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Abstract

Because Plasmodium falciparum replicates inside of a parasitophorous vacuole (PV) within a
human erythrocyte, parasite egress requires the rupture of two limiting-membranes. Parasite Ca2+,
kinases, and proteases contribute to efficient egress; their coordination in space and time is not
known. Here the kinetics of parasite egress were linked to specific steps with specific compartment
markers, using live cell microscopy of parasites expressing PV-targeted fluorescent proteins, and
specific egress inhibitors. Several minutes before egress, under control of parasite [Ca%*]; the
parasitophorous vacuole began rounding. Then after ~1.5 minutes, under control of PfPKG and
SUBL1, there was abrupt rupture of the PV membrane and release of vacuolar contents. Over the
next ~6 minutes there was progressive vacuolar membrane deterioration simultaneous with
erythrocyte membrane distortion, lasting until the final minute of the egress program when newly-
formed parasites mobilized, erythrocyte membranes permeabilized and then ruptured — a dramatic
finale to the parasite cycle of replication.

INTRODUCTION

When malaria parasites invade, grow, and multiply inside their host erythrocytes, they
separate themselves from the erythrocyte cytoplasm by residing inside a parasitophorous
vacuole for nearly the entire duration of the intraerythrocytic developmental cycle (Cowman
et al., 2016; De Niz et al., 2017). At the time of egress, two membranes - the
parasitophorous vacuolar membrane (PVM) and the erythrocyte plasma membrane (EPM) -
have to be breached by the parasites to egress for the initiation of a new replicative cycle.
There is a growing understanding that parasite egress and invasion are two multistep events
in parasite life orchestrated by multiple players, both regulatory and catalytic, under the
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control of parasite signaling systems (Alam et al., 2015; Beeson et al., 2016; Blackman and
Carruthers, 2013; Koch and Baum, 2016; Thomas et al., 2018). Egress of merozoites, an
invasive asexual form of malaria parasites, from erythrocytes was originally described by W.
Trager as an explosive release of separated parasites from an opening in the erythrocyte
membrane (Trager, 1956). Later, recordings of P falciparum egress were made, taking
account of the exceptional sensitivity of late-infected erythrocytes to photodamage by light,
that documented egress as release of separated parasites from infected erythrocytes
(Glushakova et al., 2005). Plasmodium egress is a story of membrane remodeling. The
erythrocyte membrane is transformed prior to parasite egress, losing its tension and
eventually collapsing onto the schizont (Glushakova et al., 2009, 2005; Hale et al., 2017). It
is then thought to be permeabilized by parasite perforins just prior to parasite egress
(Glushakova et al., 2010), though the identity of the involved perforins has been elusive
(reviewed in (Guerra and Carruthers, 2017)). The erythrocyte membrane curls outward at the
site of primary cell opening, a movement that likely helps to eject parasites (Abkarian et al.,
2011). The egress time is accompanied by a motion that pushes big membrane fragments of
erythrocyte aside while small membranous vesicles are scattered together with released
parasites (Glushakova et al., 2005). The potential contribution of mechanical forces leading
to rupture of the erythrocyte membrane during parasite egress is unknown. It is possible that
an initial limited motility of merozoites (Frénal et al., 2017) could contribute to membrane
stretching and fragment the perforated host cell but experimental evidence for this
mechanism is missing. However, given how fast the merozoites scatter upon their release
from erythrocytes, it has been assumed that the PVM must rupture before, or simultaneously
with the erythrocyte membrane and that merozoites must separate from each other prior to
egress (Collins et al., 2017; Crick et al., 2013; Glushakova et al., 2005).

Uncertainty about the actual timing of PVM rupture continues to complicate the analysis of
the molecular biology of the parasite egress program. Proteins secreted by parasites at the
end of the cycle act on their own surfaces, on proteins soluble in the vacuole, or possibly on
other targets such as erythrocyte cytoskeleton, within the infected cell. Proteins now known
to be involved in egress include kinases (PfPKG - (Collins et al., 2013), PFCDPKS - (Dvorin
et al., 2010)), proteases (PMX - (Nasamu et al., 2017; Pino et al., 2017); SUBL - (Yeoh et
al., 2007), SERAG - (Ruecker et al., 2012; Thomas et al., 2018, 2016)), pseudo-protease
SERAS5 (Collins et al., 2017), and the merozoite surface protein MSP1 (Das et al., 2015).
The interaction of all these proteins is not fully understood, nor is the time and place of their
activity. Recent studies connect PfPKG, PMX and SUBL1 activation in a single pathway:
PMX and SUBL are packaged together in secretory organelles of the newly formed
merozoites known as exonemes and PMX activates SUB1 hours prior to the end of the cycle
(Nasamu et al., 2017). The signal from Ca2* and the elevation of PfPKG leads to secretion
of SUB1 from parasite exonemes into the vacuolar space, where it is known to process the
PV proteins SERA5 and SERAG6 as well as the merozoite surface protein MSP1 (Collins et
al., 2013; Das et al., 2015; Ruecker et al., 2012; Yeoh et al., 2007). Inhibition of SUB1
activity (Yeoh et al., 2007), processing (Nasamu et al., 2017; Pino et al., 2017) or SUB1
conditional knockout (Thomas et al., 2018) blocks parasite egress. Inhibition of PfPKG by
Compound 2 (C2) blocks SUB1 discharge from the exonemes and also blocks parasite
egress, without interference with merozoite maturation or production of mature SUB1, since
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the parasite proceeds rapidly to egress upon drug removal (Collins et al., 2013; Taylor et al.,
2010). Electron microscopy of schizonts stalled by drugs Compound 1 (C1) or C2 were
conflicting, with an early study reporting morphologically breached PVM in C1-inhibited
schizonts (Taylor et al., 2010) while another study reported morphologically intact PVM that
were functionally perforated after inhibition with drugs C1 or C2 (Hale et al., 2017; Thomas
etal., 2018).

Here we analyze and define the kinetics of natural merozoite egress stages using live cell
microscopy with and without drug intervention by: 1) visualizing the PVM while
minimizing photodamage, 2) testing PVM integrity using a soluble fluorescent probe
targeted to the accessible PV space, and 3) measuring the timing of PVM rupture with
respect to parasite egress by visualization of PVM membrane and vacuolar soluble content.
Monitoring natural egress with these tools revealed a novel stage of the egress program
consisting of a dramatic rounding of the PV in preparation for rupture. With drug
intervention, we also explore the timing of action and define the effects of egress inhibitors
on the status of parasite-enclosing membranes. These results allow us to put ‘time-stamps’
on the vacuolar and erythrocyte membrane transformations, to establish links between the
enzymatic processes regulating or performing the individual activities in egress and the
morphological steps they control, and to suggest a more precise sequence of events in the
parasite egress program.

Independent fluorescent labels and dynamic monitoring of vacuole membrane area,
morphology and vacuole content

To observe changes over time to the narrow space between the parasite and vacuole
membranes (reviewed in (Bannister et al., 2000)) and to follow the PVM during its
transformation, one needs both a fluorescent marker for the vacuolar lumen and a
fluorescently tagged PVM-associated protein. The soluble fluorescent protein mRuby3
(Bajar et al., 2016) was expressed under control of the calmodulin promoter and targeted to
the vacuolar lumen by gene fusion with the signal peptide of HSP101 (predicted molecular
weight of 26.6 kD after signal peptide cleavage). This red luminal marker not only reports
the patency of the vacuolar space, it also reports P\VM integrity during the final stages of the
replicative cycle, by monitoring leakage out of the vacuole. Additionally, we created a
separate and distinguishable fluorescent marker to label the PVM itself by engineering a C-
terminal mNeonGreen (Shaner et al., 2013) gene fusion to the endogenous Exp2 protein, an
integral PVM protein (de Koning-Ward et al., 2009; Glushakova et al., 2017; Johnson et al.,
1994). These two markers were distinguishable due to the wide separation in their
fluorescence emission spectra.

Co-expression of these constructs allowed observation by dual color confocal live cell
microscopy of both the PVM and the PV lumen around the parasites starting from the
trophozoite stage of parasite development, in which PVM appeared to surround the
developing parasite (Fig.1A). The close juxtaposition of PVM and PPM was preserved
during schizogony as expected from electron microscopy images of infected cells (Fig. 1B).
During the later stages of schizogony, live-cell time-lapse recordings of the two-color
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fluorescence clearly displayed radial ‘ribs’ of mRuby3 that extended down into the gaps
between dividing merozoites, as would be expected in the narrow clefts forming between
them during invagination of the PPM at the time of cell division (Fig. 1C). The unexpected
finding was that the supposed PVM marker Exp2-mNeonGreen was frequently observed in-
between dividing merozoites, partially overlapping the distribution of the soluble vacuolar
marker mRuby3 (Fig. 1D). We consider the possibility that the PVM itself dips down into
the clefts between dividing cells during schizogony, a phenomenon that had not been
described in earlier EM analyses of this process (Hanssen et al., 2010; Sakaguchi et al.,
2016). A close re-examination of our own electron microscopic images of quick-frozen
schizonts freeze-substituted for plastic embedding and thin sectioning, which we considered
as true-to-life as possible, failed to detect insertion of PVM clefts in-between dividing
merozoites. The PVM apparently sustains its normal peripheral location (Fig. 1B) in all
inspected schizonts.

To explain the discrepancy between light and electron microscopic observations of the
vacuole membrane we considered a possibility that in addition to its integral membrane
form, Exp2-mNeonGreen might exist in a partially soluble form, or even that a portion of the
mNeonGreen fusion-construct might be liberated from Exp2 (possibly via proteolytic
cleavage in the vacuole) to yield a soluble mNeonGreen signal that would overlap with
soluble mRuby3. However, two experimental findings argued against the likelihood of there
being some soluble Exp2. First, mRuby3 and Exp2-mNeonGreen labels did not always co-
localize, as would be expected for two soluble markers in a continuous PV lumen (Fig. 1D).
Second, when the PVVM was mildly stretched during live-cell observation (by inducing
swelling of the infected erythrocyte and the vacuole, via photodamage to the erythrocyte
membrane with a pulse of high-energy light somewhere outside the parasite) the Exp2-
mNeonGreen signal in infected cells promptly assumed an exclusively peripheral location,
just as the vacuole diameter increased slightly (Fig. 1E, Movie 1). These two sets of data,
and the fact that Exp2 is an integral membrane protein argue against there being significant
fraction of soluble Exp2-mNeonGreen or free mNeonGreen and support our use of Exp2 as
a membrane marker. Future work is needed to identify the electron microscopic correlate of
its signal down in-between developing merozoites during schizogony.

Rounding of the PV marks the onset of the mechanical steps in parasite egress program

Since the double-labeled parasites do not have a noticeable growth defect or altered cycle
length, they are sufficiently viable for analysis of parasite egress kinetics. Living dual-
labeled schizonts, without pharmacological synchronization or cycle interruption, were
recorded using time-lapse confocal fluorescence microscopy with low-light intensity to
excite mNeonGreen and mRuby3 (0.2 uW light for 488 nm laser and 0.6 pW light for 561
nm laser). Parasite-infected erythrocytes were screened for status of schizogony using DIC
confocal microscopy and recordings of the late-infected erythrocytes were initiated up to one
hour prior to parasite egress. Sufficient recordings were made to precisely determine the
distribution of the duration of each stage of the egress program. When a recording ended in
dispersion of released merozoites (Glushakova et al., 2005) the times between the end of
each stage and the actual release of the first merozoite was tabulated.
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A new stage was seen and validated in all recordings: the parasitophorous vacuole rounded
just prior to PVM rupture (Fig.2A). This stage started on average less than 10 min before
egress, lasted 1-2 minutes (1.60+/-0.21 min, mean +/- SEM, n=27, Fig. 2B) and appeared
in two-dimensional fluorescence images as a transformation of the P\VM-enclosed parasites
from an asymmetrical to a circular object. Remarkably, the PVM-Exp2 signal was observed
to gradually move to the vacuole periphery during this stage (Movie 2), despite the ongoing
enclosure of each future merozoite with PPM. To check for the loss or gain of Exp2 during
rounding, the Exp2-mNeonGreen signal of random optical sections was integrated before
and during the rounding stage, but no changes were observed (Supplementary Fig.1). Nor
did the pattern of the soluble PV marker change during PVM rounding (Fig. 2C). During
this stage, the PVM preserves its integrity, as we can see by the continuing containment of
soluble mRuby3 protein inside the vacuole. Likewise, PV-mRuby3 signal levels were stable
up to 1 hour prior to vacuole rounding, indicating that the PVVM integrity was not
compromised prior to and during the rounding stage (17 experiments, 36 recordings of
parasite egress; Fig. 2D-E). Taken together, these observations suggest that a drastic
remodeling of the PVM starts about the time that merozoite morphogenesis is finished but
does not affect the PVM barrier. Merozoites were still tightly associated with each other
inside the rounded vacuole and observed as one flower-like arrangement. Since the vacuole
rounding stage is seen in every single recording, it appears to be an obligatory stage in
parasite egress.

The observed PV rounding could result from some sort of osmotic swelling of the vacuole,
since our experiments to induce PV rounding also led to consolidation of Exp2-
mNeonGreen to the periphery. To determine if the vacuole indeed swells during the natural
rounding stage prior to rupture, we acquired Z-stacks of schizont fluorescent images prior to
and during the rounded stage and carried out volumetric analyses of vacuoles in 5 recordings
of parasite egress by two independent methods. Irrespective of the analytical method we
chose, we could not in fact detect any increase in vacuolar volume. Rather, we calculated a
slight decrease in vacuolar volume during the transient rounding stage, barely significant
(p=0.038) in our mask-based analysis but not significant in our threshold analysis method
(Fig. 2F). Still, both analyses clearly confirmed the increase in vacuole sphericity that we
observed, i.e. a decreased vacuolar surface area to vacuolar volume ratio in the mask-based
method, p=0.01 or smaller ellipsoid fit error (XZ) in the threshold method, p=0.046 during
the rounded stage (Fig.2G). Thus, these analyses did not support the idea that the PV swells
during the rounding stage, but rather suggested that the P\VV membrane must decline in
surface-area for the PV to become more spherical with practically the same volume. One
way this could happen without the PVM actually losing its integrity would be if small
vesicles trafficked away from it during the increase in rounding and sphericity. We did not
observe such vesicles, but they might be too small to see by light microscopy and too
transient to see by electron microscopy. Notwithstanding, we can conclude that the PV
rounding is not due to swelling.
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PVM rupture is marked by loss of soluble contents and followed by piecemeal PVM
degradation and erythrocyte membrane transformation

Our time-lapse recordings of natural parasite egress provided clear-cut views of PVM
rupture and degradation, allowing us to define the timing between vacuole rupture and
parasite egress, and to link PVM rupture with progressive collapse of the erythrocyte
membrane. We reproducibly observed the stages described below. The brief stage of vacuole
rounding was always followed by PVM rupture, accompanied by a sudden drop of mRuby3
fluorescence around the schizont and the spread of mRuby3 signal throughout the entire
erythrocyte, indicating the release of soluble PV content from the vacuole (Fig.3A-B, Movie
3). In most recordings, the PVM ruptured between 5-8 min prior to parasite egress (6.54+/
-1.85 min, mean +/-SEM, n=27, 11 independent experiments; Fig. 3C). To control for
potential deleterious effects of our observing PVM rupture in schizonts expressing
fluorescent proteins, e.g, photodamage from our double laser illumination, two additional
sets of recordings were made with single-tagged parasites and single laser illumination. Both
double and single-laser illumination datasets gave comparable results (Supplementary Fig.
2). Qualitatively, all the features we detected at each stage of egress, as well as the sequence
of these stages, were the same, independent of the mNeonGreen and mRuby3 reporters or
the nature of the illumination.

The PVM appeared to break first in one or a few places, then immediately relaxed and began
to decompose, often progressively from the broken regions (Fig. 3A, Movie 4). PVM
degradation lasted several minutes, albeit at different rates in different cells. Eventually, the
PVM transformed into membrane fragments of variable sizes, supporting the previously
reported electron microscopy images of schizonts in which parasite egress from the
erythrocyte was blocked by the cysteine protease inhibitor E64 (Glushakova et al., 2009;
Hale et al., 2017). To test the preservation of EXP2-coupled fluorescence during egress time
we magnet-purified late schizonts and assessed the size of EXP2 by immunaoblot analysis.
Isolated schizonts immediately proceed to parasite egress, if returned to the physiological
conditions, indicating the presence of schizonts at the very last minutes of cycle in such
populations (Glushakova: unpublished data from the multiple observations). Practically all
of the EXP2-mNeonGreen protein fusion is intact in schizonts as detected by the
monoclonal anti-EXP2 antibodies (Fig. 3D), thus making unlikely a scenario of
mNeonGreen selective degradation or fusion protein proteolysis as a reason of fluorescence
loss in our observations. In most recordings, the merozoites appeared to adhere as one mass
right up to the end of PVM degradation, as judged by the preservation of their flower-like
architecture and their absence of movement inside the RBC. To monitor whether the signals
or activated enzymes that cause PVM rupture could act upon other membranes within the
same erythrocyte, we looked for doubly-infected erythrocytes that had two independent PVs
and saw that when one schizont initiated its egress program in the presence of a second one
that was still immature, the rupture and degradation of the first PVM did not affect the
integrity of the other (Fig. 3E). mRuby3 remained encapsulated in the second PV in all 19
cases we recorded (Fig. 3F, Movie 5). Thus, the agents that cause PVM breakage apparently
cannot spread to other PVM’s in the same erythrocyte and act on them from outside.
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We also observed while monitoring the final stages of egress that PVM breakage was closely
linked temporally with agonal changes in the erythrocyte membrane. This was manifest first
by ruffling of the erythrocyte membrane, then by its relaxation and gradual collapse onto the
schizont body ((Glushakova et al., 2009, 2005); Fig. 3A, Movie 3). Presumably, these
changes reflect a degradation of the erythrocyte cytoskeleton by released PV-content. We
have seen signs of it before, when we reported changes of the erythrocyte membrane
refractive index in DIC images (Glushakova et al., 2009, 2005). This simultaneous PVM
degradation and RBC membrane deterioration continued throughout the time between PVM
rupture and parasite egress.

The next stage we observed was merozoite separation or the completion of cytokinesis,
which generally happened during the very last minute before final egress (although Fig. 3G
and Movie 6 show a relatively rare case where the process took a few minutes, so we could
clearly observe and record it). Then, immediately prior to egress, we observed frank
erythrocyte membrane perforation, which occurred just seconds prior to parasite egress. This
we earlier detected by the influx of extracellular phalloidin into infected erythrocytes
(Glushakova et al., 2010). Here, with our single and double-labeled iRBCs, we could
document RBC perforation by the efflux of mRuby3, since this marker had previously been
released from the PV into the erythrocyte cytoplasm, and now could be seen diffusing into
the bulk extracellular fluid and totally disappearing. However, unlike the lack of effect of
PVM rupture on a second PVM we observed in doubly infected cells, we now saw a
profound effect of frank erythrocyte permeation on the integrity of the second vacuole. Its
membrane immediately became permeable or ruptured in 67% of cases we observed (12 of
18 recordings) (Fig. 3F, Movie 5). This indicated that soluble lytic agents of EPM
breakdown must be active against the PVM.

Finally, we observed of course that the full erythrocytic cycle of parasite development was
completed by egress and dispersal of new merozoites from the ruptured erythrocytes.

Intraparasitic free Ca2*, PfPKG, SUB1, and cysteine protease initiate different mechanical
steps of parasite egress

To isolate intermediates of egress, we turned to the known macromolecules of egress to
determine if their inhibition might block the progression of the egress pathway at well-
defined stages. Four inhibitors are known to block egress through independent
macromolecules: 1) BAPTA-AM (Glushakova et al., 2013), a chelator of intracellular Ca2*
that blocks Ca?*~dependent parasite signaling systems (at least two calcium-dependent
kinases are known to be required for egress, PfPKG and PfCDPKS5); 2) Compound 2 (C2),
which targets PfPKG, a protein kinase implicated in controlling organellar secretion into the
PV before egress (Collins et al., 2013); 3) CWHM-117, an inhibitor of PMX, one of the
early proteases in the proteolytic cascade leading to parasite egress (Nasamu et al., 2017); 4)
and E64, a cysteine protease inhibitor that blocks late events in egress through an unknown
target (Glushakova et al., 2009; Salmon et al., 2001).

Chelation of the intracellular Ca2* with BAPTA-AM within the last two hours of replicative
cycle gave the earliest intervention effect: the developmental cycle was blocked prior to the
vacuole rounding stage (Fig. 4A). BAPTA-AM inhibited 90% of egress events at 60 M
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(Fig. 4B) and all inspected cells preserved EPM (see WGA-Alexa 647-labeled erythrocyte
surface) and 93% of inspected stalled schizonts (n=72) had an intact vacuole and normal
parasite morphology.

C2 at 4 pM inhibited the egress program later: drug-treated late schizonts slowly progressed
towards the stage of the rounded vacuole but did not proceed beyond it (Fig. 4A). Schizonts
affected by drug within the last 10-15 minutes of the cycle were stalled on the rounded
vacuole stage but became morphologically distorted upon the prolonged treatment. 96% of
inspected cells treated with C2 (n=70) had an intact vacuole that often looked enlarged and
sometimes had extruded PVM blebs. Despite vacuole stretching, 90% of stalled schizonts
with a distorted morphology (n=67) maintained the mRuby3 signal within vacuole,
indicating preserved PVM integrity inside these cells. The EPM was preserved in C2-treated
cells (Fig. 4A, WGA panels). Kinetic studies showed a quick inhibitory effect of C2 on
parasite egress: at 4 UM C2, egress was blocked for 95% of infected cells within a few
minutes post application (Fig. 4B—C). We also confirmed by a quantitative egress assay the
reversibility of the C2 inhibitory effect, as drug withdrawal led to elevated parasite egress
compared to the untreated control cultures (Fig. 4B).

We previously observed that CWHM-117, an inhibitor of SUB1 processing, leads to the full
inhibition of parasite egress at a concentration of 0.5 uM in parasites with PMX knockdown
(KD) (Nasamu et al., 2017). However, the effect was observed only if the KD was initiated
and the drug was administered well before the end of parasite cycle, reflecting the timing of
PMX activity. Here we repeated these experiments with NF54-PMX-KD-Exp2-
mNeonGreen parasites to visualize the PVM. CWHM-117-treated cultures accumulated
stalled schizonts with a distorted morphology. The PVM of these schizonts was intact in
82% of inspected infected cells (n=91) and the vacuole looked rounded and enlarged (Fig.
4D). Thus, fully blocked SUB1 processing leads to the abortive end of parasite development
at the stage of the rounded vacuole. C2 and CWHM-117-treated distorted schizonts had a
similar distorted morphology and both have preserved intact erythrocyte membrane detected
by WGA-Alexa 647 labeling (Fig. 4A, D).

Finally, we visualized the status of the PVM in merozoite clusters accumulated during E64
treatment of late-stage parasites (Glushakova et al., 2009). The PVM was broken in 97% of
clusters captured inside erythrocytes (n=110), while the erythrocyte plasma membrane was
permeable but integral (Fig. 4A, last two cells). This implicates cysteine protease(s) in the
erythrocyte membrane rupture needed for successful parasite egress.

DISCUSSION

A canonical sequence of mechanical events was reproducibly observed during the last 10
minutes of intraerythrocytic cycle of malaria parasite replication leading to parasite egress
from the infected cell. The first short step, rounding of parasitophorous vacuole containing
mature parasites, was followed by abrupt PVM rupture initiating its subsequent slow
degradation in parallel with gradual collapse of erythrocyte membrane. The final set of
events at the very last minute of the cycle included merozoite separation, erythrocyte
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membrane permeation and rupture. Release of dispersed parasites completed the replicative
cycle.

Timing and pattern of vacuolar membrane degradation in the natural parasite egress

The results described above depended upon and illustrated the utility of a dually-labelled,
gene-edited Plasmodium falciparum expressing genetically encoded markers for the PV and
PVM. The labeled vacuole revealed a remarkable PVVM reorganization during the initiation
of the egress program: a newly appreciated stage of vacuole rounding, lasting 1-2 minutes
and leading to increased vacuolar sphericity without swelling. Such phenomenon has
precedents in the condensing granule phase of pancreatic and other large granular exocytosis
and is caused by retrieval of membrane vesicles from the maturing secretory granule
(Bonnemaison et al., 2014), a phenomenon still not observed in our electron micrographs of
parasite-infected erythrocytes. This rounding of the parasitophorous vacuole depended upon
intracellular CaZ*, which presumably activates Ca2*-dependent enzymes working on this
stage, but apparently not PfPKG, since rounding happens albeit with slow kinetics in
cultures treated with PfPKG inhibitor Compound 2.

The rounded stage was followed by the abrupt rupture of the vacuolar membrane, starting
approximately 5-8 minutes prior to egress. Secretion of the fully processed SUB1 protease
from parasite exonemes into the vacuolar lumen is a prerequisite for vacuolar membrane
rupture. Two of four tested interventions into the egress program blocked parasite egress at
the rounded vacuole stage. Both implicate SUB1 activity in the vacuolar lumen in the
process of PVM rupture: i) interference with SUB1 processing (PMX-KD + CWHM-117) or
ii) block of SUBL1 secretion into the vacuolar lumen (C2) each independently stalled
schizonts inside a rounded vacuole. Under the pressure of these interventions, the vacuole
often became enlarged and vacuolar membrane sometimes partially extruded from the
erythrocyte as a bleb, however PVM still preserved its integrity and was impermeable to
protein mRuby3. This finding suggests that without SUB1 activation, the PVM lacks
sufficient tension to lead to its rupture. In accord with this notion, our observations suggest
that the products of SUBL1 activity include membrane-active agents of PVM rupture,
enzymatic or lytic. First, PVM degradation has a progressive pattern, takes several minutes,
occurs with the broken, i.e. relaxed membrane and produces membrane fragments
distributed in the erythrocyte cytoplasm, but does not fully consume the PVM. Second,
PVM degradation does not affect merozoites plasma membrane or PVM of the second
vacuole, in doubly-infected erythrocytes. This suggests that the membrane disrupting
activity is site-specific and/or insufficient in quantity to perturb a second mass of PVM (see
also review by (Guerra and Carruthers, 2017)). Production of membrane-active peptides or
activation of a secreted phospholipase (reviewed in Flammersfeld et al., 2017) could break
down the PVM. Importantly, one parasite phospholipase has been shown in P bergheito
localize to the liver-stage PVM, and disruption of this enzyme produced a defect in liver-
stage PVM rupture and egress (Burda et al., 2015).

Visualization of PV and PVM in the live cell recordings of natural parasite egress allowed us
to re-evaluate the recently published data suggesting PVM permeation 10-30 minutes prior
to vacuole rupture and parasite egress (Hale et al., 2017). This time interval was carefully
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explored in our work. Not one of the multiple recordings of natural parasite egress shows
evidence of mRuby3 leakage from the PV prior to PVM rupture that happens 5-8 minutes
prior to parasite egress. This discrepancy could be explained by the relatively slow kinetics
of PVM degradation we observed. As a result, some big fragments of the broken PV
membrane would be observed as intact membrane in electron microscopy of single ultrathin
sections used by Halle et al., while the membrane defect may remain undetected. A potential
detrimental effect of the prolonged C2 treatment on PVM integrity in infected cells also
should be assessed.

In contrast to the PVM degradation, host cell membrane perforation and rupture was
associated with permeabilization of the second vacuole in the double-infected erythrocytes,
suggesting that the agent of erythrocyte membrane perforation is soluble and acts on both
PVM and EPM. This agent has not yet been identified (Guerra and Carruthers, 2017).

Vacuolar membrane rupture is a prerequisite of subsequent steps of parasite egress

program

The high precision of estimated time between PVM rupture and parasite egress shows that
leakage of vacuolar content into the erythrocyte compartment is tightly associated with an
initiation of morphological changes in the infected erythrocyte, described before
(Glushakova et al., 2010, 2009, 2005; Hale et al., 2017; Langreth et al., 1978; Thomas et al.,
2018; Wickham et al., 2003) but not previously attributed to the PVM rupture. During this
interval of time, lasting on average 5-8 minutes, and only after PVM rupture, one sees the
degradation of the vacuolar membrane and simultaneous transformation of erythrocyte
membrane, observed as a gradual collapse of EPM onto the schizont body, possibly
reflecting erythrocyte cytoskeleton digestion (Bowyer et al., 2011; Millholland et al., 2011).
Cysteine proteases were implicated in parasite egress: the broad-spectrum cysteine inhibitor
E64 blocks parasite egress by acting on an as yet unknown target (Salmon et al., 2001) and
preventing erythrocyte membrane rupture (Glushakova et al., 2009). One candidate for the
E64-sensitive enzyme and an agent of erythrocyte cytoskeletal digestion is the parasite
cysteine protease SERA6, which must be processed by SUB1 prior to PVM rupture and then
is released in active form into the erythrocyte compartment upon PVM rupture (Thomas et
al., 2018). This possibility is consistent with our data, which showed a very tight temporal
association of PVM rupture with the abrupt initiation of the erythrocyte membrane
breakdown. Indeed, SERAG can enzymatically process the major erythrocyte cytoskeleton
protein spectrin in vitro, and conditional knockout of SERAG prevents parasite egress from
erythrocyte, mimicking the effect of E64 (Thomas et al., 2018). Combined observations
contradict the notion that human calpain-1 protease alone is responsible for erythrocyte
membrane rupture (Chandramohanadas et al., 2009; Millholland et al., 2011). The data
presented here and in recent publications reinforce the need for work on the biochemical
identity of all proteases and mechanisms involved in erythrocyte cytoskeleton disruption
(Das et al., 2015; Glushakova et al., 2013; Thomas et al., 2018).

In conclusion, the double fluorescent protein labeling of the parasitophorous vacuole and its
delimiting membrane allowed a more complete description and sequencing of the events
leading to parasite egress than hitherto possible (see figure 5, summarizing the timing,
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blocking, and sequence of the stages of egress mechanism discussed here). Calcium initiates
parasite egress. A new morphological intermediate, PV rounding, appears to mark a critical
point in the egress sequence. SUB1 activity is linked to the rupture of vacuolar membrane.
PV rupture is a major event that controls all the stages that follow within the boundary of
erythrocyte, leading to successful parasite release from host cells to spread Plasmodium
infection. The three stages of egress program, i.e. vacuole rounding, vacuole rupture and
degradation, and erythrocyte membrane rupture could be independently blocked by
pharmacological intervention, thus indicating the applicability of more complex combination
therapy for malaria.

EXPERIMENTAL PROCEDURES

Inhibitors

Compound 2 (4-[7-[(dimethylamino)methyl]-2-(4-fluorphenyl) imidazo[1,2-a] pyridine-3-
yl]pyrimidin-2-amine; MRT00072329) was provided by Dr. Simon Osborne, Medical
Research Council Technology (MRCT), United Kingdom. CWHM-117 was provided by Dr.
Marvin Meyers (St. Louis University). E-64, a cysteine protease inhibitor, was purchased
from Sigma (E3132). BAPTA-AM was purchased from Invitrogen (B6769).

P. falciparum culture and human erythrocytes

All parasite lines were maintained in culture at low parasitemia in freshly collected human
erythrocytes of healthy donors after obtaining their consent to participate in the NIH IRB-
approved Research Donor Program in Bethesda, MD (all samples were anonymized).
Culture medium composition: RPMI 1640 supplemented with 25 mM HEPES, 0.1 mM
hypoxanthine, 25 pg/ml gentamicin, 0.5% Albumax Il (Gibco), and 4.5 mg/ml glucose
(Sigma).

Generation of parasite lines

PV targeting of mRuby3 was achieved by fusion of the HSP101 signal peptide (SP) to the
N-terminus of mRuby3. Sequence encoding the HSP101 signal peptide was inserted into
pLN-GFP1-10 (J. R. Beck, unpublished) after the GFP1-10 start codon using primer P1 with
a QuickChange Lightning Multi Site-Directed Mutagenesis kit (Agilent). The mRuby3
coding sequence was amplified from the plasmid pKanCMV-mClover3-mRuby3 (Addgene
#74252, (Bajar et al., 2016)) with primers P2/3 and inserted between Nhel and Aflll to
replace GFP1-10 and create an HSP101-SP-mRuby3 fusion under the control of the P.
falciparum calmodulin promoter. The resulting plasmid, named pLN-HSP101-SP-mRuby3,
was co-transfected with pINT (Adjalley et al., 2010) into the previously described
NF54attB::Exp2-mNeonGreen parasite line (Glushakova et al., 2017) to facilitate integration
into the cg6 locus through integrase mediated attB x attP recombination. Selection with 2.5
ug/ml Blasticidin S was applied 24 hour post transfection. A clonal line displaying both
Exp2-mNeonGreen and PV-mRuby3 fluorescence was derived by limiting dilution after
parasites returned from selection. For Exp2-mNeonGreen tagging in the PMXapt
background, PMXapt parasites (Nasamu et al., 2017) were transfected with pyPM2GT-
Exp2-mNeonGreen (Glushakova et al., 2017). Selection with 2 uM DSM-1 was applied 24
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hours post transfection (in addition to 2.5 pg/ml Blasticidin S and 1 uM anhydrotetracycline
for maintenance of the PMX aptamer system).

Primers—

P1 CTAATAGAAATATATCACCTAGGATGACAAGAAGATATTTAAAGTATTATATTTTTGTTACTTTATTGTTTTTTGTTCAAGTTATTAATAAT!

P2 ATAATGTATTGTGTGCTAGCGTGTCTAAGGGCGAAGAGCTGATCAAG

P3 TTATATAACTCGACCTTAAGTTACTTGTACAGCTCGTCCATGCC

Confocal microscopy of infected erythrocytes

Live-cell recording was performed as described elsewhere (Glushakova et al., 2005) using
LSM 800 and LSM 880 laser-scanning microscopes (Zeiss) with a 63X 1.4 NA oil objective.
Cells were illuminated with 488 nm (0.2 uW light) and 561 nm (0.6 uW light) laser to excite
mNeonGreen and mRuby3 correspondingly. Erythrocyte surface in the static experiments
was labeled using Wheat Germ Agglutinin, Alexa Fluor™ 647 Conjugate, WGA, at
concentration 10 pg/ml (Thermo Fisher Scientific) and visualized by 640 nm laser
illumination. To observe parasite egress, infected culture (0.25-1% hematocrit) was placed
into environmental chambers suited for microscopy (Hybriwell HBW20, Grace Bio-Labs,
Inc.). Time-lapse recording of parasite egress was performed with the variable intervals
between image collection to minimize photodamage. Some recordings were made using
Airyscan confocal microscopy. In this case the optimal pixel size was selected according to
Zen software recommendations (Zeiss) and processed using the “auto filter’ setting. The
photo-wounding of infected erythrocytes was performed using the 800 nm two-photon laser
illumination (Chameleon, Coherent) at 50% power (0.8 ps pixel dwell time, 1um circle area
of illumination with 10 iterations).

Electron microscopy

Malaria-infected erythrocyte cultures were preserved in their most natural, lifelike state by
quick-freezing them against a homemade “cryopress” that consisted of a copper block
cooled with liquid helium (Heuser et al., 1979). Thereafter, they were freeze-substituted by
classical means (Feder and Sidman, 1958) in acetone containing 4% OsO4, but with an
accelerated 12 hours of rotation and progressive warm-up from —95°C to —10°C. Then they
were rinsed in room temperature acetone and mordanted with 0.5% tannic acid (Sigma,
MW1500) before staining with 0.5% uranyl acetate in acetone for 1h at room temperature.
Finally, they were embedded in classical English Araldite epoxy resin via progressive
substitution of acetone with epoxy, and then strong vacuum-extraction of any residual
acetone with a high vacuum at 70°C. After 12 hours of 70°C polymerization, plastic sections
were cut at 80 nm thickness and stained with 0.3% lead citrate in 0.1M NaOH for 5 min,
before viewing at 80 KV in a standard electron microscope, and photography with a 6Kx8K
pixel AMT bottom-mount EM-camera.
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Immunoblot analysis

For Immunoblots to monitor the integrity of the EXP2-mNeonGreen fusion protein,
schizonts were magnet-purified using an LD column and quadro MACS system (Miltenyi
Biotech). Purified schizonts were then either directly processed for Western blot or first
treated with PBS containing 0.025% saponin. Blots were probed with monoclonal mouse
anti-EXP2 antibody clone 7.7 (Hall et al., 1983) used at a dilution of 1:1000. Primary
antibodies were detected with IRDye 800-conjugated secondary antibodies used at a
1:10,000 dilution and blots were visualized using an Odyssey infrared imaging system (Li-
COR Biosciences).

Quantitative parasite egress assay

To quantify the effect of drugs on egress, infected cells were treated with drugs in chambers
at 37°C to accumulate egress sites, and then chambers were cooled at 15°C for 30 minutes to
stop parasite egress. Egress was quantified as the fraction of schizonts releasing merozoites.
Images of stalled schizonts were taken at 37°C to confirm the block of cycle progression.

Quantitative image analysis

Vacuole volume and sphericity estimates were derived independently using two approaches
of image analysis of Z stacks fluorescence: a threshold-based and a mask-based approach.
Threshold-based approach: The vacuole volume was estimated using a Matlab
(Version2015b, MathWorks) script. Briefly, a maximum projection of the Exp2-
mNeonGreen z-stack was thresholded using the Otsu method (Otsu, 1979). The threshold
from the projection was then applied to each slice. The outline was then filled and smoothed
by a dilate-erode-dilate step giving a vacuole cross-section. The vacuole volume was
measured by summing up the cross-section areas multiplied by the pixel height. The vacuole
volume and sphericity were further estimated by fitting an ellipse (ellipsoid_fit.mat, Yury
Petrov, Oculus VR) to the outline of the cross-sections. Mask-based approach: manual
masking was used to estimate the vacuole volume. Briefly, each section of the Z stack
images was segmented manually using F1JI image analysis software (Schindelin et al.,
2012). This generated a volumetric mask, which was analyzed in Python using the SciPy
(Jones et al., 2001) and scikit-image (van der Walt et al., 2014) libraries. Mask volume was
determined by summing the masked voxels. Surface area was determined by convolving the
mask with the kernel [-1,1] in each axis (X,y,z), adding together the areas of the respective
facets of the non-zero voxels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig.1. Visualization of parasitophorousvacuolar lumen and vacuolar membrane by light and
electron microscopy

A. Visualization of the parasitophorous vacuole by detecting fluorescently tagged PVM-
resident protein Exp2-mNeonGreen (green color) and soluble vacuolar fluorescent protein
mRuby3 (red color) using live cell fluorescence microscopy. Note that the de novo produced
mRuby3 peptide became visible starting from the trophozoite stage of parasite development,
while Exp2 could be visualized started from the ring stage due to secretion from dense
granules immediately following invasion. Both signals are co-localized in the trophozoite. B.
EM images of schizont showing peripheral location of PVM during schizogony. PVM,
(white arrowhead) and parasite plasma membrane (PPM, black arrowhead). P, parasite.
Cryo-microscopy. Scale bar = 800 nm. C. The pattern of soluble PV-targeted mRuby3
protein distribution in the schizont stage: signal delineates de novo formed parasites
arranged in a flower-like structure and marks both the PV compartment (white arrowhead)
and the extra-parasitic membrane compartments in the erythrocyte cytoplasm (black
arrowhead). D. A partial co-localization (white arrowhead) of vacuolar membrane and
lumen fluorescent signals revealed in the optical sections of a schizont. Airy scan confocal
microscopy. E. Photodamage and swelling of an infected erythrocyte leads to the
redistribution of Exp2- mNeonGreen signal to the vacuolar periphery. Time O: laser
wounding of the erythrocyte using 800 nm two-photon illumination of the area outside the
schizont location. All scale bars in the light-microscopy images are 5 pm.
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gg.z. Transition of theirregularly shaped parasitophorous vacuoleinto a short-lasting rounded
e
A.az representative schizont approaching the rounded vacuole stage (left images) and during
the rounded stage (right images). Note the peripheral location of Exp2-mNeonGreen signal
in the rounded but not in the irregular shaped schizont/vacuole. B. The length of the rounded
vacuole stage measured in 27 recordings of natural parasite egress. Double-tagged parasites
were used for time-lapse recordings. Data distribution is shown as a box and whisker
diagram with outliers. Mean +/-~SEM=1.60+/-0.21 min. C. Irregular (left panel) and
rounded-shaped (right panel) vacuole have the same high intensity of mRuby3 fluorescence
(vacuolar lumen marker), indicating a preservation of PVM integrity. D. Monitoring of the
vacuolar fluorescence prior to PVM rupture. Duration of live time-lapse recordings starting
from the initiation of recording until the time of parasite egress (n=36). E. An example of the
integrated cell fluorescence, calculated from each frame in time series and then normalized
to the first time point. All cells showed a stable mRuby3 fluorescence up to the moment of
PVM rupture. The second drop of fluorescence is associated with parasite egress from the
infected erythrocyte. F-G. The vacuolar volume (F) and sphericity (G) calculated from
fluorescence serial Z-sections of schizonts before and during the rounded stage (see
Experimental procedures section). Quantitative analysis supports visual conclusion of
vacuole rounding and shows a slightly diminished vacuolar volume in rounded stage
schizonts (1.4% and 6.7% decrease in two independent assessment methods, n=5). All scale
bars are equal 5 pm
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Fig.3. Rupture and degradation of vacuolar membrane and the following steps of erythrocyte
membrane transfor mation

A. Morphologically distinct stages of parasite egress illustrated by a representative recording
of parasite egress: the irregular vacuole undergoes transformation into the rounded vacuole
and then suddenly ruptures and progressively degrades. This step is associated with
redistribution of the vacuolar content to the entire erythrocyte (the first drop of mRuby3
fluorescence) and initiation of the gradual reshaping of the erythrocyte membrane until it
collapses on the schizont body. Parasite egress (the disappearance of mRuby3 signal and
dispersion of parasites) ends the replicative cycle. B. The drop of mRuby3 fluorescence (PV
soluble protein) after sequential rupture of PVM and EPM. The mean fluorescence of all
frames between PVM and EPM rupture (the second column) and after EPM rupture (the
third column) was normalized to the mean level of fluorescence during the rounded vacuole
stage (the first column); (Mean+SEM, n=12). C. Estimated time between PVM rupture and
parasite egress (n=27, double labeled parasites, time-lapse recordings of parasite egress). D.
Immunoblot detecting EXP2 in asynchronous NF54 parent and EXP2- mNeonGreen
purified schizonts shows preservation of the fusion protein in late infected schizonts.
Predicted molecular mass after signal peptide cleavage: EXP2: 30.8 kDa; EXP2-
mNeonGreen: 57.8 kDa. Comparison of saponin treated (to permeabilize the EPM and PVM
without solubilizing membrane proteins) and untreated samples was performed for two
purposes: 1) to improve protein labeling by releasing erythrocyte hemoglobin and 2) to
assess the possibility that soluble EXP2 is accumulated in membrane-bound compartments.
E. Difference between the maturation times of two parasites within one erythrocyte was
exploited to show that rupture and degradation of one vacuole does not affect the integrity of
another vacuole. The maximum intensity projection of AiryScan Z stack images of a doubly-
infected erythrocyte. Green color: Exp2-mNeonGreen. Note a diffused signal of
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fluorescence from the PVM of trophozoite (lower cell) and fragmented PVVM in the upper
schizont. F. Rupture of one vacuole (lower right schizont) in the doubly-infected cells does
not affect permeability of the second PVM (upper left trophozoite preserves mRuby3 inside
the vacuole), but parasite egress from the first vacuole leads to the permeabilization or
rupture of the second vacuole. G. Frames from the parasite egress time-lapse recording
showing uncharacteristically early separation of parasites moving inside an erythrocyte prior
to egress. All scale bars are equal 5 pm.
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Fig.4. Effect of parasite egressinhibitors on different stages of parasite egress
A. Depletion of intracellular Ca2+ by BAPTA-AM (60 uM) blocks parasite egress prior to

the rounded vacuole stage, i.e. before the earliest observable morphological transformation
in an infected cell at the end of the cycle. Compound 2 (C2, 4 pM), targeting PfPKG and
blocking secretion of SUBL1 into the vacuole, blocks parasite egress at the rounded vacuole
stage (compare with the left panel showing control schizont NF54-EXP2-mNeonGreen
mRuby3). Note that the vacuole of a C2-stalled schizont is frequently enlarged but its PVM
maintains its integrity (a bright mRuby3 signal inside the vacuole and absence of
fluorescence in the erythrocyte compartment). E64, a cysteine protease inhibitor, blocks
parasite egress by preventing rupture of the erythrocyte, but not the vacuolar membrane.
Note that mRuby3 has diffused outside the cell through the perforated EPM. B. Strong
inhibitory effect of BAPTA-AM and C2 on parasite egress. C2 inhibition is reversible. C. C2
has a fast and strong inhibitory effect on parasite egress. D. CWHM-117, the inhibitor of
SUBL1 processing, blocks NF54-PMX-KD-EXP2-mNeonGreen parasite egress at the stage
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of rounded vacuole, producing stalled, distorted schizonts with apparently enlarged
vacuoles. Left cell: control NF54-PMX schizont. E64, a cysteine protease inhibitor, blocks
NF54-EXP2-mNeonGreen mRuby3 parasite egress by preventing rupture of the erythrocyte,
but not the vacuolar membrane. At least three independent experiments were performed to
evaluate the effect of drugs on parasite egress. All scale bars are equal 5 um.
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Fig.5. Known stages of parasite egress program, timing of observable events, molecular agents,
and inhibitor s affecting egress

A mature schizont initiates a stereotypical, Ca*-dependent egress program approximately 9
minutes prior to parasite egress. The first mechanically observable step is a rounding of the
parasite vacuole lasting only a few minutes. Vacuole rounding is prevented by intracellular
(but not extracellular) Ca2* chelators. The rounding stage is followed by macroscopic
vacuolar membrane rupture and sudden release of vacuolar contents into the erythrocyte
compartment. Compounds CWHM-117 and C2 block vacuolar rupture, leaving the parasite
in the vacuole rounding stage; exit from this stage apparently requires PMX-dependent
SUB1 maturation and PfPKG-dependent SUBL release from parasite exonemes. For the
following ~ 7 min, the vacuolar membrane gradually degrades and the erythrocyte
membrane gradually collapses on the schizont body. Two cysteine proteases, SERA 6 and
host calpain-1, appear to degrade the erythrocyte cytoskeleton explaining erythrocyte shape
change. The last minutes of the erythrocyte cycle is characterized by a mechanical
separation of mature merozoites and perforation of erythrocyte membrane. Final parasite
release completes the egress program, blocked by cysteine protease inhibitor E64 or a
conditional knockout of SERA6 (SERA6-KO, Thomas et al., 2018).
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