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A function of profilin in force generation during malaria parasite
motility that is independent of actin binding
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ABSTRACT
During transmission of malaria-causing parasites from mosquito to
mammal, Plasmodium sporozoites migrate at high speed within the
skin to access the bloodstream and infect the liver. This unusual
gliding motility is based on retrograde flow of membrane proteins and
highly dynamic actin filaments that provide short tracks for a myosin
motor. Using laser tweezers and parasite mutants, we previously
suggested that actin filaments form macromolecular complexes with
plasma membrane-spanning adhesins to generate force during
migration. Mutations in the actin-binding region of profilin, a near
ubiquitous actin-binding protein, revealed that loss of actin binding
also correlates with loss of force production and motility. Here, we
show that different mutations in profilin, that do not affect actin binding
in vitro, still generate lower force during Plasmodium sporozoite
migration. Lower force generation inversely correlates with increased
retrograde flow suggesting that, like in mammalian cells, the slow
down of flow to generate force is the key underlying principle
governing Plasmodium gliding motility.
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INTRODUCTION
Actin filament formation and turnover are key to many cellular
processes, including cell motility, and are hence regulated by many
different actin-binding proteins. Profilin is a key actin-binding
protein in most eukaryotic cells. Mammalian profilins are an
important factor regulating actin polymerization by binding to
monomeric actin and promoting the exchange of ADP for ATP,

which renders monomeric actin ready for incorporation into
filaments (Courtemanche and Pollard, 2013). Profilin from
Plasmodium falciparum (P. falciparum; Pf ) and Toxoplasma
gondii (T. gondii; Tg), two members of the protozoan phylum of
Apicomplexa also appears to be important for sequestering actin
monomers in vitro (Skillman et al., 2012; Kursula et al., 2008).
Sequestration of actin monomers limits actin polymerization and is
important in these single-celled parasites (Mehta and Sibley, 2011;
Moreau et al., 2017). Interestingly, apicomplexan profilins contain
additional motifs compared to canonical profilins (Kursula et al.,
2008; Bhargav et al., 2015). One of these motifs is a β-hairpin arm
that contacts the actin monomer and contributes to actin binding
(Kursula et al., 2008; Moreau et al., 2017). A second additional
motif, investigated in this report, is an acidic loop region that differs
among apicomplexan species.

In Plasmodium, actin polymerization is important at all stages
along the complex life cycle that need motility (Douglas et al.,
2015). Several extracellular forms of the parasite rely on a form of
motility called gliding, during which the parasites move without
changing their shape (Heintzelman, 2015) (Fig. 1). While some
forms (ookinetes) move at speeds that are comparable to those for
neutrophil migration, others (sporozoites) move over ten times
faster, reaching speed peaks of several micrometers per second. In
order to achieve this fast speed, the parasite relies on short and
highly dynamic actin filaments (Douglas et al., 2018). Plasmodium
sporozoites are the forms transmitted by the mosquito (Frischknecht
and Matuschewski, 2017). They form in parasitic oocysts at the
midgut wall of the mosquito and need to be motile to egress from
these to the circulating hemolymph (Klug and Frischknecht, 2017).
After floating in the hemolymph (Frischknecht et al., 2006), they
actively enter into salivary glands, to colonize the salivary ducts
(Pimenta et al., 1994; Sultan et al., 1997; Frischknecht et al., 2004).
During a mosquito bite, sporozoites are deposited in the dermis
where they actively migrate at 1–2 µm/s to search and enter blood
capillaries or lymphatic vessels (Amino et al., 2008, 2006; Hopp
et al., 2015; Ménard et al., 2013). Those entering the blood will
ultimately cross the endothelium in the liver to differentiate within
hepatocytes into thousands of red blood-cell infecting merozoites
(Tavares et al., 2013; Prudêncio et al., 2006).

Plasmodium sporozoites rely on an actin-myosin motor that
resides in the narrow space between the plasma membrane and
the subtending inner membrane complex (IMC; Fig. 1). The IMC
corresponds to the alveoli, the eponymous organelle of the
alveolates, the superphylum that contains the Apicomplexa. As
illustrated in Fig. 1, short actin filaments are likely to be formed by a
formin localized at the tip of the cell (Douglas et al., 2018). Myosin
is anchored to the IMC and at least partially provides the force
needed for motility (Meissner et al., 2013, 2002; Bergman et al.,
2003; Andenmatten et al., 2013). Myosin also translocates actinReceived 2 October 2019; Accepted 6 January 2020
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filaments towards the rear end, where they might be depolymerized
by coronin (Bane et al., 2016). Force is transmitted when
membrane-spanning adhesins link these actin filaments to the
substrate, while myosin pulls on the filaments (Heintzelman, 2015;
Tardieux and Baum, 2016). This can lead to the retrograde flow of
F-actin–adhesin complexes and the forward translocation of the
sporozoite on a solid support. For Plasmodium berghei (P. berghei;
Pb) sporozoites, the forces transmitted are of the order of 100 pN as
measured by laser tweezers and traction force microscopy (Münter
et al., 2009; Hegge et al., 2012; Quadt et al., 2016). This suggests
that several dozens of myosins pull at a few filaments. These
filaments might be oriented and organized by the actin filament-
binding protein coronin and transmembrane adhesins of the
thrombospondin-related anonymous protein (TRAP) family
(Quadt et al., 2016; Bane et al., 2016). Actin filament turnover
needs to be fast to keep the parasites moving at their high speed
(Münter et al., 2009; Skillman et al., 2011; Douglas et al., 2018).
Interfering with actin filament turnover by the addition of drugs or
overexpression of profilin leads to non-motile sporozoites (Münter
et al., 2009; Sato et al., 2016). Studies using amino acid
substitutions in the actin-binding arm-motif of profilin have
shown that sporozoite motility is affected by a lowered affinity of
profilin to actin (Moreau et al., 2017). The acidic loop constitutes
another divergent motif of apicomplexan profilins and is located on
the opposing side of profilin from the actin-binding region (Fig. 2).
Although the armmotif is conserved across Apicomplexa, the acidic

loop is not conserved between species and can be very short. Here,
we investigated whether the acidic loop can modulate actin binding
or interfere with parasite motility by a set of different methods,
including optical trapping, biochemistry, genetic engineering and
molecular dynamic simulations. Currently, it is unclear which
parameters of sporozoite motility are primarily affected by
interfering with the motility machinery. In principle, these include
retrograde flow, parasite speed, substrate adhesion, the percentage
of motile sporozoites, persistence of motility and force generation.
Probing a set of transgenic P. berghei parasites with laser tweezers
revealed a contribution of the acidic loop to force production and
retrograde flow, which emerge as the key factors at the origin of
gliding motility.

RESULTS
Molecular dynamics simulations indicate possible effects
of acidic loop mutations on the stability of the
actin–profilin complex
Compared with human profilin, Plasmodium profilin contains
several additional motifs, including a β-hairpin arm motif and an
acidic loop (Fig. 2A). Comparison between different apicomplexan
species shows that there is little difference in the arm motif (Moreau
et al., 2017) while T. gondii profilin has only a very short acidic loop
compared with the profilins in Plasmodium spp. (Fig. 2B,C). The
regions bordering the acidic loop are highly conserved between
P. falciparum and P. berghei profilin (100% over the 15 amino acid

Fig. 1. Diagram illustrating gliding motility of Plasmodium sporozoites. (A) A model for the actin-myosin-based gliding machinery driving apicomplexan
parasites including Plasmodium sporozoites. The plasma membrane mainly contains a glycosylphosphatidylinositol-anchored protein (the circumsporozoite
protein in Plasmodium sporozoites) and additionally transmembrane proteins of which some are adhesins involved in linking actin filaments to the surface (bead
or substrate or host cell membrane). Actin filaments are translocated backwards by myosin motors, which are in turn anchored through light chains and gliding-
associated proteins to the inner membrane complex. Through proteins spanning the inner membrane, myosin is linked to the cytoskeletal sub-pellicular network
underneath the inner membrane complex which, in turn, is linked to microtubules. (B) During sporozoite motility, particles engaging with the parasite surface are
translocated rearwards at very high speed (5–10 µm/s), while parasites migrate at high speed (1–2 µm/s). During migration, parasite adhesins bind to the
substrate and hence allow the force produced bymyosin to be transmitted. Dynamic adhesion and de-adhesion cycles slow the parasite, and are likely modulated
by the formation of assemblies made from adhesins and actin filaments. Adhesins disengage from the substrate and are cleaved by proteases towards the rear,
where actin filaments accumulate. While the major traction forces are generated at the center of the parasites, stalling forces at the rear regulate migration.

2

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs233775. doi:10.1242/jcs.233775

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



residues following the loop and only one A to E difference in the 15
amino acid residues preceding the loop). In contrast, six of the eight
amino acid residues of the acidic loop are not conserved (Fig. 2B,C).
The T. gondii profilin loop sequence is more divergent, consisting of
just three aspartic acid residues. To investigate a potential role of the
acidic loop in stabilizing the overall structure of profilin and in actin
binding, we performed molecular dynamics simulations on a series
of chimeric profilins similar to those described for the arm-motif
mutations (Moreau et al., 2017). We designed the profilin acidic
loop chimeras such that a P. falciparum profilin contained the loop
of either P. berghei (Pf PfnPbloop) or T. gondii (Pf PfnTgloop) and
also included a P. berghei profilin with a loop of P. falciparum (Pb
PfnPfloop) (Fig. 2B,C). In all simulations, we used P. berghei actin
and therefore, from here onwards, ‘actin’ refers to P. berghei actin
unless otherwise stated. The individual protein structures in the
different complexes were stable in simulations as shown, for
example, by the root-mean-square deviations (RMSDs) of the
backbone atoms (Fig. S1). To study the effect of the different
profilin chimeras on the actin–profilin interface, we performed a
comparative analysis and calculated binding free energies. The
calculated binding energies do not include translational, rotational
and vibrational entropic contributions and therefore provide relative
rather than absolute values of the binding free energies. The

molecular dynamics simulations were performed for 500 ns and
largely confirmed the differences in actin binding that we previously
reported from 150 ns simulations for wild-type and mutant profilins
with mutations from EDE to QNQ or AAA in the tip of the arm
motif (Table S1, Movie 1).

Previously, we established that the acidic loop in the crystal
structure of Pf Pfn (PDB ID 2JKF) is flexible, which may contribute
to the physiological functions of Apicomplexa profilins (Kursula
et al., 2008). Similar to the Pf Pfn crystal structure, we observed
atomic fluctuations (B-factor) for the acidic loop residues in all of
our molecular dynamics simulations except that for the Pb Actin–
Pb PfnPfloop complex (Figs. S2 and S3, Movies 2 and 3, Tables S2
and S3). Low B-factor values in the loop region in the Pb Actin–Pb
PfnPfloop complex apparently correlate with instability of the Pb
Actin–Pb PfnPfloop complex as revealed by less favorable
MM-GBSA and MM-PBSA binding energies throughout the
simulations (Table S1, Fig. S4; see Materials and Methods).
Interestingly, the Pb Actin–Pf PfnTgloop complex, with its shorter
acidic loop, showed a tendency to larger variation in theMM-GBSA
and MM-PBSA energies over the simulation than the complexes
with wild-type Pb Pfn and the PfnPbloop (Fig. S4), suggesting that
the loop length may influence the stability of the interactions at the
actin–profilin interface.

Fig. 2. Structural comparison between different profilins and mutant design. (A) Crystal structures of profilin from Mus musculus (PDB ID 2V8C, Kursula
et al., 2008) and P. falciparum (PDB ID 2JKF, Kursula et al., 2008) show the Apicomplexa-specific additional domain. Green, β-strands; blue, α-helices.
The armmotif and the acidic loop are labeled. (B) Schematic pictures of the different profilin chimeras generated with color coding as in panel C. Gray, P. berghei;
white, P. falciparum; red, T. gondii. (C) Sequence alignment of Plasmodium and T. gondii profilins; the regions relevant for the chimeric mutants,
as illustrated in B, are indicated. Gray background indicates the P. berghei profilin sequence and white the P. falciparum profilin sequence. Red background
highlights the amino acid residues from T. gondii profilin transferred into the chimera. The boxes highlight the residues introduced in the three chimeras. The
sequences were aligned using CLC Main Workbench software version 5.1 (CLC bio).
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Biochemical assays reveal no differences in the actin
binding of profilin loop mutants
The simulations indicated some differences between actin binding
of P. berghei and P. falciparum profilin, which is in contrast to the
similar force generating capacities of the P. berghei sporozoites
expressing P. falciparum profilin (Moreau et al., 2017). The
presence of other actin-binding proteins in the in vivo system may
affect the dynamics of actin-mediated force.
To investigate these differences experimentally, we studied

recombinant profilin chimeras in in vitro polymerization assays
and by expressing them in parasites. We used overlap extension
PCR to generate the different chimeric genes and expressed them
in E. coli along with wild-type P. falciparum and P. berghei
profilins, as described before (Moreau et al., 2017). We performed
actin polymerization and co-sedimentation assays in the presence
of the different purified profilins (Fig. S5). These assays showed
that all chimeras had the same effect on actin polymerization as
wild-type profilin (Fig. 3). Interestingly, the effect of Plasmodium
profilin was more pronounced on P. falciparum actin
polymerization than on pig skeletal muscle actin (α-actin)
suggesting an important co-evolutionary constraint. Together
with the molecular dynamics simulations, the in vitro
polymerization assays suggest that actin polymerization requires
minimal conserved interactions with the bound profilin, and these
minimal interactions may remain conserved in different profilin
acidic loop chimeras.

Reduction of sporozoite speed in profilin mutants
To test the chimeras in vivo, we generated a series of P. berghei strain
ANKA parasite lines expressing the chimeras in place of the
endogenous profilin (Fig. 4A–C). As the absence of introns does not
influence life cycle progression or motility of parasites (Moreau
et al., 2017), we introduced intron-free genes. As we have previously
also shown that a C-terminal fluorescent protein tag could slow down
parasites (Moreau et al., 2017), we further opted to exchange the

genes without such a tag. After isolating clones from the different
lines, we next investigated the progression of these through the life
cycle (Table 1).We first compared the blood stage growth rates of the
chimeric parasite lines to those of wild-type P. berghei and the
previously reportedP. berghei line expressing P. falciparum profilin.
This showed that the parasites expressing the P. berghei profilin with
the P. falciparum loop grew as fast as wild-type P. berghei (Moreau
et al., 2017). Those lines expressing P. falciparum profilin and
P. falciparum profilin with the P. berghei profilin loop grew
somewhat faster but at comparable rates (Table 1). Intriguingly,
expression of the P. falciparum chimera featuring the T. gondii loop
slowed blood stage growth (Table 1), indicating that this chimeric
profilin might not perform as efficiently in vivo. Infection of
Anopheles stephensi mosquitoes, however, revealed similar
infection rates and numbers of sporozoites. Infections of mice by
mosquito bite showed a mild reduction in infectivity of the parasite
lines expressing P. falciparum profilins containing P. berghei or T.
gondii loops (Table 1). This could hint at a problem in their migration
within the skin, their passing into or out of the blood stream or with
liver stage growth. However, all mice develop a blood stage infection
with the same time of onset, suggesting no defect in liver stage
development. These assays comparing numbers of infected
mosquitoes and colonizing parasites are comparatively insensitive
due to their large biological variations. The most sensitive assay to
dissect effects of subtle mutations affecting parasite motility is to
investigate sporozoite motility on a glass surface (Bane et al., 2016;
Moreau et al., 2017; Douglas et al., 2018). This assay has been used
previously to show that P. berghei sporozoites expressing
P. falciparum profilin migrate faster than wild-type P. berghei
sporozoites, although fewer parasites are observed gliding (Moreau
et al., 2017). Examination of the parasite lines expressing loop
chimeras showed that sporozoites of all chimeras moved in the
typical circular fashion of wild-type parasites (Fig. 4D). In all lines,
about the same percentage of sporozoites were gliding, but curiously,
those expressing P. falciparum profilin containing the loop of

Fig. 3. The loop chimeras slow actin polymerization to a similar extent to that shown by wild-type profilin in vitro. (A) In vitro actin polymerization assays
showing that all the profilin chimeras slow down actin polymerization to a similar extent to the wild-type P. falciparum and P. berghei profilins. 16 µM
profilin was incubated with 4 µM S. scrofa (domestic pig) α-actin or P. falciparum actin 1, of which ∼5% and 2%, respectively, was labeled with pyrene. The
polymerization kinetics were measured using a fluorescence plate reader with excitation and emission wavelengths of 365 and 407 nm, respectively. The initial
polymerization rates and steady state levels (mean±s.d.; n=3), are plotted in the middle and right panels, respectively, for the timeframes of 1300–1800 s and
5500–6000 s for α-actin, and 500–1000 s and 9500–10,000 s for actin 1. (B) Co-sedimentation results showing that all chimeras sequester actin to a
comparable extent to the wild-type P. berghei and P. falciparum profilins. Results are mean±s.d. for three independent experiments performed using the samples
recovered from the polymerization assays. The original co-sedimentation gels are shown in Fig. S5.
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T. gondii showed a higher percentage of persistently moving
sporozoites than those just expressing the P. falciparum profilin
(Fig. 4E). The quantification of their average and instantaneous

speeds showed, however, that all sporozoites expressing chimeras
were over 50% slower than their respective control parasite lines
(Fig. 4F,G).

Fig. 4. Sporozoites expressing profilin chimerasmove at slower speeds. (A–C)Generation ofP. berghei lines expressing profilin chimeras. (A)Wild-type (Wt)
locus showing the profilin gene with exons and introns located on chromosome 8. (B) Profilin locus after integration of the transfection plasmid. Note
that the chimeric genes do not contain introns, so they can be distinguished from wild-type Pb Pfn. Amplicons used to investigate the resultant parasite lines in
panel C are indicatedwith 1–3. Amplicon 3 was generatedwithPbPfn-specific primers. Restriction sites for cloning (arrowheads) and linearization (dotted lines) of
the vector for transfection are indicated. (C) Agarose gel of PCR fragments obtained from the generated mutant lines. For wild-type integration, please see
Moreau et al. (2017). (D) Time lapse image sequence showing the typical curved sporozoites migrating in a circular fashion. Numbers indicate time in seconds.
Scale bar: 5 µm. (E) Distribution of movement phenotypes in the different parasite lines. White, sporozoites are attached and either do not move or wave; gray,
sporozoites are partially moving; dark gray, sporozoites are persistently moving (for at least 150 s). (F) Average speeds of at least 40 sporozoites persistently
moving for 150 to 300 s. The median speed of the population is indicated with a horizontal black line. ***P<0.01; n.s., not significant (Kruskal–Wallis test).
(G) Instantaneous speeds from ten sporozoites with average speed closest to the median average speeds shown in F. Median instantaneous speeds of the
populations are indicated with a horizontal black line. ***P<0.01 (Kruskal–Wallis test). Values for wild-type and P. falciparum profilin expressing lines were
previously reported (Moreau et al., 2017).
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Lowered forces and increased retrograde flow in
profilin mutants
A slower sporozoite speed could be due to multiple factors such as
elongated, shortened or misaligned actin filaments (Münter et al.,
2009; Quadt et al., 2016; Hegge et al., 2012; Bane et al., 2016). This
might cause a shift in the dynamics of adhesion formation and a
diminished capacity to generate force onto the substratum (Münter
et al., 2009; Quadt et al., 2016). Diminished forces were shown to
correlate with faster retrograde flow on the sporozoite surface in two
previous studies (Moreau et al., 2017; Quadt et al., 2016). Analysis
of mutations in the arm motif of P. falciparum profilin have shown
that sporozoites that move as well as wild-type controls can show
differences in their capacity to generate force and in the speed of
retrograde flow as measured by optical tweezers (Moreau et al.,
2017). As the sporozoites expressing chimeras moved at diminished
speed, we next probed whether their capacity to generate forces and
retrograde flow differed from the respective control sporozoites.
Laser tweezers can deliver polystyrene beads onto the surface of the
sporozoite, which allows two types of experiments. In the first type,
the bead is bound by the sporozoite, pulled out of the weak laser trap
and actively transported towards the rear end of the parasite due to
the retrograde flow of membrane proteins likely coupled to the
actin-myosin motor (Fig. 5A,B). In the second type, the bead is
bound by the sporozoite, but the trap is kept at a high counterforce
such that the parasite struggles to pull the bead out of the trap
(Fig. 5B). The number of sporozoites that are capable of pulling
beads out of a trap at a constant force was quantified and used to
compare different parasite lines as in our previous studies (Moreau
et al., 2017; Quadt et al., 2016).
We first tracked the speed of the bead transport along the

sporozoite (Fig. 5C) then determined peak speeds of retrograde
flow (Fig. 5D), which showed that P. berghei (Pb) sporozoites
expressing chimeric profilins could transport the beads faster than
control sporozoites (Fig. 5E). As reported previously, wild-type
parasites transported beads with an average peak speed of 6.7 µm/s
(Moreau et al., 2017). Similarly, sporozoites expressing
P. falciparum (Pf ) profilin (Pfn) transported beads at an average
of 6.1 µm/s (Fig. 5E). In contrast, sporozoites expressing the
chimeras transported beads ∼30 to 40% faster (9.4 µm/s, Pb
PfnPfloop; 10.4 µm/s, Pf PfnPbloop and 10.3 µm/s, Pf Pfn Tgloop).
We next measured the forces the sporozoites expressing chimeric

profilins could generate. At 70 pN of optical force, 74% of wild type
and 71% of sporozoites expressing Pf Pfn could pull a bead from a
trap (Moreau et al., 2017, Fig. 5F). Sporozoites expressing the Pfn
chimeras were only able to pull 31% (Pb PfnPf loop), 37%
(Pf PfnPbloop) or 51% (Pf PfnTgloop) of beads out of a trap of the
same strength (Fig. 5F). A similar trend was seen at 130 pN, where
wild-type and Pf Pfn expressing sporozoites could still pull 38% and

32% of beads out of the trap. At this force, the chimera-expressing
sporozoites could only pull 13%, 16% and 24% out of the trap,
respectively (Fig. 5F). These data support what we have observed
for other mutants: retrograde flow speed peaks correlate inversely
with force capacity. Interestingly, the other parameters – such as
gliding speed, percentage of motile parasites and actin binding –
from this and our previous studies (Moreau et al., 2017; Quadt et al.,
2016) show less or no such correlation (Table 2).

DISCUSSION
Plasmodium profilin is a key regulator of actin dynamics and is likely
essential for efficient blood stage growth and infectivity (Jacot et al.,
2016; Kursula et al., 2008). Subtle mutations in the armmotif showed
that this motif is important for efficient sequestration of actin
monomers in vitro as well as for ookinete and sporozoite motility
(Moreau et al., 2017). The presence of a highly divergent acidic loop
in the apicomplexan-specific domain of profilin suggested to us that it
has a possible role in profilin function. This loop could either bind to
additional factors or play a role in the flexibility of the profilin
monomer with an allosteric effect on actin binding. To probe the
function of this loop, we generated a series of chimeric proteins that
contained the acidic loop ofP. berghei and T. gondii swapped into the
P. falciparum profilin, as well as one with the P. falciparum loop in
P. berghei profilin (Fig. 2B,C). Molecular dynamics simulations
suggested that one of the chimeras (P. berghei profilin with the
P. falciparum profilin acidic loop) might have a weakened actin
binding capacity (Table S1). To investigate these results
experimentally, we combined our recently established molecular
genetics and biochemical workflow to investigate profilin function
in vitro and in vivo (Moreau et al., 2017). Biochemical investigations
showed that purified P. berghei profilin, despite sharing only 76%
identity withP. falciparum profilin (Kursula et al., 2008), sequestered
actin monomers as efficiently (Fig. 3). This was not surprising, as the
force generation capacity of P. berghei sporozoites expressing
P. falciparum profilin was the same as that of wild-type P. berghei
(Moreau et al., 2017). Notably, profilin interacted ‘better’ with actin
from P. falciparum than with mammalian muscle actin, suggesting a
co-evolutionary adaptation of the two proteins. The fact that all the
chimeras showed a full sequestration capacity further suggests that the
actin–profilin interface is hardly altered between the profilins. It also
suggests that the acidic loop plays no role in actin binding in vitro. As
all chimeras could replace the natural profilin in P. berghei, the acidic
loop also does not seem to play an essential role in vivo, although
expression of Pf Pfn containing the Tg loop led to slower blood stage
growth. None of the parasite lines expressing the different profilins
showed a phenotypic difference until transmission from the mosquito
back to the mouse, where again the Pf PfnTgloop parasite line showed
the lowest infectivity, with about half a day delay in blood stage

Table 1. Comparative life cycle progression of parasite lines expressing profilin chimeras

Parasite line
Blood stage growth
ratea (median)

Mosquito
infection rateb

Oocysts/iMGc

(mean)

MG spz/
mosquito
(mean)

SG spz/
mosquito
(mean)

Prepatency
[d] (mean)

Parasitemia
d6 [%] (mean)

C57BL/6 mice
infected

Pb wild type 8.9 50 105 39,000 9400 3.75 2.3±0.4 4
Pb PfnPf loop 8.4 33 90 23,000 5000 3.75 1.9±0.5 4
Pf PfnPb loop 10.8 25 75 19,000 4600 4.5 0.8±0.3 4
Pf PfnTg loop 7.7 25 100 22,000 3800 4.83 0.7±0.1 6
Pf Pfn 10.5 33 75 36,000 4300 4 1.7±0.8 4
a24 h in vivomultiplication rate. bPercentage infected of all mosquitoes in a cage used for a blood feed. cMean number of oocysts in midguts showing at least one
oocyst. More than 50 infected midguts were counted for each parasite line.
MG, midgut; SG, salivary gland; Prepatency, time to observation of blood stage parasites; Parasitemia, percentage of parasitized red blood cells. Note that the
values for wild-type and P. falciparum profilin-expressing lines were previously reported (Moreau et al., 2017).
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Fig. 5. Sporozoites expressing profilin chimeras produce less force but faster retrograde flow. (A,B) Image series of optical tweezers experiments.
(A) Schematic sequence: a bead caught in the focus of the laser trap (shown in red) (I) is moved towards the sporozoite (II) and lowered down onto the front end of a
sporozoite that moves on a solid support (III). After contact (bead and sporozoite both in focus), the sporozoite pulls the bead out of the trap center (IV) and actively
transports the bead to the rear of the cell (V). (B) Corresponding time lapse to A showing the experimental sequence for retrograde flow of a bead on a sporozoite.
Arabic numbers (bottom left) indicate time in seconds. Scale bar: 10 µm. Red arrow, bead transport direction; blue arrow, sporozoite gliding direction. (C) Diagram of
bead transport and trajectory of tracked bead positions during transport. A bead positioned onto the front end of a counterclockwise moving sporozoite is
subsequently transported along the cell. Note that the sporozoite is moving to the right and the bead is moving to the left. Red arrow, bead transport direction; blue
arrow, sporozoite gliding direction. Color code of trajectory, fast speed is shown as red dots, and slow speed in green [i.e. at the start of movement (acceleration not
visible) and during deceleration]. (D) Speed plot of the transported bead from C with determined peak speed at 6.6 µm/s indicated by dashed line in light gray.
Fast speed is shown in red, and slow speed (i.e. start of movement and deceleration) in green. (E) The peak retrograde flow speed on sporozoites expressing
profilin chimeras is faster than in control parasites. The boxes contain 50%of the values, 15%are displayed on eachwhisker and another 10% (outliers) on each side
are depicted as dots. Numbers above indicate the total number of sporozoites investigated. ***P<0.001 (one-way ANOVA). Median values for wild-type and
P. falciparum profilin expressing lines were previously reported (Moreau et al., 2017).White dashed line indicatesmedian values of wild-type sporozoites treated with
cytochalasin D. Black dashed line indicates median values of wild-type sporozoites treated with jasplakinolide. Both values were previously reported in
Quadt et al. (2016). (F) Cumulative percentage of sporozoites that could pull a beadout of a trap at the indicated optical force of 70 or 130 pN. Numbers above indicate
the total number of sporozoites investigated. *P<0.05, ***P<0.001 (Fisher’s Exact test). Median values for wild-type and P. falciparum profilin-expressing lines were
previously reported (Moreau et al., 2017).White dashed lines indicatemedian values ofwild-type sporozoites treatedwith cytochalasinD.Blackdashed lines indicate
median values of wild-type sporozoites treated with jasplakinolide. Both values were previously reported in Quadt et al. (2016).

7

RESEARCH ARTICLE Journal of Cell Science (2021) 134, jcs233775. doi:10.1242/jcs.233775

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



patency (i.e. the time it takes from injecting sporozoites to seeing first
blood stage parasites) (Table 1). However, these subtle differences
need to be interpreted carefully as slightly different numbers of
injected sporozoites can be the reason for such a small delay. To test
whether such a difference is significant would require the infection of
a large number of mice (see e.g. Bane et al., 2016), which we feel is
not justified by the goal of the study. Importantly, even the mutations
in the actin-binding arm motif did not cause a measurable delay in
mouse infectivity (Moreau et al., 2017). However, clear effects on
Plasmodium sporozoite motility could be distinguished between
the mutants.
Previously, we found that expressing P. falciparum profilin (Pf Pfn)

speeds up sporozoites that migrate on a flat surface (Moreau et al.,
2017). The sporozoites expressing Pf Pfn with either the Pb or the Tg
loop were considerably slower than Pf Pfn sporozoites (Fig. 4F,G) and
moved in greater numbers (Fig. 4E). Similarly, sporozoites expressing
Pb Pfn containing the Pf loop were also slower than wild-type
P. berghei sporozoites (Fig. 4F,G). This clear trend across all parasite
lines suggests that the loop determines part of the function of profilin
in sporozoite motility. Intriguingly, this slowing of motility could not
be linked to a difference in actin binding in vitro suggesting that the
loop might play a role in vivo by interacting with other proteins or
lipids that are missing in the in vitro assays. For example, the actin-
nucleating Plasmodium formin, localized at the tip of the sporozoite,
could interact differentially with the different profilins (Ignatev et al.,
2012; Douglas et al., 2018). To identify other partners of profilin,
pulldowns with GFP-tagged profilin or proximity labeling (Kehrer
et al., 2016) could be employed.
We have previously shown that beads trapped by a focused laser

beam can be used to measure the retrograde flow on the sporozoite
surface and the force that sporozoites are able to generate (Quadt
et al., 2016). We applied this approach to measure the forces
generated by two different parasite lines that were mutated in the key
actin-interacting region of the profilin arm motif. These two parasite
lines featured the sequences QNQ or AAA instead of the natural
acidic EDE at the tip of the arm motif. Interestingly, those featuring
the QNQ motif could still move as well on glass as the control
parasites, while those with the AAA motif largely failed to move
persistently. However, laser tweezer measurements revealed that
both lines showed an increased retrograde flow rate but produced
significantly less force (Moreau et al., 2017). These observations,
together with data suggesting that coronin and TLP might orient
actin filaments for efficient motility (Quadt et al., 2016; Bane et al.,
2016), suggested to us that a critical number of filaments, as well as
unknown factors, govern the transition of force generation to

motility (Moreau et al., 2017). We envisage that a macromolecular
complex containing adhesins and actin filaments is assembled at the
tip of the parasite, and that a perturbation of this can have different
non-linear effects on force, retrograde flow and the capacity to glide.
All sporozoites expressing chimeric profilins showed an increased
retrograde flow and a decreased force, just like those sporozoites
lacking the TRAP family adhesin TLP (Quadt et al., 2016) or the
profilin arm motif mutants (Moreau et al., 2017). It is interesting to
note that the Pf Pfn chimera expressing the Tg loop showed the
highest capacity to generate force (Fig. 5F), although this should be
interpreted carefully. Indeed, these sporozoites migrated as well as
those expressing the Pb loop in Pf Pfn (Fig. 4E). Modification of the
profilin loop thus might lead to subtle changes in the motility of
sporozoites that are comparable to those observed with parasites
lacking the TRAP-like protein TLP (Hegge et al., 2010; Quadt et al.,
2016; Hellmann et al., 2011). Profilin is currently the only protein
that has been modified to yield either faster (when profilin from
P. falciparum is expressed in P. berghei) or slower sporozoites
(when profilin from P. falciparum carrying the arm motif mutation
AAA is expressed in P. berghei; Fig. 6). This indicates a dual effect
on actin dynamics similar to those mediated by cytochalasin D
(CytoD) or jasplakinolide ( jas) (Quadt et al., 2016) (Table 2).
Intriguingly, the most consistently observed effect during genetic or
chemical perturbation of gliding sporozoites is the inverse
relationship between retrograde flow and force (Table 2). This
suggests to us that the trapping of adhesins that are transported to the
rear into macromolecular assemblies (and hence the slowing down
of adhesins) is essential for the generation of stronger force. This in
turn can affect the speed of sporozoite motility, while actin binding
appears to primarily affect the percentage of motile sporozoites
(i.e. robustness of gliding).

Clearly, more work is needed to put these data into a holistic
molecular model of glidingmotility that also depends on the formation
and turnover of distinct adhesion sites (Münter et al., 2009), a process
that cannot be directly investigated with optical traps during sporozoite
gliding (Hegge et al., 2012). Ultimately, the visualization or
biochemical reconstitution of the macromolecular complexes and
actin nucleation by formins at the tip of the sporozoite will be essential
for a more complete understanding of parasite migration.

Conclusions
Our data show that the actin-binding protein profilin can be mutated
in away that does not affect actin polymerization in vitro but still has a
measurable impact on gliding motility of Plasmodium sporozoites.
All three mutants investigated showed robust but slower motility and

Table 2. Correlation of parameters describing sporozoite gliding motility

Actin binding Motile sporozoites Sporozoite speed Retrograde flow Force generation

WT +++ +++ ++ ++ +++
WT – CytoD n.d. ++ + ++ +
WT – Jas n.d. ++ +++ +++ +
tlp(-) n.d. +++ ++ +++ +
Pf Pfn +++ ++ +++ ++ +++
Pf Pfn QNQ ++ ++ +++ +++ +
Pf Pfn AAA + + + +++ +
Pb PfnPf loop +++ +++ + +++ +
Pf PfnPbloop +++ +++ ++ +++ +
Pf PfnTgloop +++ +++ ++ +++ ++

+, low; ++, medium; +++, high; n.d., not determined.
Key gliding motility parameters determined in this and other (Moreau et al., 2017; Quadt et al., 2016) studies show the high level (7/8) of inverse correlation
between retrograde flow and force generation upon a perturbation from the controls. Other parameters correlate much less with each other. Only treatment with
cytochalasin D yields no difference in retrograde flow while force drops, suggesting that not all membrane flow is coupled to actin filaments as suggested in
T. gondii (Gras et al., 2019).
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lower force production capacity than the respective control parasite
lines while being able to generate faster retrograde flow. This suggests
that the interplay between the retrograde flow of adhesins and force
generation is regulated in a complex manner and is the key for
understanding gliding motility in apicomplexan parasites.

MATERIALS AND METHODS
Molecular dynamics simulations
For preparation of structures, the crystal structures of P. falciparum actin 1
(PDB ID 4CBU, 0.13 nm resolution; Vahokoski et al., 2014) and
P. falciparum profilin (PDB ID 2JKF, 0.231 nm resolution; Kursula et al.,
2008) were retrieved from the RCSB-PDB database (Berman et al., 2000).
These structures were aligned to the crystal structure of rabbit α-skeletal
muscle actin co-crystallized with human profilin (PDB ID 2PAV, 0.231 nm
resolution; Ferron et al., 2007). The thus obtained P. falciparum actin–
profilin complex was prepared for simulations using the Protein Preparation
Wizard module of Schrodinger (version 2016r1). In brief, the complex was
pre-processed to assign bond orders, to add missing hydrogen atoms and to
add missing side chains. Co-crystallized waters were kept in the complex
structure. PROPKA (Dolinsky et al., 2007) was used to predict the protonation
states at pH 7.0 of the titratable residues.Missing residues weremodeled using
the Prime module in the Schrodinger software. Note that the P. falciparum
and P. berghei actin only differ in three amino acid residues (E3, D5 and V11

of P. falciparum actin are D, E and I, respectively, in P. berghei actin), which
are distant from the conventional actin–profilin interface.

To model P. berghei profilin (Pb Pfn), the P. berghei profilin sequence
was retrieved from the PlasmoDB database (Aurrecoechea et al., 2009) and
modeled using PRIME software using the P. falciparum profilin (Pf Pfn)
structure (75.9% identical to P. berghei profilin) as the template structure.
Next, we used these P. falciparum profilin and (modeled) P. berghei profilin
structures as templates to model the three chimeric mutants (Pb PfnPfloop

using Pb Pfn as template, PfPfnPbloop and PfPfnTgloop using Pf Pfn as
template) by changing the acidic loop residues shown in Fig. 2C.

For molecular dynamics simulations, the modeled protein complexes
were prepared for all-atom molecular dynamics simulations using the tleap
program in the AMBER molecular dynamics package version 14 (http://
ambermd.org/; Cerutti et al., 2014). ATP parameters were taken from the
AMBER parameter database (http://research.bmh.manchester.ac.uk/bryce/
amber; Meagher et al., 2003). GAFF (Wang et al., 2004) and ff14SB
(Cerutti et al., 2014) parameters were assigned to the ligand and protein,
respectively. Non-bonded interactions were cut off at 0.8 nm and the particle
mesh Ewald method was applied. The systems were solvated using the
TIP3P water model (Price and Brooks, 2004) in a truncated octahedral box.
Na+ and Cl− ions were added to obtain an ionic strength of 50 mM, and the
systems were neutralized using Na+ counter-ions. A two-step minimization
was performed on each system as follows: 1000 steps of minimization while
keeping restraints (force constant 100 kcal/mol Å2) on the solute (protein
and ligands; first 500 steps of steepest descent, next 500 steps of conjugate
gradient) followed by all-atom minimization (first 1500 steps of steepest
descent, next 1500 steps of conjugate gradient). The minimized systems
were gradually heated (0 to 298 K in 80 ps) using the canonical ensemble
(NVT) at each temperature point. In the next step, the pre-heated systems
were equilibrated in an isothermal–isobaric ensemble (NPT) at 298 K.
Berendsen temperature coupling and a constant pressure of 1 atm with
isotropic molecule-based scaling was used in the equilibration. The SHAKE
algorithm (Ryckaert et al., 1977) was applied to constrain all covalent bonds
containing hydrogen atoms and a time step of 2 fs was used. All systems
were simulated with periodic boundary conditions in the NPT ensemble for
500 ns. The analysis of the molecular dynamics trajectories was carried out
with the CPPTRAJ module of AMBER 14. VMD (version 1.9.2), Chimera
(version 1.10) and Pymol (version 1.8.2.3) were used for visualization.

For binding free energy calculations, the molecular mechanics energies
combined with the Poisson Boltzmann or generalized Born and surface area
continuum solvation (MM-PBSA and MM-GBSA) energies were used to
estimate the actin–profilin binding free energy. The snapshots were retrieved
at an interval of 1 ns from the last 200 ns of the molecular dynamics
trajectories (between 300 and 500 ns). Because the current study involves
the comparison of similar systems, we did not explicitly calculate entropic
contributions to the binding free energy, and we assumed they were similar
in all cases. Therefore, the calculated energies do not correspond to the
absolute free energies but can be used to compare similar systems.

Recombinant protein production and biochemical work
Profilin chimeras were generated using overlap extension PCR and cloned
into pETM-11 (Moreau et al., 2017) using NcoI and XhoI restriction sites.
Wild-type Pf (Ignatev et al., 2012) and Pb as well as chimera Pfns were
expressed in E. coli BL21(DE3) cells and purified using standard protocols.
More precisely, cells were lyzed by sonication in lysis buffer (10 mM Tris-
HCl pH 7.5, 300 mM NaCl and 5% glycerol), and clarified lysates were
incubated with HisPur Ni-NTA resin (Thermo Scientific). Resins were
washed with lysis buffer supplemented with 0, 10 and 25 mM imidazole,
and finally proteins were eluted with 300 mM imidazole in the lysis buffer.
Proteins were dialyzed against 10 mM Tris-HCl pH 7.5, 50 mM NaCl and
2% glycerol. Purification tags were cleaved either with TEV during dialysis
(in the case of Pb and chimera Pfns) or thrombin after dialysis (in the case of
Pf Pfn). After tag cleavage, proteins were again passed through HisPur resin
and gel filtered using HiLoad Superdex S75 preparative grade 16/60 column
(GE Healthcare). Peak fractions were checked for purity by SDS-PAGE,
concentrated and stored on ice. Domestic pig (Sus scrofa) skeletal muscle
α-actin was purified as described previously (Ignatev et al., 2012; Pardee
and Spudich, 1982). Pf actin 1 was expressed in Spodoptera frugiperda Sf21

Fig. 6. Diagrams contextualizing the data. (A) The effects of different
modified or deleted parasite proteins, and of the addition of small
concentrations of the actin-stabilizing drug jasplakinolide ( jas) on P. berghei
sporozoite motility are indicated. Among secreted proteins (red), the deletions
of trap and limp produce the most severe effects, generating only very few
sporozoites capable of invading salivary glands (Sultan et al., 1997; Santos
et al., 2017); cor(-), deletion of coronin (Bane et al., 2016). Pfn arm depicts the
EDE to AAA mutation at the tip of the profilin arm motif, and Pf-Pfn the
expression of P. falciparum profilin in place of P. berghei profilin (Moreau et al.,
2017). The Pfn loop and tlp(-) (Quadt et al., 2016) mutants show motility close
to the ‘normal range’ of wild-type P. berghei sporozoites. Note that more
proteins that modulate sporozoite motility have been investigated than are
depicted including ICP (Lehmann et al., 2014), CelTOS (Steel et al., 2018), α-
tubulin (Spreng et al., 2019) and IMC-associated proteins (Khater et al., 2004;
Volkmann et al., 2012). Profilin is the only protein that can bemutated such that
sporozoites move either faster or slower. (B) Plasmodium profilin binds and
sequesters actin with the help of its arm domain. The actin-filament-nucleating
formin is localized at the tip of sporozoites (Douglas et al., 2018). Profilin might
interact with formin or another partner using the acidic loop domain. Actin
filaments formed are organized by coronin (Bane et al., 2016) and the TRAP
family adhesins (Hegge et al., 2010; Quadt et al., 2016) leading to optimal force
generation by myosins (not shown). At the rear, coronin might contribute to
actin depolymerization (Bane et al., 2016).
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cells (Invitrogen) as described previously (Ignatev et al., 2012) with minor
changes in the protocol. Firstly, 7 µl of high-titer virus was used to infect 106

cells, and secondly, the cells were harvested 4 days after infection and used
immediately for protein purification as described in Moreau et al. (2017).

The effects of Pb, Pf and chimera profilins on α-actin and Pf actin 1
polymerization kinetics were studied with fluorescence spectroscopy using
∼5% and 2% pyrene-labeled α-actin and Pf actin 1, respectively, in 10 mM
HEPES pH7.5, 0.2 mMCaCl2, 0.5 mMATP, 0.5 mMTCEP. Polymerization
of 4 µM actin alone and in the presence of 16 µMPf Pfn,Pb Pfn,Pb PfnPfloop,
Pf PfnPbloop or Pf PfnTgloop (in triplicates) was induced by adding
polymerizing buffer to final concentrations of 50 mM KCl, 4 mM MgCl2
and 1 mMEGTA. Polymerization was followed for 2 and 3 h in the case of α-
actin and Pf actin 1, respectively, by measuring the increase in fluorescence
signal upon incorporation of pyrene-labeled actin into growing filaments
using a Tecan M1000 Pro plate reader at 25°C with excitation and emission
wavelengths of 365 and 407 nm, respectively. The assayswere repeated twice.

All polymerization curves were set to start from zero fluorescence intensity,
and the initial polymerization rates were determined as the slopes of linear fits
to the polymerization data between 1300 and 1800 s for α-actin and between
500 and 1000 s for Pf actin 1. The relative initial polymerization rates were
obtained by dividing the initial polymerization rate values by the initial
polymerization rate of Pf actin 1 alone. Plateau levels of the polymerization
curves were determined as average values from the range of 5500–6000 s and
9500–10,000 s for α-actin and actin 1, respectively.

For co-sedimentation experiments, 100 µl of each polymerization sample
(still as triplicates) were recovered from the 96-well plate. Samples were
centrifuged for 1 h at 20°C using speeds of 48,000 and 100,000 rpm for
α-actin andPf actin 1, respectively, using aTLA-100 rotor (BeckmanCoulter),
and the resulting supernatants and pellets were separated. The supernatants
weremixedwith25 µl of 5×SDS-PAGEsample buffer (250 mMTris-HCl pH
6.8, 10% SDS, 50% glycerol, 0.02% Bromophenol Blue and 1.43 M
β-mercaptoethanol), and the pellets were resuspended in 125 µl of 10 mM
HEPES pH 7.5, 0.2 mM CaCl2, 0.5 mM ATP, 0.5 mM TCEP supplemented
with 1× SDS-PAGE sample buffer. Samples were incubated 5 min at 95°C,
and then12.5 µl of each samplewas analyzedon4–20%SDS-PAGEgels. The
protein bands were visualized with PageBlue stain (Thermo Scientific). Gels
were imaged using the ChemiDoc XR S+ system and protein band intensities
were determined with the Image Lab 3.0 software (both from Bio-Rad). For
each supernatant and pellet pair, the total intensityofPf actin 1was set to 100%
and relative amounts of actin 1 in supernatants and pellets were presented as
percentages of that. The assays were repeated twice.

Molecular cloning and parasite generation
Vectors used for in vivo work are based on the b3D+ vector (Silvie et al.,
2008). Integration primers (Table S4) correspond to fragment numbers in
Fig. 4.We modified the vector for homologous recombination in the profilin
(PBANKA_0833000) locus on chromosome 8 as follows. The P. berghei
profilin 5′ upstream region (871 bp) was amplified from P. berghei ANKA
WT genomic DNA using primer combination 5 (Table S4) and
subsequently inserted into b3D+ via SacII and NotI digestion and
ligation. The profilin 3′ downstream region (805 bp) was amplified with
primer combination 6 and inserted using ClaI and KpnI.

Wild-type P. berghei profilin was amplified with primer combination 3
and cloned with NotI and XbaI. Wild-type P. falciparum profilin was
amplified with primer combination 4 and cloned into b3D+ using NotI and
XbaI. Profilin chimeras were generated by overlap extension PCR where the
respective loop regions were encoded by the interior primers generating two
fragments (A and B). The loop regions present in both fragments were then
used to anneal and fuse the fragments together. The Pb Pfn loop was
encoded in primers 7a and 7b, the Pf Pfn loop in primers 8a and 8b and the
Tg Pfn loop by primers 9a and 9b (Table S4).

Parasite transfection and sporozoite generation
All transfections and generation of clonal parasite lines were performed as
previously described (Janse et al., 2006). All vectors were linearized with
SacII and KpnI prior to transfection. A PCR to probe correct integration was
performed after limiting dilution cloning (Fig. 4). Anopheles stephensi
mosquitoes were infected with clonal lines as follows. Infected mouse blood

was injected intraperitoneally into a naïve NMRI mouse. At a parasitemia of
>1%, the blood was harvested and 10–20 million parasites were injected
intraperitoneally into two or three naïve mice. After 3–4 days, these mice
were anesthetized and positioned on top of a mosquito cage to allow
mosquitoes to feed. Mosquitoes were analyzed for oocyst numbers on day
12 and for midgut and salivary gland sporozoites on days 17–23.

Assessment of parasite function across the life cycle
We determined parasite growth rates by injecting 100 or 5000 infected red
blood cells into each of four C57BL/6 mice. Parasitemia was monitored
daily starting on day 3. We calculated parasite growth rate as described
previously (Spaccapelo et al., 2010; Klug et al., 2016). Oocyst numbers
were determined by extracting midguts of infected mosquitoes on day 12
after infection. Midguts were stained for 20 min using 0.1%mercurochrome
solution (Moll et al., 2008). Stained oocysts were counted using a 10×
objective in at least 50 infected midguts.

Imaging was performed using an inverted Axiovert 200M microscope
(Zeiss, Göttingen).

Quantification of sporozoite motility
Salivary glands of infected mosquitoes were isolated between days 17 and
25 after infection. They were kept in RPMI (supplemented with
50,000 units/l penicillin and 50 mg/l streptomycin) containing 3% bovine
serum albumin (BSA, Roth) and transferred to a 96-well plate (Nunc
MicroWell 96 well optical bottom plates, Sigma) for imaging. The plate was
centrifuged for 5 min at 500 g to settle the sporozoites. DIC images were
acquired at 0.33 Hz for 5 min. Sporozoite speeds were analyzed using the
ImageJ plug-in ‘Manual tracking’ (Schneider et al., 2012).

Retrograde flow experiments
The retrograde flow experiments were performed on the self-built laser trap
setup described in Quadt et al. (2016). In brief, beads (PC-S-2.0,
streptavidin-polystyrene microparticles 1.5–1.9 μm, 1% w/v; Kisker) were
held with minimal laser power by a stationary laser trap. Subsequently, the
stage and the mounted self-built open flow cell containing gliding
sporozoites were moved towards an optically trapped bead. The bead was
then positioned onto the front end of the sporozoite. When sporozoite and
bead made contact, the sporozoite pulled the bead out of the focus of the
laser and translocated the bead to the rear of the cell. This was imaged with a
frame rate of 100 images per second. The speeds of the transported beads
were tracked using MATLAB routines (Quadt et al., 2016), which are
available upon request.

Force measurements
The force measurement experiments were performed as described in detail
in Quadt et al. (2016). Beads were captured in the center of the trap – this
time with defined forces (70 pN, 130 pN and 190 pN) – and were brought in
close proximity with the sporozoite until they touched the beads.
Sporozoites were challenged to displace the bead from the focus of the trap.

Animal work
Generation of parasite lines and infections of mosquitoes was performed
using female NMRI mice (Janvier). Monitoring of parasite prepatency and
blood stage growth rates was performed using female C57BL/6 mice
(Charles River). All animal experiments were performed according to the
German Animal Welfare Act (Tierschutzgesetz) and were approved by the
responsible German authorities (Regierungspräsidium Karlsruhe).
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