse profile is indicative of DNA replication and the beginning stages
of schizogony. Furthermore, during the collapse in NF54, 14 out of 14
parasites imaged at 40 h contained greater than one nuclei, whereas in Dd2
at 36 h, 8 out of 15 were multinuclear with the remainder showing a diffuse
profile. These data therefore indicated that the lumen collapse coincided
with the appearance of schizonts at the relevant time points for each strain.
Future studies spanning shorter intervals would be useful to more accurately
ascertain the timing of the lumen collapse.

Uptake and concentration. In addition to studying the DV lumen
volume, pHrodo™ was used to approximate the uptake into the DV via
endocytosis. pHrodo™ was used as a proxy for hemoglobin on the basis
that during the hypotonic lysis and hypertonic resealing of the RBCs,
pHrodo™ was loaded into the RBC cytoplasm and was endocytosed as the
parasite ingested the RBC cytosol. Using the “Analyze Particles” function
in Image]**’, the background-corrected, integrated density over each
Z-stack was calculated and averaged over all the samples for each time-
point to determine the fluorescence intensity (Fig. 2C) within the DV.

It was found that the data trends for uptake into the lumen closely
resemble those of DV lumen growth. Between 0 and 40 h in NF54, the
uptake into the DV was shown to also follow Gompertz growth, corre-
sponding with DV lumen growth (Fig. 2C). Furthermore, the collapse of the
DV lumen between 40 and 48 h corresponds to a linear decrease in the
amount of RBC cytosol taken up into the lumen. In contrast to the Gom-
pertz growth curve fit to NF54 uptake, for Dd2 (Fig. 2C), a more flexible
sigmoidal curve (variable slope) was fitted to the DV uptake between 0 and
32 h. Between 36 and 46 h, there was a linear decrease in the uptake into the
lumen. The pHrodo™ concentration, calculated as the uptake averages
divided by lumen volume, was found to be statistically constant over all
timepoints in both NF54 and Dd2 (Fig. 2D).

PM | and IV protein analysis

Protein levels over time. Given the importance of the PMs in hemo-
globin catabolism, PM I and PM IV were chosen as model enzymes for
this study. It has been shown that these increase in abundance in aging
parasites™, therefore the time-dependent levels in NF54 parasites, as a
representative model strain, were examined in this study. As an internal
control, the constitutively expressed endoplasmic reticulum chaperone
binding immunoglobulin protein (BiP) was used as a proxy for changes in
the total protein over the trophozoite to schizont stage’***. Immunoblots
of parasite cell lysates were separated via 12% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), transferred to PVDF
membranes and probed with anti-PM I, anti-PM IV and anti-BiP anti-
bodies (Fig. 3 and Supplementary Fig. 4A, B). Dd2 PM I and PM IV
knockout (KO) lines were used as controls to confirm specificity of the
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Fig. 1 | Method summary of confocal imaging and flow cytometry for NF54
parasites to determine the volume of and uptake into the DV lumen. A Cell
preparation involved hypotonic lysis and hypertonic resealing of RBCs to produce
resealed RBCs (with and without pHrodo). In addition, an aliquot of a 5% para-
sitemia culture was added to the resealed RBCs and media, followed by incubation at
37 °C for more than 24 h. B Purified trophozoite-containing pRBCs were obtained
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through enrichment, resuspended, and plated in imaging dishes. Images were then
acquired using confocal microscopy. C An aliquot of the pRBCs was saponin lysed,
fixed, and stained in preparation for flow cytometry. The samples were run on a flow
cytometer and the resultant populations gated and analyzed to confirm parasite age.
Icons sourced from NIAID NIH BioArt™*.

antibodies™. Densitometric analysis® of the protein levels per 50,000
parasites provided relative quantification of the three proteins and
enabled the calculation of the relative amount of PM I and PM IV from 20
to44 h (Fig. 3A, B). For both PM I and PM IV the calculated protein levels
between 20 and 28 h remained at a similar level, after which there was a
statistically significant increase from 28 to 32h for both proteins.
Between 32 and 44 h there was a gradual increase between consecutive
timepoints with the levels reaching a plateau between 40 and 44 h.

The levels of BiP showed an overall increase from 20 to 44 h (Fig. 3C)
with the levels between 20 and 28 h remaining steady. The increase from 28
to 44 h, however, followed a steeper trend than PM I and PM IV, with a
statistically significant increase in the levels between 28 and 32 h, as well as
32 and 36 h. A plateau in the BiP levels was observed between 40 and 44 h.
Overall, all three proteins show a general increase over the 24-h period
examined.

Normalized protein levels. Given that the amount of all three proteins
generally increases over the early trophozoite to mid schizont stage, it is
plausible that the increase in PM I and PM IV expression may be

accounted for by an increase in total protein per parasite as the tropho-
zoite expands. Therefore, to account for total protein increase, the PM I
and PM IV protein bands were normalized to BiP to show changes in the
relative amounts of PM I and PM IV with respect to the total protein in
the parasite (Fig. 3D). In doing so, a steady expression relative to BiP was
observed across timepoints, except for a small but statistically significant
difference for PM I between 32 and 36 h. Therefore, within the limitations
of the immunoblotting technique, the combination of the observed
trends suggest that PM I and PM IV expression increases over the tro-
phozoite to schizont stage in accordance with a universal cellular increase
in protein levels as the parasite grows.

However, the time-dependent concentration of these enzymes in the
DV is more insightful than absolute amounts with respect to the process of
hemoglobin degradation within the DV. Therefore, the relative levels of PM
I and PM IV were overlaid and compared to DV lumen growth (Supple-
mentary Fig. 4C, D) as well as the uptake into the DV (Supplementary
Fig. 4E, F). For both PM I and PM 1V, the increase in relative protein
abundance from 20 to 40 h corresponded with the increasing DV lumen
volume and increase in uptake. The 44 h timepoint showed the largest
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Fig. 2 | Digestive vacuole lumen volumetric and uptake analysis in Pf parasites
(Dd2 and NF54) using confocal microscopy. Parasites were allowed to re-invade
RBCs pre-loaded with pHrodo™-dextran red and imaged using the Z-stack func-
tionality of an LSM 880 Airyscan confocal microscope (Zeiss). A A single Z-stack
slice of representative individual RBCs infected with NF54 parasites at various
timepoints (stipulated on image). Hoechst (blue) stains the DNA while pHrodo™
(red) selectively stains the DV. All scale bars represent 2 um. B Growth of the DV
lumen in Pf parasites as determined using the 3D Objects Counter (3D OC) cal-
culation in Image]*™"". Growth and collapse curves obtained for both strains were
plotted on the same axis. Gompertz growth curves were fitted to the growth of the
lumen and exhibited an r* > 0.99 for both strains, while linear regression analysis of
the collapse exhibited an r* > 0.98 for both strains. Insets. TEM image of a tropho-
zoite, magnification x32,500, DV is labeled as FV (food vacuole). Yellow arrow =
hemozoin crystals, black arrow = knobs on RBC membrane, white arrow = dense
granules. TEM image of a late schizont stage, magnification x32,500. Black arrows =
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separated merozoites, white arrow = redundant DV in which the hemozoin is
“shrink-wrapped” in the DV membrane and devoid of any lumen space, r = rhop-
tries, d = dense granules. Images produced from unpublished data taken from
Honors dissertation of Dr Joanne Egan with permission. C The uptake of pHrodo™
into the DV lumen of Pf parasites measured by absolute fluorescence intensity using
the “Analyze Particles” (AP) function in Image]. The phases of DV lumen growth
and collapse are shown on the graphs for reference and the endpoint of the DV
lumen growth is shown as a dotted line. NF54 uptake data was fitted to a Gompertz
growth curve with > 0.99 for 0 < x <40 and a linear regression with r* > 0.98 for
40 < x <48. Dd2 uptake data was fitted to a sigmoidal growth curve (variable slope)
with > > 0.99 for 0 <x < 32 and a linear regression with r* > 0.97 for 36 < x < 46.

D The concentration of pHrodo™ within the DV in arbitrary units, calculated as
intensity divided by DV lumen volume. For each data point in graphs n > 14, where n
represents the number of individual parasites (from two independent biological
repeats; error bars indicate SEM).

difference between both PM I and PM IV levels and the DV lumen volume
and uptake, respectively, compared to the other timepoints, given that the
DV had already collapsed substantially. As a representation of PM con-
centrations, the levels of PM I and PM IV were then normalized to the DV
lumen growth (Fig. 3D), where constant concentrations were observed
between 28 and 40 h, but larger values obtained for the 20 to 28 h,and 44 h
timepoints.

Immunofluorescence assays (IFA). To explore why there appeared to
be alarge concentration of PM I and PM IV at 44 h, immunofluorescence
assays were performed on mixed age trophozoites and schizonts, the
latter were identified by their multinuclear state. Given that the anti-CRT

(mouse) and anti-PM I (rabbit) antibodies were raised in different ani-
mals, these could be used in the same experiment and therefore, anti-CRT
was used as a DV marker as PfCRT localizes to the DV membrane. On the
contrary, anti-PM IV (mouse) could not be used in the same experiment
as anti-CRT (mouse) and therefore, the hemozoin was used as an indi-
cator of DV location. Briefly, NF54 parasites were fixed, permeabilized
and stained with PM Tand PM IV antibodies followed by the appropriate
secondary fluorescent antibody. Parasites were then visualized with an
LSM900 confocal microscope, whereupon PM Iand PM IV were found to
localize within the DV in both the trophozoite and schizont stage (Fig. 3E,
F). This was observed by the colocalization of PM I and PM IV with
hemozoin and, in the case of PM I, by the surrounding PfCRT signal. This
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Fig. 3 | Inmunoblot and immunofluorescence analysis of hemoglobinases PM I
and IV. Cell lysates obtained from ~50,000 parasites (as determined by flow cyto-
metry) over the trophozoite to schizont phase were separated on a 12% SDS-PAGE
and then transferred to a PVDF membrane. The membranes were probed with anti-
PM I (rabbit, 1:10,000), anti-PM IV (mouse, 1:5000) and anti-BiP (rabbit, 1:10,000)
antibodies. Following chemiluminescent detection of the immunoblot signals,
densitometric analysis of the blots were carried out using Image]J as previously
described™. A-C The relative amounts of PM I, PM IV and BiP, respectively. The
y-axes are represented as relative OD percentages in arbitrary units. D. Relative
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amounts of PM I and PM IV normalized to BiP (left y-axis, circles, solid line) or DV
lumen volume shown in Fig. 2C (right y-axis, squares, dotted line). Significance
levels were calculated using two-tailed, unpaired student’s t-tests where N = 34 for
each timepoint (*p < 0.05; **p < 0.01, ***p < 0.001, error bars indicate SEM).

E Immunofluorescence images of representative NF54 parasites probed with
Hoechst stain (blue), anti-PM I (rabbit, 1:2000, purple) and anti-CRT (mouse, 1:300,
green) antibodies. F Immunofluorescence images of representative NF54 parasites
probed with Hoechst stain (blue) and anti-PM IV (mouse, 1:500, purple) antibodies.
Scale bars represent 5 pm.

Schizont

indicates that the most likely explanation for the collapse of the DV
lumen is that, as the metabolism of the parasite slows down and energy is
diverted into making merozoites, the hemozoin crystals grow to take up
most of the space in the DV. Although the IFA does not differentiate
between intact protein and those in the process of being broken down, it is
likely more energetically favorable to package the remaining PM I and
PM 1V proteins in the residual DV body and simply leave it behind when
the schizont bursts to release merozoites. Thus, the higher relative con-
centration of the PMs at 44 h appears to be a byproduct of the shrinking

DV lumen concentrating the enzymes in the remaining space, rather than
a functional requirement.

Basal levels of the heme-containing species

Percentage and absolute levels. To probe the relationships between
the DV lumen or proteases, and the basal levels of hemoglobin, heme and
hemozoin, parasites were subjected to a time-dependent heme fractio-
nation assay over a 24-h period. Following incubation and harvesting of
saponin-lysed trophozoites, the fractionation process involves the use of
appropriate buffers or solvents to solubilize the various heme-containing
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fractions. Therefore, first the hemoglobin fraction is solubilized using an
aqueous buffer before centrifugation, where the solubilized fraction is
harvested leaving the insoluble fractions in the pellet. Following the
addition of a sodium dodecyl sulfate (SDS) and aqueous pyridine solu-
tion for the free heme fraction, or NaOH for the hemozoin fraction, these
steps are repeated sequentially allowing each heme-containing fraction
to be individually liberated and harvested. Taking advantage of the heme-
pyridyl complex that is formed when pyridine is added to each soluble
fraction, the heme content of each fraction is quantified using UV-vis
spectroscopy. This is then converted to the amount of iron (Fe) using a
heme standard curve. An additional parameter available from this data is
the percent of each heme species relative to the others.

The percentage levels for each heme-containing species in NF54
parasites remained stable over the entire 24-h period resulting in an
overall mean percent for hemoglobin (1.1 +0.1%), heme (7.9 +0.2%)
and hemozoin (91 + 0.2%) across all timepoints (Fig. 4A, C). The abso-
lute levels of hemoglobin, heme and hemozoin and the total Fe per
parasite allow for direct comparisons between each heme-containing
species, with those of hemoglobin Fe spanning a narrow range from
0.28 +0.02 fg/cell (20 h) to 1.3 + 0.2 fg/cell (44 h). In contrast, the heme,
hemozoin and total Fe levels appear to follow an exponential increase
(Fig. 4E, G), although the rate of this increase slows for both hemozoin
and total Fe between 36 and 44h. Given that hemozoin makes up
approximately 90% of the total Fe, it is unsurprising that the trends for
these two species resemble one another.

Similar data was generated in the Dd2 strain and these showed
comparable trends to NF54 with some minor differences (Fig. 4). First,
the percent hemoglobin in Dd2 showed more variability and was
larger than NF54 in the earlier trophozoite stage, resulting in a slightly
larger overall percent of hemoglobin (3.5+0.2% vs 1.1 £0.1%) and
lower percent of heme (6.1 £0.2% vs 7.9 +0.2%) compared to NF54
(Fig. 4B, D). Interestingly, the maximum absolute amount of hemoglobin
was also higher in Dd2 compared with NF54 (2.4 + 0.4 vs 1.3 + 0.2 fg/cell)
and maximum absolute heme levels were lower (5.8 + 0.9 vs 9.5 + 0.6 fg/
cell). Furthermore, the Dd2 curves for hemozoin and total iron
increased exponentially across the entire 24-h period, without showing a
decreased steepness between 36 and 44h as was observed in NF54
(Fig. 4G, H).

Heme detoxification insights

Comparative analysis. Given that the PMs and heme-containing spe-
cies examined localize to the DV, additional calculations were made to
investigate the relative concentrations (as opposed to absolute amounts)
of the soluble species within the NF54 DV lumen, i.e., the amounts of
the PMs, hemoglobin and heme divided by the DV lumen volume
measured herein (Figs. 3D and 5A). The hemozoin, although within the
DV, does not occupy lumen space and was therefore excluded from this
analysis. Notably, during the NF54 mid trophozoite stage (28 to 40 h), the
relative concentration of the soluble species remained constant across
timepoints. On the other hand, the relative concentrations of these spe-
cies were comparably higher during the early trophozoite phase (20 to
28 h) and the schizont stage (40 to 48 h). Similar calculations were applied
to Dd2, and it was found that between 20 and 32 h the relative con-
centrations of hemoglobin and heme were lower compared to the period
between 32 and 40 h.

To further probe the degradation of hemoglobin, the amount of total Fe
minus the remaining hemoglobin fraction was calculated (Fig. 5B). This
metric corresponds to the amount of hemoglobin digested in femtograms
(i.e., the heme plus hemozoin fractions). The gradient of the line therefore
indicates the rate of hemoglobin digestion in femtograms per hour. Between
20 to 28 h, 28 to 40 h and 40 to 44 h, the rates were 1.3 fg/h, 5.1 fg/h and 1.7
fg/h, respectively, in NF54. Interestingly, in Dd2 parasites only two distinct
phases were observed between 20 to 29 h and 29 to 44 h with digestion rates
of 0.9 fg/h and 4.8 fg/h.

Discussion

The broad aim of this work was to probe important DV-related features that
affect hemoglobin catabolism in its native state in P. falciparum parasites. In
turn, this provided a deeper understanding of the underlying parasite
biology involved in the heme detoxification pathway. Four crucial pieces of
data were analyzed across the trophozoite to schizont life stage: (i) the
growth of the DV lumen volume, (ii) the uptake into the DV, (iii) the levels
of PM Iand PM IV proteases and (iv) the basal levels of hemoglobin, heme
and hemozoin in untreated parasites.

It was found that the growth of the DV lumen best fit a Gompertz
growth curve during the early-to-late trophozoite stage before collapsing
during the schizont stage in both NF54 and Dd2 strains (Fig. 2B). At the
resolution of the confocal microscopy experiments used (Fig. 2A), accurate
volumetric analysis of the pre-DV acidic cytostomal invaginations'™"* was
not feasible. Thus, data was not collected between 0 and 20h, and the
assumption was made that the growth would follow the fitted curve during
this period starting at (0,0). The uptake of pHrodo™ into the DV followed a
comparable trend with the lumen volume, with the total uptake increasing
dramatically from the early trophozoites to the late trophozoite stage, and
then decreasing within the schizont stage (Fig. 2C), while the concentration
of pHrodo remained constant (Fig. 2D). This indicates that lumen growth
and uptake are tightly correlated, such that as the lumen grows, the parasite
takes up more material leading to a constant pHrodo™ concentration within
the vacuole.

Although the mechanism by which cytostomes fuse to the DV remains
unclear”, our hypothesis on why a sigmoidal-type growth of the lumen and
uptake exists in both strains is based on the underlying biology of the
parasite postulated by Tilley and colleagues that during the late ring stage,
acidic, endocytic pre-DV vacuoles fuse to initiate DV biogenesis'’. If one
were to approximate the DV by a sphere, the volume would be calculated as:
V= % nir®, while the surface area would be calculated as: SA = 4mr?, where
r is the radius of the sphere. This indicates that the volume, which is
dependent on r’ would grow faster than the r’-dependent surface area. In
the context of the DV, the surface area would limit how quickly the volume
grows because the surface of the DV provides the contact point for fusion of
new vesicles. The larger the surface area, the more vesicles can fuse and
therefore the larger the DV can grow. Between 0 and 20 h, the parasite is
present in the ring phase, and therefore, the pre-exponential phase seen
towards this asymptote is likely attributed to the limited surface area
available as the small individual vesicles combine to form the central DV
compartment seen in the trophozoite stage. This period (0 to 20 h) also
corresponds to a lag in uptake which reflects the relatively low metabolic
energy demand of the ring stage.

The growth phase between 20 and 36 h, and 20 and 32 h in the NF54
and Dd2 strains, respectively, corresponds to the trophozoite stage of the
parasite. During this stage, the numerous small pre-DV vesicles continue
fusing with the central DV compartment. The addition of each small vesicle
in 3D space results in an ever-increasing surface area and therefore rapid
volume growth, giving rise to the exponential-phase Gompertz growth and
uptake curves. Notably, this lumen growth phase after 20 h corresponds to
the most metabolically active stage of the parasite™, correlating with the
need for the rapid increase in uptake of RBC cytosol and large increase in
lumen volume. As the energy demand of the parasite decreases and the
majority of the hemoglobin from the RBC cytosol has been digested, the
uptake and the growth begin to slow down resulting in the curve reaching its
upper asymptote. This asymptote is visible in Dd2 for both the growth and
uptake, but NF54 does not appear to reach an asymptote before the DV
lumen begins to collapse. One possible explanation for this difference is that
the Dd2 DV grows faster than that of NF54, thus reaching a point where the
volume to expand is limited sooner than in NF54. It therefore approaches
the upper asymptote more gradually as space within the RBC becomes
limited.

As the parasites develop into the schizont stage at approximately 36 to
40 hin both strains, the DV lumen begins to collapse. This does not preclude
the existence of the DV, rather the data suggests that during this schizont
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over time (C, D). Using flow cytometry counts, the absolute amounts in fg/cell were
calculated of hemoglobin and heme (E, F), hemozoin and total Fe (G, H). For each
data point n > 6 (from two independent repeats), error bars indicate SEM.

Fig. 4 | Time dependent cellular fractionation for describing the basal percent
and absolute amounts of the heme-containing species over the trophozoite to
schizont phases in NF54 and Dd2. The overall percent average of each heme-

containing species across all timepoints (A, B). Percent heme-containing species
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phase, the DV mainly consists of hemozoin crystals and very little inter-
membrane space (compare T36 and T44, Fig. 2A, and T36 and T40, Sup-
plementary Fig. 3A). Further evidence for the final collapse of the lumen can
be seen in the schizont TEM image (Fig. 2B, Schizont Inset), which contains
merozoites and shows the hemozoin crystals tightly wrapped in the DV
membrane (white arrow). This residual membrane-wrapped hemozoin is
left behind when the schizonts burst to release merozoites and can be
observed as debris under a light microscope.

A previous study has shown that the total DV volume, which includes
hemozoin crystals, of the wild-type HB3 and drug-resistant Dd2 strains
follows a sigmoidal growth pattern’. While the shape of the Dd2 growth
curve herein agrees with the previous study, the observed absolute volumes
differ””. The maximum total volume of the Dd2 DV, including hemozoin
crystals, was previously shown to reach ~5.5 fL in the late-trophozoite stage
(30 h), while the volume for the Dd2 DV lumen in our study was shown to
reach 3.7 fL at a similar stage (32 h), a difference of 1.8 fL. This variance is
likely attributed to the volume occupied by the hemozoin crystals, which are
excluded in the current measurements and appear from this analysis to
occupy almost a third of the DV at this time point. Furthermore, the pre-
vious study did not present data beyond 30 h and therefore the collapse of
the DV lumen was not studied. The collapse, which manifests as a decrease
in the amount of aqueous space (lumen) within the DV, has not been
studied before, and therefore the mechanism by which this happens is
unclear. Our hypothesis is that, in light of the fact that the growth of the total
DV volume reaches a plateau in the late trophozoite, while hemozoin
continues to accumulate*”, the growth kinetics of the hemozoin crystals
overtake the growth kinetics of the DV, leading to hemozoin taking over the
available lumen space within the DV, resulting in the observed lumen col-
lapse. Although there are number of possibilities for the fate of the lumen
contents, it appears that PM I and PM IV are simply left behind in the
residual DV as energy is diverted away from hemoglobin metabolism
towards merozoite formation (Fig. 3E, F).

Interestingly, it was observed that the volume of the lumen in Dd2 was
larger than in NF54 across all timepoints, similar to previous observations
made between the total DV volumes of drug-sensitive and resistant
strains”>*"*”, These studies attributed the observed difference to PfCRT
mutations. The association of PfCRT mutations with altered vacuolar
volume was previously confirmed using a CQS strain transfected with

mutant PfCRT, C3°®*. This isogenic edited PfCRT mutant showed
increases in DV volume comparable to Dd2 relative to an unmodified CQ
sensitive laboratory strain, GCO3, implicating the direct or indirect invol-
vement of PfCRT*. Recent observations that the native function of PfCRT
involves transport of key substrates (such as peptides), which appears to be
impaired in mutant PfCRT, supports its role in causing larger vacuoles in
drug-resistant parasites relative to drug-sensitive parasites®*’. Indeed, this
study suggests that the increased total DV volume observed in PfCRT
mutants is as a result of increased lumen volume and not merely more
hemozoin. Thus, the impaired function of mutant PfCRT may cause pep-
tides that would otherwise be exported to accumulate within the DV lumen
of Dd2 parasites resulting in the increased lumen. Additionally, we observed
that Dd2 parasites have a higher basal level of hemoglobin than NF54
(Fig. 4A-F), suggesting that the Dd2 lumen contains more hemoglobin at
any given time compared to NF54. Therefore, one hypothesis is that the
inhibited transport of substrates by mutant PfCRT in Dd2 not only leads to
larger vacuoles, but causes a shift in the equilibrium between the digested vs
undigested hemoglobin, relative to NF54*®. These observations may also
be a key factor in the earlier collapse of the Dd2 lumen compared to the
NF54 lumen, and have been implicated in previous studies as an explanation
for reduced fitness. More specifically, piperaquine resistant parasites with
reduced fitness have enlarged DV lumens which have been attributed to the
accumulation of peptides®. Thus, the change in the equilibrium of hemo-
globin digestion may also play a role in parasites with reduced fitness.

For further insights and a holistic view of the heme detoxification
process, the inter-strain levels of all the heme-containing species within the
DV were investigated. When looking at the overall percentage of each
species over the entire stage (Fig. 4A, B), it appears that in general Dd2
parasites not only had a higher percentage of hemoglobin, but also a lower
percentage of heme compared to NF54 parasites, while the percentage of
hemozoin was comparable between the strains. Additionally, it was inter-
esting to note that although heme has been shown to be toxic to the
parasite”, it can tolerate seemingly non-toxic levels as the DV lumen
volume expands, since the total heme concentration remains below 13 fg of
heme Fe per fL (Fig. 5A) or 0.233 M.

While the percentage of each heme-containing species remained
steady over the trophozoite to schizont life stage, a time-dependent increase
in the absolute values of all species was observed in both NF54 and
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Dd2 strains to varying degrees (Fig. 4). Prior to 20 h, ring stage parasites
cannot adequately pellet during centrifugation to give heme-species data
points and therefore the absolute level graphs were interpolated with the
point (0,0) and extrapolated using this point between 0 and 20 h. The
biological basis of the interpolation of this point is that merozoites have been
shown to contain an inactive cytostomal ring on their periphery, indicating
that parasite feeding has not yet commenced at this stage'“”. This extra-
polation results in a gradual increase in heme-containing species defined by
the curve fit between 0 and 20 h, corresponding to the ring stage. The
extrapolation of the hemoglobin fraction is supported by the presence of
active cytostomes during the ring stage, allowing the parasite to begin
feeding on the RBC cytosol in the pre-trophozoite phase”’. Support for the
extrapolation of the heme and hemozoin curves, lies in the fact that previous
studies have documented the presence of pre-DV, acidic vacuoles that begin
to form during the ring stage which have been shown to contain hemozoin,
substantiating the catabolism of hemoglobin in the early ring stage'*”"””.
Naturally, these factors would in turn support the extrapolation of the total
Fe curve.

The absolute hemoglobin levels remained within a narrow range in
both NF54 and Dd2, while the heme, hemozoin and total Fe levels showed
exponential increases to varying degrees (Fig. 4E-H). A more complete
picture of the pathway emerges when the percent and absolute amounts are
considered holistically and in combination with the DV lumen volume
(Fig. 5A). In general, there is an interdependence between the growth of the
DV lumen volume and the absolute amounts of the heme-containing spe-
cies such that the proportion of each species (Fig. 4C, D) remains
approximately constant. This, coupled with the fact that the heme con-
centration remains below 233 mM, indicates a tightly regulated homeostasis
of these species that the parasite maintains throughout the trophozoite to
schizont life stage.

Notably, in NF54, the total Fe over the 24-h period (Fig. 4G) and the
uptake of pHrodo into the DV (Fig. 2C) corroborate each other. In NF54,
from 20 to 40 h the amount of RBC cytosol taken up and total Fe increases
exponentially, after which the DV collapses, less cytosol is taken in and the
rate of increase in the total Fe begins to slow (Figs. 2C and 4G). This is
unsurprising given that the source of the heme-derived Fe in the parasite is
derived predominantly from hemoglobin uptake and digestion”. In Dd2,
however, although uptake into the DV plateaus before decreasing (Fig. 2C),
the total Fe increases exponentially over the same period (Fig. 4H), further
supporting the disruption caused by PfCRT mutations to processes in the
DV, relative to the wild-type. A noteworthy observation is that the low levels
of hemoglobin and gradual increase in total Fe over time do not support one
of the modes of uptake previously suggested termed the “big gulp”®. Rather
the data support the reliance on cytostomal invaginations as the primary
method of uptake in line with other previous findings that have also con-
tradicted the big gulp theory'*'*"%7>7*7,

An interesting basis for how hemoglobin is processed in wild-type
parasites is provided by a holistic examination of the data. Over the tro-
phozoite to schizont stage (28 to 40 h) a tight homeostasis of hemoglobin
degradation and the heme detoxification process is maintained in NF54
parasites (Fig. 5A). On either side of this stage, in early trophozoite (20 to
28 h) and early-to-late schizont (40 to 48 h), there appears to be higher
relative concentration of the PMs (Fig. 3D), hemoglobin and heme (Fig. 5A),
however, there also appears to be a slower rate of hemoglobin catabolism
compared to the mid-trophozoite stage (Fig. 5B). During these periods the
DV lumen is at its smallest and correlates with stages when the parasite and
therefore, the DV, are transitioning between different phases, i.e., from ring
to trophozoite in the early stage and from trophozoite to schizont in the
latter. During the mid trophozoite stage (28 to 40h), the relative con-
centration of the soluble material appears to be lower, but constant, while the
hemoglobin degradation rate appears to be higher. This correlates with the
period in which the parasite is most metabolically active and reliant on
hemoglobin degradation and heme detoxification. Most interestingly,
regardless of the phase, the proportion of the hemoglobin, heme and
hemozoin relative to each other remains constant.

In Dd2, a slightly different pattern is observed. It appears that rather
than three distinct phases, there are two. The earlier-to-mid trophozoite
stage (20 to 32 h) correlates with lower relative concentrations of hemo-
globin and heme (Fig. 5A), as well as a lower rate of hemoglobin degradation
(20t0 29 h, Fig. 5B). The relative hemoglobin and heme concentrations then
increase past 32 h correlating with a higher rate of hemoglobin degradation.
Despite these observed differences, similar to NF54, the proportions of the
heme-containing species remain fairly constant.

When considering all the parameters studied, these data contribute toa
holistic overview of the heme detoxification pathway which provides a
deeper understanding of the fundamental biology of the DV. A theoretical
DV physiology schematic for NF54 and Dd2 are shown in Fig. 6 and provide
insights into these parasite strains. Included in this figure is a summary of the
data presented in this manuscript. The picture of the NF54 DV that emerges
is one that is characterized by three distinct growth periods: (1) lag-type
growth (20 to 28 h), (2) rapid growth (28 to 40 h), and (3) the plateau (40
to 48 h).

During the lag-type growth (20 to 28 h) the lumen volume, uptake into
the DV and levels of heme, hemozoin and total Fe increase gradually. An
interesting feature of this growth period is the relatively higher concentra-
tion of the soluble matter within the DV compared to later stages. It is
unclear why the concentration level of the soluble matter would be elevated
compared to the later stages; however, this may be due to a concentrating of
the soluble matter within a relatively smaller DV and a hallmark of a
transition period of the parasite DV. The rate of hemoglobin degradation is
lowest during this phase.

The lag-type growth period is followed by the rapid growth period (28
to 40 h) which is characterized by a significant increase in the DV lumen
volume, uptake and levels of each heme-containing species. This corre-
sponds to the most metabolically active stage of the intraerythrocytic
parasite life cycle with the largest contribution to overall ABS parasite
growth, where increased hemoglobin catabolism allows for the preservation
of intracellular osmotic pressure’>*’. During this mid-trophozoite phase
there are higher relative protein levels of PM I and PM IV compared to the
earlier phase, which would allow for the processing of increasing amounts of
hemoglobin, however, a steady state concentration of these proteins
maintains the constant concentration of hemoglobin. Finally, this growth
phase is characterized by a higher rate of hemoglobin degradation compared
to the earlier or later stages.

The final phase, the plateau (40 to 48 h), is distinguished by a collapse of
the DV lumen and a linear decrease of the uptake into the DV. The
decreased uptake is reflected in the slowing increase of the levels of hemo-
zoin and total Fe in NF54. The heme levels on the other hand continue to
follow the exponential curve trajectory, presumably as a result of continued
hemoglobin degradation. At this point in the life cycle, the parasite has
grown to a size that takes up most of the space within the RBC and therefore,
its dependence on hemoglobin uptake becomes inconsequential, and
parasite resources are diverted towards schizogony and merozoite forma-
tion leading to a lower rate of hemoglobin degradation. During this phase, it
appears that the PMs are concentrated within the shrinking DV. The
penultimate fate of the DV is a residual body of “shrink-wrapped” hemozoin
crystals and residual aqueous matter.

In contrast, although the growth of and uptake into the Dd2 DV
follows a similar trend to the NF54 DV, the underlying hemoglobin
degradation characteristics indicate two distinct phases: (1) phase one (20 to
29h) and (2) phase two (29 to 46 h). During the first phase, the relative
concentration of soluble matter remains lower compared to the latter phase,
while the increase in the heme-containing species is gradual. Interestingly,
the DV lumen grows most rapidly during this phase and begins to pla-
teau. During the second phase, the heme-containing species, except
hemoglobin, increase dramatically accompanied by large increases in the
relative concentration of the soluble species. The DV lumen volume
also collapses during this phase from 32 h. Finally and most pertinent to the
two phases, the rate of hemoglobin degradation appears to be lower during
the first phase and higher during the second. Overall, these differing
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Fig. 6 | Proposed DV physiology of NF54 and Dd2 parasites. Summary of the experimental data acquired of the heme detoxification pathway and schematic of the proposed

DV physiology showing the growth phases for NF54 and Dd2 parasites.

observations support the observations that PfCRT mutations in Dd2
parasites affect hemoglobin processing relative to wild-type parasites,
although these differences may also be related to or influenced by parasite
background and origin.

This study presents a more holistic overview of the physiology of the
malaria parasite DV, an important organelle and site of action of numerous
clinical and experimental antimalarial drugs. Given that important ACT
partner drugs and compounds in development target hemozoin formation,
understanding the mechanics of this pathway remain imperative. This study
also highlights some of the strain differences between wild-type NF54 and
CQ-resistant Dd2 strains in terms of DV lumen volume, uptake into the DV
and basal levels of heme species over time. Thus, the continued study of the
heme detoxification pathway and DV physiology may lead to a basis for an
improved understanding of resistance mechanisms. Indeed, these acquired
data provide a platform and framework to extend the current knowledge of
DV physiology and thus, beckons the continued study of this vital pathway
at a basal level between different drug-resistant parasite strains. Finally,
understanding how pathway inhibitors affect hemoglobin processing is
equally important and will allow for specific parts of the pathway to be
further probed.

Methods

Cell culture

General method. Plasmodium falciparum parasites were maintained in
continuous culture based on the Trager and Jensen method”. Briefly,
parasites were maintained in complete medium (10.4 g/L RPMI-1640,
4.0 g/L glucose, 0.088 g/L hypoxanthine, 6.0 g/L HEPES, 5.0 g/L Albumax
I, 0.05 g/L Gentamycin and 2.25 g/L sodium bicarbonate) and O* red

blood cells obtained from the Western Cape Blood Services, Cape Town,
at 5% parasitemia and 2% hematocrit. Ring stage parasites were syn-
chronized by treatment with 5% sorbitol”’.

Preparation of cultures for time-sensitive assays. All Plasmodium cell
lines were sourced, with thanks, from the Fidock Lab, Columbia Uni-
versity Irving Medical Centre, New York, USA. In preparation for time-
sensitive assays, parasite cultures were monitored closely to track parasite
and kept tightly synchronized for at least one week prior to experimental
set-up. For NF54 parasites, cultures were synchronized within two ranges
in consecutive 48-h life cycle periods, at either 0 to 4 h or 14 to 18 h post
merozoite invasion. For Dd2 parasites, cultures were synchronized twice
within the same 46-h life cycle at 0 to 4 h or 14 to 18 h post merozoite
invasion.

Percoll® gradient enrichment. A 5x RPMI/25% sorbitol solution was
used to dilute pure Percoll® to the required concentration. The Percoll®
gradient enrichment was performed by layering 600 pL of 60% Percoll®
on top of an equal volume of 90% Percoll® in an Eppendorf tube. Of the
PRBC pellet, 200 uL was then layered on the top and the samples spun
down in a microfuge at 750 rcf for 10 min.

Flow cytometry. In general, trophozoites were isolated using saponin
lysis by gently mixing a 0.15% saponin lysis buffer in PBS and a pRBC
pellet in approximately a 1:10 ratio. Upon the solution becoming a
translucent red color, it was centrifuged at 750 rcf and the supernatant
aspirated. The resultant trophozoite pellet was then washed two to three
times with 1x PBS and subsequently dissolved in 1x PBS. The
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trophozoites were then fixed by addition to a counting diluent (0.125% v/
v glutaraldehyde and 0.5% v/v DNase I) in a 1:10 ratio and the samples
stored at 4 °C for no more than three days prior to running on the flow
cytometer. Samples were prepared for flow cytometry by adding together
FACS diluent (1x SYBR® Green solution), BD™ Trucount® bead solution
(1 mL filtered PBS added to a tube of Trucount® beads and vortexed) and
the fixed sample in an 8:1:1 ratio. The samples were then incubated at
37°C for 30 min and run on a BD™ C6 CSampler flow cytometer at
medium fluidics with sample collection limited to 50 uL or 100 pL. All
files were exported as FACS files and saved for processing in FlowJo™ (v9
to v10) Software (BD Life Sciences)’®.

Digestive vacuole studies

RBC loading*. RBCs were washed with complete media and then 500 puL
added to 1 mL of pre-warmed hypotonic solution (5 mM HEPES, 11 mM
glucose and 2 mM NaATP). To produce pHrodo™ loaded RBCs, to the
hypotonic solution 50 uL of 1 mg/mL pHrodo™ dextran (Invitrogen,
P10361) stock was added to produce a final concentration of 50 ug/mL.
Control RBCs were produced using unmodified hypotonic solution. The
hypotonic solutions containing the RBCs were then incubated at 37 °C
for 10 min, after which 1 mL of pre-warmed hypertonic solution
(300 mM NaCl, 40 mM KCl and 11 mM glucose) was added to create an
overall isotonic solution to promote resealing of the RBC membrane. The
resealed RBCs were then washed three times with culture medium and
used immediately after preparation.

Incubation and harvesting. To a 50 mL cell culture flask, 50 uL of a 5%
parasitemia pRBC pellet, 200 pL of the resealed RBCs (either containing
or not containing pHrodo™) and 13 mL culture medium were added. The
flasks were gassed with mixed air and incubated at 37 °C for the required
incubation period to achieve certain parasite ages. Following incubation,
cultures were spun down and the supernatant aspirated. For NF54
parasites, of the pellet, 5 uL was used to prepare a Giemsa slide blood
smear, 200 puL was enriched using Percoll® gradient enrichment and the
remainder was saponin lysed, fixed and processed for flow cytometry as
described above the following working day. The enriched sample was
harvested for confocal imaging at the 60%/90% interface and washed
twice with PBS. For Dd2 parasites, cultures were not enriched, instead
5 uL of the pellet was used to prepare a Giemsa slide blood smear and
50 uL of the pellet was saponin lysed, fixed and processed for flow
cytometry. The remainder of the pRBC pellet was used for confocal
sample preparation. Of the enriched NF54 pellet or Dd2 pRBC pellet,
5 uL was added to 2 mL of Ringer’s solution® (122.5 mM NaCl, 5.4 mM
KCl, 1.2 mM CaCl,, 0.8 mM MgCl,, 11.0 mM glucose, 25.0 mM HEPES
and 1.0 mM NaH,PO,) containing Hoechst stain (Thermofisher, H3570,
1:5000) to produce the final sample for confocal imaging.

Confocal imaging. Either single- or four-chambered CellView™ dishes
were coated with filtered 0.01% poly-L-lysine and dried at 37 °C prior to
use. To the single chamber CellView™ dishes, 500 pL of the confocal
sample was added, while 200 pL of the confocal sample was added to the
four chamber CellView™ dishes. This was allowed to settle for 5min
before the excess liquid was aspirated. To prevent samples from drying
out, fresh Ringer’s solution was gently added to the chambers to not
disturb the settled cells. Samples were imaged using a Zeiss Confocal
Microscope LSM 880, AxioObserver (Airyscan). Settings were estab-
lished during the first experiment and then reused for every subsequent
experiment to ensure consistency across different experiments. A C Plan-
Apochromat 63x Oil Objective was used with an effective NA of 1.4 and
the scan zoom was set to 8.5. The pHrodo™ signal was detected using the
red channel (570 to 600 nm band pass filter) while Hoechst was detected
using the blue channel (385 to 420 nm band pass filter). The pinhole size
for the pHrodo™ channel was 2.31 Airy Units (AU) and the detector gain
was set to 700. For Hoechst, the pinhole size was 3.20 AU and the detector
gain was set to 850. Using the Z-stack function in Zen Black (Zeiss),

Z-stacks of individual parasites were acquired and subsequently sub-
jected to Airyscan processing. The original files in their .czi format were
transferred to a storage device and then saved on OneDrive. All samples
were imaged within 6 h of sample collection to ensure sample integrity.

Image analysis. The files were processed in Zen Blue Lite (Zeiss) to
produce 3D renderings and images for documents. The volume, uptake
and concentration analyses were performed using Image]**’. The Fiji
(Fiji Is Just ImageJ) package was downloaded and installed from the
Image] website. The .czi files were imported into Image] using the Bio-
Formats Plugin” and the color channels separated. The red channel
Z-stacks were then subjected to a threshold using the built-in RenyiEn-
tropy automatic threshold. The volume analysis was conducted in two
ways. In one instance, the “Analyze Particles” (AP) built-in function on
Image] was used in which the calculations were limited to the threshold
and the circularity set to 0.05 to infinity. The resultant area of each region
of interest were then summed in Excel and multiplied by the Z-stack
spacing to obtain the volume. In the second instance, the 3D Objects
Counter Plugin (3D OC)"" was used to calculate the volume by applying
the RenyiEntropy automatic threshold to the Z-stack using the stack
histogram and subsequently applying the 3D OC function to the resultant
Z-stack after applying the threshold. All the volume data was then col-
lated and compared in Microsoft Excel and analyzed using GraphPad
Prism (v8 to v10, GraphPad Software Inc, USA)*. To determine the
uptake and concentration of the DV, the raw integrated density was
obtained for each Z-stack from the file generated by the AP function. The
uptake was determined to be the summation of the integrated density of
each Z-stack. To calculate the concentration, this value was divided by the
volume calculated for that individual parasite.

PM | and IV protein analysis

Parasite lysate preparation. The saponin lysis protocol was adopted to
isolate the NF54 trophozoites. Additionally, trophozoites isolated from
Dd2 PM I and PM IV KO lines were used as controls to confirm speci-
ficity of the antibodies. PM KO lines were generated from a Dd2 parental
line using a pHD-22y vector system that relies on a human dihydrofolate
reductase as the selectable marker as described previously™. To the iso-
lated trophozoite pellets, 45 L filtered PBS was added, the solutions were
mixed thoroughly and 5 uL of the cell suspension was added to 45 pL of
counting diluent. The fixed samples were processed for flow cytometry as
described above in 96-well plates and used to calculate the cell con-
centration. To the remaining 40 uL of the isolated trophozoite cell sus-
pension, 10pL of 5x sample application buffer (SAB, 5% B-
mercaptoethanol solution in 5x SDS running buffer) was added. The
samples were mixed thoroughly and heated at 90 °C for 5 min using a
heating block. The samples were then stored at —20 °C until further use.
All samples needed for the SDS-PAGE were diluted with 1x SAB to a final
volume of 10 pL such that 50,000 parasites were contained in the lysate.

SDS-PAGE. All back- and spacer plates (casting plates) were washed and
cleaned with 70% EtOH prior to use. SDS-PAGES consisting of 12%
resolving gel (12% acrylamide/bis-acrylamide 37:1, 375 mM Tris pH 8.8,
0.1% w/v SDS, 0.05% v/v TEMED, 0.1% w/v ammonium persulphate)
and 5% stacking gel (5% acrylamide/bis-acrylamide 37:1, 250 mM Tris
pH 6.8, 0.1% SDS w/v, 0.1% v/v TEMED, 0.1% w/v ammonium persul-
phate) at 1 mm thickness and containing 15 lanes were hand-cast using a
Bio-Rad Mini-Protean 3 casting chamber. Page gels not used immedi-
ately were wrapped airtight in cling wrap and stored at 4 °C. Stored page
gels were used within 24 h of casting. A Bio-Rad Mini-Protean Tetra
System electrophoresis tank was filled with 1x SDS running buffer
(25 mM Tris, 250 mM glycine and 0.5% w/v SDS) and assembled with the
page gel. The sample wells were flushed with 1x SDS running buffer prior
to loading and to each well 10 uL of parasite lysate or 3 uL NEB Color
Prestained Protein Standard Broad Range (P7719S, 10-250 kDa) were
added according to a predetermined loading pattern. The electrophoresis
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was run for 45 to 60 min at a constant current of 30 mA per gel and
variable voltage. Page gels were removed and immediately processed for
the western transfer.

Western blot preparation. A PVDF membrane was activated for 15 s in
MeOH and then placed in 1x western transfer buffer (25 mM Tris,
250 mM glycine and 10% v/v MeOH) along with the other components
needed for the blotting cassette to equilibrate for 5 min. The blotting
cassette was then assembled as per the manufacturer guidelines and
placed into the electrophoresis tank which was then filled with 1x western
transfer buffer. The transfer was run for 1h and 40 min at a constant
voltage of 100V and variable current. Once completed, the PVDF
membrane was washed three times with 1x TBST (20 mM Tris pH 8.0,
150 mM NaCl and 0.1% Tween® 20) for 5min and transferred to
blocking buffer (5% w/v skim milk solution in TBST) for 40 min. Once
blocked, the membrane was incubated with primary antibody solutions
overnight at 4 °C with gentle shaking. All Plasmodium antibodies were
sourced, with thanks, from the Fidock Lab, Columbia University Irving
Medical Centre, New York, USA. These were primarily sourced from Dr
Daniel E. Goldberg, Howard Hughes Medical Institute and Department
of Medicine and Molecular Microbiology, Washington University School
of Medicine, St. Louis, MO as per Omara-Opyene et al.”. Anti-PM I
(rabbit, 1: 10,000), anti-PM IV (mouse, 1:10,000) and anti-BiP (rabbit,
1:20,000) were all prepared using blocking buffer. Following incubation
with the primary antibodies, the membrane was washed three times with
1x TBST for 5min and treated with horse radish peroxidase (HRP)-
conjugated secondary anti-rabbit (Merck cat. A0545-1ML, 1:3000) or
anti-mouse (Merck cat. A4416-1ML, 1:3000) antibodies for 1 h with
gentle shaking. The membranes were then washed three times with TBST
for 5 min. The Advansta WesternBright® Sirius® detection kit was used
for signal detection. Briefly, the PVDF membrane was treated for 2 min
with 1 mL of a 1:1 ratio mixture of luminol/enhancer solution and per-
oxide chemiluminescent detection reagent. Any excess solution was
removed, and the membrane secured in cling wrap in a light-proof X-ray
cassette. In a dark room, the signal was detected by exposure to X-ray
film, which were subsequently developed, fixed, and rinsed with tap
water. Once dry, the X-ray films were scanned using an Epson Perfection
V800 scanner using Epson Scan Software and stored in the .tiff format.

Densitometric blot analysis. Scanned blots were imported into Image]
and analyzed as previously described™. Briefly, .tiff files were converted to
gray scale 8-bit images and a background 8-bit image created using the
“Subtract Background” function with “Create background - don’t sub-
tract” activated and the rolling ball radius set to 50.0 pixels. Using the
“Image Calculator”, the background image was subtracted from the
original 8-bit image to generate a negative image that was then inverted
using the “Look Up Tables” (LUT) to generate an image with a white
background and dark foreground pixels. The blot was then analyzed
using the “Gels” function to produce histograms for each band. These
were then quantified using the “Wand” tool and the data acquired as
arbitrary area values. Using the “Label Peaks” function, the fractional area
of each band was obtained relative to each other. The raw data were then
exported into Excel and GraphPad Prism for further analysis.

Immunofluorescence assays (IFA)

Sample preparation. From an NF54 parasite culture of mixed age at
5-8% parasitemia and 3% hematocrit, 1 mL was pelleted by centrifuga-
tion. All spins were conducted at 1500 rpm for 2 min in a tabletop cen-
trifuge. The parasite pellet was washed with 1x PBS and fixed in 4%
formaldehyde and 0.0075% glutaraldehyde for 20 min at room tem-
perature (RT). Following a wash with 1x PBS, the cells were permeabi-
lized with 0.1% Triton X-100 for 20 min at RT and washed again with 1x
PBS. To block any non-specific binding sites, the cells were incubated
with 3% bovine serum albumin (BSA) on a tube rotator for 3 h at 4 °C.
Following centrifugation and removal of the 3% BSA, fresh 3% BSA was

added, and dilutions of the antibodies were added as follows to different
samples: anti-PM I (rabbit, 1:2000) and anti-CRT (mouse, 1:300)’ or anti-
PM IV (mouse, 1:500). The samples were then incubated overnight at
4 °C on a tube rotator. The cells were then washed with 0.1% Tween in 1x
PBS twice for 15 min at 4 °C with rotation. Secondary antibodies were
then added to the appropriate samples to detect the primary antibody.
The antibodies used were goat anti-rabbit Alexa Fluor 647 (Thermo-
fisher, A-21247, PM 1 detection), goat anti-mouse Alexa Fluor 488
(Thermofisher, A-21121, CRT detection) and goat anti-mouse Alexa
Fluor 647 (Thermofisher, A-21235, PM IV detection). The samples were
incubated with rotation at 4 °C for 2 h and the washes with 0.1% Tween in
1x PBS repeated to remove any unbound secondary antibody. Samples
were then incubated in Hoechst (1:500 in 1x PBS) for 20 min at 4 °C with
rotation and washed once with 1x PBS. The pellet size was then assessed
and an equal volume of 1x PBS was added to the pellet. Of this, 2.5 uL was
smeared on a poly-L-lysine coated slide and allowed to dry in the dark.
Once dry, 2 uL Vectashield® (Vector Laboratories, H-1900-2) antifade
mounting media was added to the slide and a cover slip secured over the
smear with sealant. Slides were stored at 4 °C in the dark until imaging.

Confocal imaging. Samples were imaged using a Zeiss Confocal
Microscope LSM 900. Settings were established during the first experi-
ment and then reused for every subsequent experiment to ensure con-
sistency across different experiments. A C Plan-Apochromat 63x Oil
Objective was used with an effective NA of 1.4 and the scan zoom was set
to 5. The Hoechst signal was detected using the blue channel (348 to
455 nm band pass filter), CRT was detected in the green channel (493 to
517 nm band pass filter), and PM I/PM IV were detected in the far red
channel (653 to 668 nm band pass filter) Using the Z-stack function in
Zen Black (Zeiss), Z-stacks of individual parasites were acquired on the
confocal setting. The original files in their .czi format were transferred to a
storage device and then saved on OneDrive. Images were then viewed and
processed using ZEN blue software.

Basal levels of the heme-containing species®

Incubation and harvesting. NF54 parasites at 4% parasitemia, 2%
hematocrit and 2 mL culture volume were incubated in flat-bottomed 12-
well plates (Greiner) in an airtight gas chamber flushed with mixed air at
37 °C for variable incubation periods. Dd2 parasites were prepared at 3%
parasitemia, 2% hematocrit and 6 mL culture volume in flat-bottomed 6-
well plates (Greiner). Following the required incubation period for har-
vesting parasites at a given age, excess media supernatant was aspirated,
and Giemsa-stained thin smears were prepared and visually analyzed to
assess any changes to the parasite population. The pellets were resus-
pended in 1.8 mL 1x PBS and transferred to deep-well 2.2 mL 96-well
plates (Greiner). To this, 125 pL 1% saponin was added and following
gentle shaking for 2 min, the plates were centrifuged for 15 min at 750 rcf
and the supernatant aspirated. The isolated trophozoite pellets were
washed two to three times with 0.5mL 1x PBS followed by a 15 min
centrifugation at 750 rcf after each wash to remove all erythrocyte
hemoglobin. The isolated trophozoites were then resuspended in 100 pL
filtered 1x PBS and accurately transferred to a round-bottomed, 96-well
0.5 mL plate (Axygen) referred to as the “stock plate”. Of this, 10 uL was
transferred to a flat-bottomed 96-well plate (Greiner) containing 190 uL
counting diluent. This plate was referred to as the “counting plate”. The
stock plate and counting plate were then stored at —20 °C and 4 °C,
respectively, until further use. The counting plate was then processed for
flow cytometry as described above to determine cell count.

Cellular fractionation. Following thawing of the stock plate, 100 pL of
MilliQ water (mH,O) was added to each well and the plate sonicated for
5 min in an ultrasound bath. To this, 50 uL 0.2 M HEPES buffer (pH 7.5)
was added, and the plate centrifuged at 3600 rpm for 20 min. Carefully,
without disturbing the pellet, the supernatant was transferred to an
adjacent set of wells on the same plate. To the supernatant, 50 uL 4% w/v
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SDS was added, the plate sonicated for 5 min and incubated at RT for
30 min. Following incubation, 50 uL 0.3 M NaCl and 50 uL 25% v/v
pyridine (25% v/vin 0.2 M HEPES pH 7.5) in 0.2 M HEPES (pH 7.5) were
added and 200 pL of this solution transferred to a flat-bottomed, 96-well
plate termed the “reading plate”. This fraction corresponded to the
hemoglobin fraction.

The pellet was treated with 50 pL mH,O and 50 uL 4% SDS and
resuspended well. The plate was sonicated for 5 min and incubated at RT for
30 min. Following incubation, 50 pL each of 0.2 M HEPES (pH 7.5), 0.3 M
Na Cl and 25% pyridine were added, and the plate centrifuged at 3600 rpm
for 20 min. Without disturbing the delicate pellet, the supernatant was
transferred to an adjacent set of well on the same plate. The supernatant was
diluted to 400 pL with mH,O and 200 pL of this solution was transferred to
the reading plate. This fraction corresponded to the heme fraction.

The remaining pellet was treated with 50 uL 0.3 M NaOH and 50 pL
mH,0, the plate sonicated for 15 min and incubated at RT for 30 min. To
this, 50 uL each of 0.2 M HEPES (pH 7.5), 0.3 M HCl and 25% pyridine was
added, and finally, 150 pL of mH,O. Of this, 200 uL was transferred to the
reading plate. The UV-visible spectra of heme as an Fe(III)PPIX-(bis)pyr-
idyl complex was recorded between 400 and 415 nm on a multi-well plate
reader (ThermoScientific MultiskanGO). The absorbance maxima of each
well were used to calculate the absolute amount and percentage of each
heme-containing species in each sample.

Heme standard curve. The absolute amount of each heme-containing
species was quantified using a heme standard curve. A 100 pug/mL stan-
dard solution of hematin (porcine) in 0.3 M NaOH was prepared and
200 pL added to a round-bottomed, 96-well plate (Axygen). Serial dilu-
tions of the standard solution were carried out across the plate using
100 uL 0.3 M NaOH, leaving a blank column for reference. Of each of the
following solutions, 50 uL were added to 100 uL of hematin standard:
0.2 M HEPES (pH 7.5), 4% w/v SDS, 0.3 M NaCl, 0.3 M HCI, 25% v/v
pyridine in 0.2 M HEPES (pH 7.5) and mH,O. The UV-visible spectra of
heme as the Fe(III)PPIX- (bis)pyridyl complex from 400 to 415 nm were
recorded using a multi-well plate reader. The standard curve was used
to calculate the absolute amount of each heme-containing species as Fe
(fg/mL) using the following equation:

MW
Mg, = My x [ =<
MW,
Mp. = mass of Fe, My = mass of hematin, MW . = molecular mass of Fe, and
MWy = molecular mass of hematin.

Statistics and reproducibility

General. In general, “N” in the manuscript refers to independent bio-
logical replicates. The definition of “n” depends on the type of experi-
ment, for the imaging experiments “n” refers to individual parasites,
while in other experiments “n” refers to technical replicates. For statistical
analyses, unpaired student ¢-tests were used. For graph fitting, GraphPad

Prism software was used.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the paper
and the Supplementary Information. The raw experimental data are avail-
able in Figshare with the identifier https://doi.org/10.6084/m9.figshare.
28801805". Additional data are available from the corresponding author
upon reasonable request.
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